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Streszczenie

Rozwoj elektroniki pozwolil na opracowanie wydajnych, powszechnie dostepnych i
wszechstronnych urzadzen komputerowych. Mimo tego, algorytmy wykorzystywane w
uczeniu maszynowym i sztucznej inteligencji wymagaja przetwarzania tak duzych ilosci
danych, ze stanowi to powazne wyzwanie dla konwencjonalnych komputeréw. Ich architek-
tura, w ktorej procesor i pamie¢ stanowia odrebne uktady, wymaga cigglego przesytania
danych pomiedzy pamiecia i procesorem. Proces ten jest jednym z najistotniejszych ogra-
niczenn mocy obliczeniowej wspotczesnych komputeréow i stanowi wyzwanie dla szybkiego

rozwoju sztucznej inteligencji.

Jednym z potencjalnych rozwiazan tego problemu sa nowe paradygmaty obliczeniowe,
na przyktad przetwarzanie danych bezposrednio w pamieci. Jego implementacja jest moz-
liwa w memrystorach — elementach elektronicznych, ktére potrafia jednocze$nie prze-
twarza¢ 1 przechowywaé¢ dane, dzieki czemu nie ma potrzeby przesytania ich pomiedzy
dwoma rozdzielonymi uktadami. W memrystorach informacja przechowywana jest w po-
staci konduktancji, ktéra moze by¢ zmieniana za pomoca napiecia. W niektérych typach
memrystoréw przewodnictwo moze by¢ kontrolowane w szerokim zakresie, pozwalajac na
odejscie od logiki dwuwartosciowej stanowiacej podstawe funkcjonowania obecnych kom-
puteréw. Dzieki temu memrystory moga nasladowac sposob, w jaki sygnaty przetwarzane
sa przez biologiczne neurony. W uktadzie nerwowym komunikacja odbywa sie poprzez
wzmacnianie i ostabianie potaczen synaptycznych pomiedzy neuronami wywotane krot-
kimi impulsami elektrycznymi. Miarg sity tego potaczenia jest waga synaptyczna, a zmiany
jej wartosci — nazywane plastycznoscia synaptyczng — leza u podstaw proceséw uczenia
sie.

W memrystorach analogia do wagi synaptycznej jest zmienna konduktancja, ktora
moze by¢ modulowana przez napiecie o zmiennej amplitudzie i czestotliwosci. Dzieki niej
memrystory sg zdolne do odtworzenia niektérych rodzajow plastycznosci synaptycznej
obserwowanych w neuronach. Wérod takich efektow neuromorficznych (lub neuromime-
tycznych) znajduja sie m. in. metaplastycznos¢, pamieé¢ krotko- i dtugoterminowa oraz
potencjalizacja i depresja. Dzigki ich obecno$ci memrystory moga zosta¢ wykorzystane
jako sztuczne synapsy przetwarzajace sygnal w sposob analogiczny do biologicznych sy-

naps.

Wisrod materialow wykorzystywanych do budowy memrystoréw znajduja sie hybry-
dowe organiczno-nieorganiczne perowskity halogenkowe. Do tej grupy perowskitow naleza
materialty bedace jednymi z najbardziej wydajnych ogniw stonecznych, ale ich wtasci-

wosci optoelektronicznie czynia je takze interesujacymi z punktu widzenia zastosowan w
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optoelektronice i jako memrystory. Ich silne oddziatywanie ze Swiattem stwarza mozliwosé
kontrolowania efektéw memrystywnych i neuromorficznych nie tylko napieciem, ale takze

za pomocy Swiatla.

Celem prowadzonych badari bylo zbadanie efektéw neuromimetycznych w cienkich
warstwach perowskitow oraz w materiatach do nich analogicznych. Zrozumienie mechani-
zméw fizycznych odpowiedzialnych za przelgczanie rezystywne lezace u podstaw efektow
neuromorficznych oraz ich pelnej charakterystyce woltamperometrycznej stanowi pierw-
szy krok do wykorzystania memrystorow perowskitowych w uktadach memrystywnych
zdolnych do wydajnej implementacji algorytmoéw uczenia maszynowego, w ktorych prze-
twarzanie sygnalu inspirowane jest dzialaniem biologicznych neuronéow.

W niniejszej rozprawie scharakteryzowano efekty neuromorficzne w perowskitach opar-
tych o otéw i bizmut oraz zwiazkach kompleksowych i krysztatach jonowych bizmutu.
Celem pracy byto wyjasnienie mechanizméw przetaczania rezystywnego w memrystorach
perowskitowych oraz ich powiazanie z efektami memrystywnymi i neuromimetycznymi.
W tym celu materiaty scharakteryzowano za pomoca metod spektroskopowych oraz wol-
tamperometrycznych. Pokazano, ze w memrystorach opartych o perowskity CH3NH3;Pbl,
oraz (CH3NH3)3Bi,]g zmiana konduktancji memrystoréw opiera sie o modulacje wysoko-
Sci bariery energetycznej na zlaczu metalu i potprzewodnika (bariery Schottky’ego) wy-
wotanej zapelianiem i opréznianiem stanéw putapkowych. Mechanizm ten pozwolil na
odtworzenie efektow plastycznosci synaptycznej, takich jak uczenie poprzez plastycznos$é
synaptyczna zalezna od czestotliwosci (spike-rate dependent plasticity i frequency facili-
tation) oraz od korelacji czasowej i kolejnosci generowania potencjaléow czynnosciowych
przez neuron pre- i postsynaptycznych (spike-timing dependent plasticity). W memrysto-
rze opartym o kompleks bizmutu |Bil3(CgHs)2SO1 5|4 pokazano, ze charakter uczenia jest
zalezy od orientacji bariery Schottky’ego i moze by¢ zmieniony poprzez wykorzystanie

innego metalu w roli elektrody memrystora.

Pokazano, ze w memrystorze opartym o perowskit CH3NH3Pbl; efekty synaptyczne
moga by¢ indukowane za pomocsg $wiatta. Wprowadzenie do memrystora materiatu zdol-
nego do putapkowania elektronéw (nanoczastek azotku wegla) pozwala na modulowanie
plastycznosci indukowanej swiattem — w memrystorze bez materiatu putapkujacego swia-
tto powoduje wzmocnienie synaptyczne, a w urzadzeniu z dodatkowym stanami putapko-
wymi — ostabienie odpowiedzi synaptyczne;j.

Zmiana konduktancji memrystoréw moze odbywaé sie takze poprzez tworzenie prze-
wodzacych filamentow powstajacych wskutek migracji defektow struktury krystalicznej
w gradiencie zewnetrznego pola elektrycznego. Taki mechanizm przetaczania zbadano w
memrystorze opartym o zwiazek bizmutu (CH4NHgBilg). Pokazano, ze jest on zdolny do

odtworzenia plastycznosci synaptycznych opisywanych przez model biologicznego neuronu
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leaky integrate and fire. Przeprowadzona symulacja sztucznej sieci neuronowej, w ktorej
jako parametry neuronéw wykorzystano parametry memrystorow CH,NHgBils, wykazata

doktadnos¢ klasyfikacji pisma odrecznego na poziomie 94%.
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Abstract

The rapid development of electronics has given rise to efficient, affordable and versa-
tile computing devices. Despite that, algorithms that are utilized in machine learning and
artificial intelligence require processing volumes of data so large, that they pose a signi-
ficant challenge for conventional computers. Their architecture in which the processing
unit and memory are physically separated requires to transfer the data between these two
components constantly. This process significantly limits the processing power and poses

an impediment to advancing the systems based on artificial intelligence.

This problem is addressed by new computational paradigms such as in-memory compu-
ting which can be implemented in memristors — electronic elements capable of processing
and storing the data, thus eliminating the need to transfer it between two separate com-
ponents. Memristors store information in the form of variable conductance which can be
controlled by applying an external voltage to the device. In some types of memristors, the
conductance can be incrementally tuned within a wide range, allowing to move from the
canonical binary logic utilized by nowadays computers. Owing to tunable conductance,
memristors can emulate the behaviour of neurons in a biologically faithful way. In the
neural system, the communication between neurons relies on sending and receiving short
electric spikes which lead to strengthening or weakening the synaptic connections between
the participating cells. The measure of the connection strength is described by synaptic
weight and its modulation — called synaptic plasticity — lies at the base of learning

processes in the human brain.

In memristors, the analogy of synaptic weight is variable conductance which can be
tuned by the amplitude or frequency of voltage spikes, allowing memristors to mimic
some types of synaptic plasticity. Such effects are called neuromorphic or neuromimetic
and include metaplasticity, short- and long-term memory, potentiation, depression and
others. Owing to their presence, memristors can act as artificial synapses that process the

signal in a biologically faithful manner.

Among the materials used in memristive devices, hybrid organic-inorganic halide pe-
rovskites are extensively investigated. This group of materials is utilized to build one of
the most efficient solar cells but owing to their optoelectronic properties, perovskites are
promising candidates for various optoelectronic and memristive devices as well. Due to
their strong interaction with light, the response of perovskite memristors can be controlled

not only by voltage but also by illumination.

The aim of the conducted research was to investigate the neuromorphic effects in

thin layers of hybrid perovskites and their analogues. A deep understanding of physical
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mechanisms resistive switching originates and full characterization of memristive and neu-
romorphic effects consist the first step towards the application of perovskite memristors
in arrays to implement neuron-inspired machine learning algorithms.

In this thesis, I investigate neuromimetic responses in lead- and bismuth-based pero-
vskites and in complexes and ionic compounds of bismuth. I mostly focus on explaining
the physical mechanisms of resistive switching in memristors and their impact on mem-
ristive and neuromorphic effects. For this purpose, all materials have been characterized
with spectroscopic and voltamperometric techniques. I show that in memristors based on
CH3NH3PbI; and (CH3NH;3)3Bi,lg the conductance is governed by the variable height of
the energy barrier at the metal-semiconductor interface (the Schottky barrier) caused by
population and depopulation of the trapping sites. The interface switching lead to almost
analogue conductance tuning which in turn allowed for emulating such types of synaptic
plasticity as frequency-based spike-rate dependent plasticity and spike-timing dependent
plasticity which relies on the temporal order of the spikes in the pre- and postsynaptic
neurons. In the memristor based on the bismuth complex compound [Bil3(CgHs)2SO01 54
we showed that the character of learning depends on the Schottky barrier orientation
and can be altered simply by choosing different metal as one of the memristor electrical
contacts.

I also present that in CH3NH3Pbl; perovskite memristor synaptic effects can be in-
duced with light. Incorporating an electron-trapping compound — the carbon nitride
nanoparticles — as one of the memristor layers allows for modulating the light-induced
plasticity. In the perovskite-only memristor, illumination leads to synaptic facilitation
whereas synaptic depression was observed in the memristor with the additional trapping
layer.

Apart from modulation of the barrier at the interface, the conductance changes may
be caused by the creation of a conductive filament formed by crystal structure defects
migrating in the gradient of an external electric field. Such mechanism was investigated
in memristor based on bismuth ionic compound (C4HgNH;)3Bilg. I show that it can be
utilized to emulate neural behaviours described by the leaky integrate-and-fire neuron
model. The artificial neural network simulation with parameters based on CH,NHyBilg
memristors switching characteristic shows high accuracy in classification tasks, reaching

94% in handwritten digit recognition.
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Spis rysunkéow

1.1

1.2
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Petla histerezy idealnego memrystora poddanego bipolarnemu pomiarowi
pradowo-napieciowemu o czestotliwosci wy. Strzalki przedstawiaja kierunek
zmian napiecia. Petla histerezy przecina sie w zerze i dla wysokich czesto-
tliwosci ulega zwezeniu az do catkowitego zaniku, przechodzac w zaleznosé

linfowa [24]. . . . . . ..

Klasyfikacja mechanizméw przelaczania rezystywnego. W mechanizmie
zwigzanymi z przejsciami fazowymi przelaczanie spowodowane jest prze-
mianami materiatu zachodzacymi wskutek lokalnych wzrostow tempera-
tury wywotanych przeptywem pradu. Mechanizm metalizacji elektroche-
micznej oparty jest na tworzeniu przewodzacego filamentu z materiatu elek-
trody. W mechanizmie zmiany walencyjnosci filament jest tworzony w wy-
niku migracji defektow struktury, ale przetaczanie zachodzi¢ moze takze
przy réwnomiernej migracji defektow. Zmiany konduktancji w mechani-
zmie ztaczowym sa wynikiem modulacji wysokosci bariery energetyczne;j

na ztaczu elektrody i materialu aktywnego memrystora. Na podstawie [34].

(a) Powstawanie bariery Schottky’ego na przyktadzie metalu i potprze-
wodnika typu n. Fizyczny kontakt (b) powoduje wyréwnanie poziomow
Fermiego obu tych materialow poprzez przeptyw elektronéw z pasma prze-
wodnictwa potprzewodnika F do stanéow tuz nad pasmem Fermiego mate-
riatu Fpy,, skutkujac wygieciem pasm na ztaczu i powstaniem bariery ener-
getycznej. (¢, d) Przelaczanie rezystywne oparte na putapkowaniu elektro-
néw na ztaczu metal-potprzewodnik. (¢) Przy braku zewnetrznego napiecia
stanu putapkowe pozostaja nieobsadzone. (d) Spolaryzowanie ztacza w kie-
runku przewodzenia powoduje przeptyw elektronéw z poétprzewodnika do
metalu i zapelianie putapek elektronowych w obszarze ztacza, skutkujac
obnizeniem bariery Schottky’ego i przejsciem z HRS do LRS. Polaryza-
cja w kierunku zaporowym powoduje opréznianie putapek elektronowych i
zwiekszenie wysokosci bariery Schottky’ego skutkujace przejsciem do HRS.
Rysunki na podstawie [34, 44]. . . . . . . . . ...

32
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1.5

1.6

1.7

1.8

2.1

2.2

(a) Komorka elementarna perowskitu. (b) Fragment sieci krystalicznej pe-
rowskitu krystalizujacego w regularnym uktadzie krystalograficznym. Ry-

sunek na podstawie [60]. . . . . ... oL
Komoérka elementarna MABiIg [81]. . . . . . . ... ...

Schematyczne przedstawienie budowy i dzialania synapsy chemicznej. Neu-
ron presynaptyczny uwalnia czasteczki neuroprzekaznika, ktore wiaza sie z
odpowiednimi receptorami neuronu postsynaptycznego. Po zwigzaniu cza-
steczek neuroprzekaznika kanaly jonowe otwieraja sie, co pozwala na dy-
fuzje jonéw do wnetrza komorki postsynaptycznej i generowanie pradow

postsynaptycznych. Rysunek na podstawie [85]. . . . . . . ... ... ...

(a) Funkcja opisujaca STDP. W zaleznosci od kolejnosci sygnatéw genero-
wanych prze neurony, waga synaptyczna dw ulega wzmocnieniu (long-term
potentiation) lub ostabieniu (long-term depression. Amplituda tych zmian
jest zalezna od czasu pomiedzy impulsami d¢. Rysunek na podstawie [92].
(b) Kolejnos¢ impulséw powodujaca LTP i LTD. Neuron presynaptyczny
generujacy impuls przed neuronem postsynaptycznym prowadzi do wzmoc-
nienia synaptycznego; jesli kolejnos¢ impulséw zostaje odwrocona, potacze-

nie synaptyczne ulega ostabieniu. . . . . .. ... ...

Poréwnanie STDP w biologicznych neuronach i w memrystorze. (a) Krzywa
uczenia Hebba zmierzone w neuronach hipokampu szczura. Reprodukcja z
[88]. (b) Krzywa uczenia Hebba uzyskane w memrystorze wykorzystujacym

jodobizmutan metyloamoniowy jako material aktywny [64]. . . . . . . . ..

Zalezno$é szerokosci przerwy wzbronionej od sktadu wybranych zwiazkow
o strukturze perowskitu. W przypadku podstawienia otowiu atomami cyny,

widoczne jest odstepstwo od liniowego prawa Vegarda. . . . .. ... . ..

Modulacja przerwy wzbronionej niskowymiarowych perowskitow. (a) Sche-
mat zmiany wymiarowosci perowskitu wraz ze zmiang liczby warstw nie-
organicznych n od struktury 2D (n = 1), poprzez struktury quasi-2D i
quasi-3D az do 3D (n = o0). (b) Przesuniecie krawedzi absorpcji dla
(BA);MA,, 1Sn, I3, 1 w strone wyzszych energii wraz z malejaca liczba

warstw nieorganicznych n. . . . . . .. .. Lo
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2.5

2.6

Implementacja uktadu PUF z wykorzystaniem memrystoréw potaczonych
w macierz crossbar. (a) Zdjecie SEM macierzy memrystorow 4 x 4 [112]. (b)
Schemat budowy uktadu PUF opartego na macierzy memrystoréow 3 x 3.
Przytozenie napiecia V. i 0V pomiedzy pomaranczowymi elektrodami i po-
zostawieniu innych elektrod bez potaczenia (challenge) powoduje przeptyw
pradu przez memrystor o konduktancji G;; (niebieska strzatka) oraz pradu
sneak-path (czerwona strzatka) poprzez sasiednie elementy. Mierzony prad
(response) jest zdefiniowany przez stan calego uktadu i parametry fizyczne

kazdego z jego elementow. . . . . .. ...

(a) Schemat urzadzenia memrystywnego zbudowanego z materiatu aktyw-
nego MABII umieszczonego pomiedzy dwiema elektrodami przewodzacymi
Cu i FTO. Po prawej: zdjecie SEM przekroju poprzecznego memrystora
wraz z grubosciami poszczegdlnych warstw. (b) Optyczne fotografie MABiI
zsyntetyzowanego z roztworéw o réznym stosunku prekursoréw. Zréznico-

wania barwa wynika ze zdefektowania materiatow. . . . . . .. ...

(a) Petle histerezy w pomiarze I — V. Szerokosé¢ petli jest zalezna od ste-
chiometrii roztworu prekursoréw — petla jest najwezsza dla probki stechio-
metrycznej (3:2). (b) Brak widocznej zaleznosci szerokosei petli histerezy
od szybkosci przemiatania napieciem $wiadczy o tym, ze proces odpowia-
dajacy za przetaczanie rezystywne jest stosunkowo szybki. Sugeruje to, ze
jest zwiazany z transportem elektronéw, a nie np. defektow struktury. (c)
Czesé petli histerezy zmierzona w memrystorze MABIl 3:1 o charaktery-

styce diodowej. Przelaczenie nastepuje przy napieciu 0.8V . . . . . . . ..

Zalezno$¢ stabilnosci stanow rezystywnych memrystora MABIl od ampli-
tudy napiecia przetaczajacego. Stan uktadu odczytano mierzac prad ply-
nacy przez memrystor po przylozeniu napiecia —0.5V przez 10s. Czarny
kolor przedstawia stan ukladu przed przytozeniem napiecia przelaczaja-
cego. Po przetaczeniu memrystora do LRS za pomoca dodatniego napiecia
i HRS za pomoca ujemnego, stan uktadu odczytano po 10s (kolor czer-

wony) i nastepnie po 30 min (kolor niebieski). . . . . ... ... ... ...
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2.7 Uczenie typu STDP i modulacja metaplastyczna krzywych uczenia. (a) An-
tysymetryczna krzywa uczenia hebbowskiego z wyraznym rozréznieniem
potencjacji i depresji. (b) Galaz potencjacji krzywej uczenia na probee o
stechiometrii 3 : 1 z modulacja metaplastyczna uzyskana poprzez przyto-
zenie do uktadu napiecia o réznej amplitudzie przed wykonaniem pomiaru
STDP. CV oznacza wykonanie pelnego pomiaru pradowo-napieciowego jako
procedure modulujacg. Zmiany wartosci wagi synaptycznej Aw pokazuja,
ze za pomoca napiecia mozna modulowaé¢ amplitude jej zmian w gatezi
potencjacji. Przebieg napieciowy do otrzymania krzywej uczenia hebbow-
skiego sktadal sie z bipolarnych trojkatnych impulsow trwajacych 400 ms
o amplitudzie £1.6 V. W celu modulacji wagi synaptycznej Aw interwal

czasowy pomiedzy impulsami byl zmniejszany od 400ms do 20ms. . . . . 72

2.8 Modulacja metaplastyczna wagi synaptycznej Aw w pomiarze SRDP otrzy-
mana poprzez stymulacje uktadu przed pomiarem za pomocg napiecia o
roznej amplitudzie. Dla zakresu napie¢ modulujacych od —3V do —0.5V
polaczenie synaptyczne ulega potencjacji. Wraz z obnizaniem napiecia mo-
dulujacego obserwowany jest spadek amplitudy zmian wagi synaptycznej,

a dla —1V zaobserwowano depresje polaczenia synaptycznego. . . . . . . . 74

2.9 Zalezno$é orientacji i wysokosci bariery na ztaczu metal /potprzewodnik w
zaleznosci od tadunku powierzchniowego i zewnetrznego napiecia. (a) Ba-
riera na ztaczu metalu i pétprzewodnika o ujemnym tadunku powierzchnio-
wym ulega obnizeniu przy dodatniej polaryzacji metalu wskutek oproznia-
nia stanow putapkowych (b). (¢) W przypadku bariery powstatej na ztaczu
metalu i pétprzewodnika o dodatnim tadunku powierzchniowym, dodatnia
polaryzacja metalu powoduje zapelnianie dostepnych stanéw putapkowych

i zwiekszenie wysokosci bariery (d). . . . . ... 79

2.10 Rozne rodzaje STDP zmierzone w memrystorze |Bil3(CgHs)2SO; 5|4 2 elek-
troda gorng Cu (a) i Au (b). Charakter uczenia Hebba zmienia sie w zalez-
nosci od metalu elektrody — dla Cu zaobserwowano uczenie hebbowskie,

a dla Au uczenie antyhebbowskie. . . . . . .. ... 80
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2.12

2.13

2.14

2.15

2.16

Petle histerezy memrystora (a) OIP/Au i (b) CN-NPs/OIP/Au wskazu-
jace na memrystywny charakter urzadzen. (c¢) Brak zmian petli histerezy
podczas pomiaru w $wietle i w ciemnosei. (d) Schematyczne przedstawienie
budowy memrystorow. (e, f) Uczenie hebbowskie w pomiarze STDP zmie-
rzone w memrystorze (e) bez oraz (f) z warstwa CN-NPs. Oba urzadzenia
wykazuja antysymetryczny przebieg krzywej uczenia, ale amplituda zmian

wagi synaptycznej Aw jest wielokrotnie wyzsza w urzadzeniu z warstwa

Zmiana dynamiki generowania fotopradéw w memrystorze bez oraz z war-
stwa putapkujaca CN-NPs. (a) Amplituda fotopradéw w memrystorze ITO-
/OIP/Au rosnie nieliniowo az to osiagniecia plateau, nasladujac krotko-
trwate wzmocnienie synaptyczne (ang. short-term facilitation, STF). (b)
Fotoprady w memrystorze ITO/CN-NPs/OIP/Au po gwaltownym wzro-
Scie zaczynaja male¢ analogicznie do dtugotrwatego ostabienia synaptycz-

nego (ang. long-term depression, LTD). . . . . . ... ... ... ... ...

Zaleznos¢ amplitudy fotopradéw od stanu rezystywnego w memrystorze
CN-NPs/OIP/Au. Fotoprady w stanie HRS maja wyzsza amplitude od

stanu LRS przy zachowaniu takiej samej dynamiki generacji fotopradow.

Wykresy Tauca cienkich warstw BABI zsyntetyzowanych z roztworu o sto-
sunku BAI:Bil; 3:1 (a) i 3:2 (b). Mniejsze wykresy przedstawiaja odpowied-
nie widma absorpcyjne. Nadmiar Bil; powoduje wzrost optycznej przerwy
wzbronionej z 2.25eV do 2.30eV. . . . . ..o

(a) Budowa memrystora BABI. (b) Zdjecie przekroju poprzecznego memry-
stora wykonane technika skaningowej mikroskopii elektronowej z zaznaczo-
nymi warstwami. (c) 10 kolejnych pomiaréw I — V' ze strzatkami pokazuja-
cymi kierunek zmian napiecia. Wstawka przedstawia strukture elektronows,
memrystora. (d) Pomiary I — V' jedynie w zakresie ujemnych napieé¢ poka-

zujace, ze stan LRS nie jest utrzymywany pomiedzy kolejnymi pomiarami.

(a) Impulsy pradowe wywolane poprzez przylozenie impulséw napiecio-
wych. Wraz ze wzrostem ich amplitudy roénie liczba obserwowanych im-
pulséow pradowych. Czerwona przerywana linia oznaczono amplitude pradu,
powyzej ktorej sygnal klasyfikowano jako ,impuls generowany przez neu-
ron”. (b) Prawdopodobienistwo generowania impulsu (o amplitudzie wyzszej

niz zaznaczona linia na panelu (a)). . . . . . .. ... L.

86

91
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2.17 Wzmocnienie synaptyczne przedstawione jako wzrost amplitudy pradu pty-
nacego przez memrystor wraz ze wzrostem czestotliwosci impulséw napie-
ciowych. . . . . L 94

2.18 (a) Zmiana konduktancji w funkcji liczby impulsow. Obie wielkosci zostaly
znormalizowane. (b) Schemat budowy sztucznej sieci neuronowej wykorzy-
stanej w symulacji. (¢) Doktadnosé klasyfikacji odrecznie pisanych liczb

osigga poziom 94% w ok. dwudziestu cyklach trenowania. . . . . . . . . .. 95



ROZDZIAE 1

Wprowadzenie, motywacja i cel badan

1.1. Wstep

Przetworzenie ogromnych ilo$ci danych wytwarzanych codziennie przez przemyst i spo-
teczeristwo stanowi duze wyzwanie dla wspolczesnych komputeréw. Obecnie jednym z
gtownych obszaréw rozwoju systemoéw przetwarzania danych stato sie udoskonalanie za-
rowno komputeréw, jak i procesow w taki sposob, aby byly one w stanie efektywnie
przetwarza¢ duze wolumeny danych. Tradycyjne podejscia, takie jak stosowanie ztozo-
nych algorytmoéw implementujacych odpowiednia logike, sa coraz czesciej zastepowane
przez metody uczenia maszynowego, ktore znacznie wydajniej radza sobie z niepelnymi i
nieprecyzyjnymi danymi. Niestety, metody te wymagaja duzej mocy obliczeniowej, co z
kolei przektada sie na wysokie zuzycie energii. W kontekscie wptywu przetwarzania du-
zych ilosci informacji na srodowisko szacuje sie, ze w procesie trenowania duzego modelu
sztucznej sieci neuronowej do przetwarzania jezyka naturalnego produkowana jest ilosé

CO,, jaka srednio wytwarza czltowiek w ciagu 7 lat [1].

Jednym z powodéw duzej konsumpcji energii przez wspotczesne komputery jest ich
budowa oparta na architekturze von Neumanna, w ktorej jednostka obliczeniowa i pamieé
stanowia odrebne, odseparowane od siebie uktady [2]. Koniecznosé ciaglego przesytania
danych pomiedzy procesorem i pamiecig, wynikajaca z wykonywania zlozonych operacji
matematycznych takich jak mnozenie wektoréw i macierzy oraz latencja odczytu danych
7z pamieci sa wspotczesnie jednymi z najistotniejszych ograniczen rozwoju uczenia maszy-
nowego i sztucznej inteligencji [3]. W odpowiedzi na te problemy rozwijane sa dedykowane
uklady, takie jak Google TPU [4, 5, 6], w ktorych obliczenia na macierzach i wektorach sa
wykonywanie znacznie wydajniej. Rownoczesnie proponowane sg takze rozwiazania wy-

korzystujace nowe paradygmaty obliczeniowe, ktore odchodza od klasycznej architektury
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von Neumanna i ktore nasladuja sposob, w jaki informacje przetwarzane sa przez mozg i

neurony.

Mozg przetwarza informacje w znacznie bardziej wydajny i energooszczedny sposdb
niz robia to wspotczesne komputery. Szacuje sie, ze sztuczna inteligencja AlphaGo, znana
przede wszystkim ze zwycieskiej rozgrywki z 6wezesnym mistrzem $wiata w Go (gry, ktora
poprzez bardzo duza liczbe dostepnych kombinacji w kazdym ruchu byta uznawana za
ekstremalnie trudna obliczeniowo dla komputeréw), potrzebowata ok. 10 kW mocy [7]. Dla
poréwnania, zapotrzebowanie ludzkiego moézgu wynosi ok. 20 W, a wiec ponad 50 tys. razy
mniej [8]. Biorac pod uwage te liczby, potencjalny zysk energetyczny wynikajacy z odejscia
od klasycznej architektury komputerowej na rzecz rozwigzan inspirowanych sposobem
przetwarzania informacji przez uktady biologiczne moze mieé¢ ogromne znaczenie zaré6wno
z punktu widzenia kosztow, jak i zmniejszenia energochtonnosci i w efekcie ograniczenia

emisji gazéw cieplarnianych do atmosfery.

Dostepne komercyjnie uktady neuromorficzne, jak na przyktad IBM TrueNorth czy In-
tel Loihi [9], oparte sa o rozwiazania klasycznej technologii CMOS (ang. Complementary
Metal-Ozide Semiconductor). Uktady te zaprojektowane zostaly do wydajnego trenowania
sieci neuronowych i charakteryzuja sie konsumpcja mocy na poziomie miliwatow. Rozwia-
zanie Intela pozwolito na 300-krotne zmniejszenie zuzycia energii w poréwnaniu do takich
samych obliczeri wykonanych na uktadach graficznych GPU (ang. graphics processing unit
i 150-krotne wzgledem CPU [10]. Z kolei konwolucyjne sieci neuronowe zaimplementowane
na uktadzie IBM sg zdolne do przetworzenia do 2600 obrazéw na sekunde przy zapotrze-
bowaniu mocy na poziomie 250 mW [11]. W ostatnich latach zaprezentowano takze nowe
rodzaje urzadzen, w ktorych przetwarzanie sygnatu odbywa sie w sposob analogiczny do
biologicznych synaps i ktore oparte sg na na elementach fotonicznych [12], ferroelektrykach

[13, 14], grafenie [15], a takze na memrystorach.

Memrystory to urzadzenia zdolne zaréwno do przetwarzania jak i przechowywania in-
formacji, ktore dzieki swoim wlasciwo$ciom znalazty szerokie zastosowanie jako nieulotne
pamieci [16], sztuczne synapsy [17, 18| oraz elementy ukltadoéw neuromorficznych — urza-
dzen elektronicznych, ktore wykonuja obliczenia w sposob inspirowany przetwarzaniem
informacji przez uktady neurobiologiczne, takie jak ludzki mozg [19, 20]. Wbudowana
pamieé¢ memrystoréw pozwala na przetwarzanie i przechowywanie danych w tym samym
miejscu, bez koniecznosci ich przesytania pomiedzy procesorem a pamiecig. Podejscie to
nosi nazwe in-memory computing. Zatarcie granicy pomiedzy tymi dwoma procesami nie
tylko pozwala na zwiekszenie wydajnosci obliczeniowej poprzez obejscie ograniczenia von
Neumanna, ale takze nasladuje sposob, w jaki informacje sa przetwarzane w mozgu. Z
tego powodu memrystory sg szeroko badane pod wzgledem ich zastosowania w nowych

typach ukladoéw neuromimetycznych [21, 22].
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1.2. Memrystory

Memrystory sa elementami elektronicznymi, ktoére przechowuja informacje w postaci
zmiennej konduktancji. Z tego powodu o memrystorze mozna mysle¢ jako o rezystorze
z pamiecia, z czego zreszta wynika jego nazwa (skrot od ang. memory resistor). Poczat-
kowo memrystory badane byty gtownie w kontekscie ich zastosowania jako pamieci nie-
ulotne (ang. non-volatile memories), np. w roli rezystywnych pamieci RAM [23]. Jednak
ze wzgledu na swoje wlasciwodci, ktore pozwalaja takze na emulacje zachowania biolo-
gicznych synaps i niektorych funkeji neuronéw, a takze mozliwosé taczenia memrystorow
w skalowalne uktady i integracji z uktadami wytworzonymi w technologii CMOS, sa one
obecnie uwazane za bardzo obiecujace pod wzgledem ich zastosowania w uktadach neu-
romorficznych.

Pierwszy dziatajacy memrystor zostal zaprezentowany przez Hewlett-Packard w 2008
roku [24], jednakze jego teoretyczny model opisano juz niemal 40 lat wezesniej. W 1971
roku Leon Chua zapostulowal istnienie czwartego — obok rezystora, kondensatora i cewki
— elementu elektronicznego, ktory nazwal memrystorem [25]. Zasade jego dziatania opart
na analogii z pozostalymi podstawowymi pasywnymi elementami elektronicznymi. Pod-
czas gdy rezystancja R jest stala proporcjonalnosci taczaca napiecie z pradem (Réwn.
1.1), pojemnos¢ C' tadunek z napieciem (Rown. 1.2) i induktancja L strumien magne-
tyczny z pradem (Rown. 1.3), memrystancja M okresla relacje pomiedzy strumieniem

pola i tadunkiem (Rown. 1.4):

dv = Rds (1.1)
dg = Cdv (1.2)
dp = Ldi (1.3)
d¢ = Mdq (1.4)
gdzie:
v — napiecie
1 — prad

ladunek

S
\

strumien pola magnetycznego
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Rys. 1.1. Petla histerezy idealnego memrystora poddanego bipolarnemu
pomiarowi pradowo-napieciowemu o czestotliwosci wqg. Strzatki przedsta-
wiajg kierunek zmian napiecia. Petla histerezy przecina sie w zerze i dla
wysokich czestotliwodci ulega zwezeniu az do catkowitego zaniku, prze-

chodzac w zaleznos¢ liniowa [24].

W przeciwienistwie do rezystancji, bedacej wartoscia stata, memrystancja M (q) jest
funkcja tadunku, ktory przeptynal przez urzadzenie. Prowadzi to do nieliniowej zalezno-
Sci pomiedzy pradem a napieciem, lezacej u podstaw najwazniejszej cechy memrystorow:
petli histerezy w pomiarze pradowo-napieciowym I —V (Rys. 1.1) [24]. W idealnym mem-
rystorze, petla jest symetryczna wzgledem poczatku uktadu wspotrzednych i przecina sie
przy wartosci napiecia 0V.! Jej szerokosé zalezy od czestotliwosci zmian napiecia i ulega
zwezeniu wraz jej wzrostem, przechodzac w zalezno$é liniowa dla odpowiednio wysokich

czestotliwodci.

Petla histerezy w memrystorach jest manifestacja opdznienia reakcji urzadzenia na
czynnik zewnetrzny. Za nieliniowa zalezno$¢ pomiedzy pradem a napieciem moze odpo-
wiada¢ wiele mechanizmoéw, takich jak przemieszczanie mobilnych jonow [28], defektow
sieci krystalicznej materiatu [29, 30|, formowanie i niszczenie przewodzacych filamentow
[31, 32] lub przejscia fazowe [33|. Strzatki na Rys. 1.1 obrazuja przebieg zmian napiecia w
pomiarze I — V. Powyzej pewnego napiecia o dodatniej polaryzacji (strzatka 1) nastepuje
zmiana konduktancji memrystora, prowadzaca do wzrostu amplitudy pradu plynacego

przez urzadzenie. Wzrost konduktancji jest wynikiem zmian cech fizycznych materialu

1Jest to prawda w przypadku idealnego memrystora, ale znane sa memrystory, w ktérych przeciecie

jest obecne przy napieciach innych niz 0V i ktére wynika z efektoéw pojemnosciowych [26, 27].
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memrystora, ktore, jesli sa stabilne, odpowiadaja za efekt pamieci. Konduktancja mem-
rystora pozostaje stala (strzalki 2 i 3), dopoki nie zostanie przekroczone napiecie progowe
o przeciwnej polaryzacji, powyzej ktorego nastepuje powrdt do pierwotnej wartosci kon-
duktancji (strzatka 4). Modulowanie konduktancji moze odbywaé sie zaréwno za pomoca
pradu, jak i napiecia, a proces nazywany jest przetaczaniem rezystywnym. Stany o niskiej
i wysokiej konduktancji lub — réwnowaznie — o wysokiej i niskiej rezystancji najczesciej

okresla sie jako high-resistance state (HRS) i low-resistance state (LRS).

1.2.1. Mechanizmy przetaczania rezystywnego

W zalezno$ci od procesow fizycznych lub chemicznych wptywajacych na zmiany kon-
duktancji materiatu, wyréznia sie kilka mechanizmoéw przetaczania rezystywnego. Kate-
goryzacja ta nie jest ustandaryzowana i w literaturze mozna znalezé wiele umownych
podziatow. W niniejszej pracy oparto sie na klasyfikacji przedstawionej w artykule [34],
gdyz uwzglednia ona wickszos¢ opisanych mechanizméw fizykochemicznych. W ogélno-
Sci mechanizmy przetaczania rezystywnego mozna przypisa¢ do trzech gléwnych grup:
przelaczanie zwiazane z przejSciami fazowymi materiatu, przetaczanie filamentowe (me-
chanizm elektromechaniczny i zmiany walencyjnosci) i przetaczanie poprzez modyfikacje
parametréw ztacza (mechanizm zlaczowy). Podzial ten przedstawiono na Rys. 1.2.2

Przejécie pomiedzy dwiema fazami lezy u podstaw dziatania pamieci typu phase change
memory (PCM). W urzadzeniach tych przelaczanie rezystywne i efekt pamieci wynikaja z
przejscia fazowego materiatu aktywnego, ktore jest wywolywane przeptywem pradu przez
urzadzenie. Ciepto wydzielone podczas tego procesu (ciepto Joule’a) prowadzi do kry-
stalizacji lub amorfizacji materiatu [35, 36, 37|. W pamieciach PCM, impulsy o niskim
napieciu powoduja lokalne wzrosty temperatury prowadzace do krystalizacji amorficznych
obszarow materiatu, co z kolei skutkuje wzrostem jego konduktancji. Przekroczenie pew-
nego napiecia progowego powoduje wydzielenie duzej ilosci ciepta i w efekcie ponownag
amorfizacje materiatlu oraz jego przetaczenie do HRS. Z tego powodu PCM sa urzadze-
niami o przetaczaniu unipolarnym, w ktorym przetgczanie jest zalezne od amplitudy na-
piecia, a nie od jego polaryzacji. Materialami wykorzystywanymi w urzadzeniach PCM sg
gtownie chalkogenki, np. Ge,ShyTes [38, 39]. Obie formy tych zwiazkow — amorficzna i
krystaliczna — sg termodynamicznie stabilne przez dhugi czas, przechowujac tym samym

zapisany stan rezystywny. Cho¢ mechanizm ten bywa klasyfikowany jako filamentowy,

2Istnieja réwniez pamieci ferroelektryczne, w ktorych za przelaczanie rezystywne odpowiedzialna jest
reorientacja domen ferroelektrycznych oraz wykorzystujace modulacje tunelowego magnetooporu kon-
trolowanego przez spinowo spolaryzowany prad [35]. Pamieci te nie posiadaja jednak petli histerezy
przecinajacej sie w 0V — jednej z najwazniejszych cech memrystora — dlatego ich opis wykracza poza

zakres niniejszej rozprawy.
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Rys. 1.2. Klasyfikacja mechanizméw przetgczania rezystywnego. W me-

chanizmie zwigzanymi z przejSciami fazowymi przetaczanie spowodo-

wane jest przemianami materialu zachodzacymi wskutek lokalnych wzro-

stow temperatury wywotanych przeptywem pradu. Mechanizm metaliza-

cji elektrochemicznej oparty jest na tworzeniu przewodzacego filamentu

z materialu elektrody. W mechanizmie zmiany walencyjnosci filament

jest tworzony w wyniku migracji defektéow struktury, ale przetaczanie

zachodzi¢ moze takze przy rownomiernej migracji defektéw. Zmiany kon-

duktancji w mechanizmie ztaczowym sa wynikiem modulacji wysokosci

bariery energetycznej na ztgczu elektrody i materialu aktywnego mem-

rystora. Na podstawie [34].
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do zaobserwowania przetaczania rezystywnego w tego typu pamieciach nie jest konieczne
utworzenie filamentu taczacego obie elektrody, ale wystarczajaca jest zmiana stosunku

fazy krystalicznej do amorficzne;j.

Przetaczanie filamentowe polega na utworzeniu przewodzacego filamentu w strukturze
materiatu. Laczy on ze soba dwie elektrody, powodujac przejscie do LRS, a zniszczenie
tego filamentu (np. przez napiecie o przeciwnej polaryzacji) sprowadza memrystor do
poczatkowego HRS. Filament powstaje wskutek migracji defektow struktury krystalicz-
nej lub kationow elektrody w gradiencie pola elektrycznego. Przekraczajac pewne napiecie
progowe, nastepuje wzrost filamentu pomiedzy elektrodami. Napiecie o przeciwnej polary-
zacji powoduje migracje defektow lub kationow w przeciwnym kierunku, skutkujac znisz-
czeniem filamentu. W zaleznosci od rodzaju filamentu rozréznia si¢ podziat na mechanizm
elektrochemiczny (ang. electrochemical mechanism, ECM) oraz mechanizm zmiany walen-
cyjnosci (ang. valence-change mechanism, VCM); czasami nazywa sie je takze odpowiednio
kationowym i anionowym. W urzadzeniach opartych o ECM przewodzacy filament for-
mowany jest przez atomy elektrochemicznie aktywnej elektrody metalicznej, np. Cu, Ag,
Al, podczas gdy druga elektroda jest elektrochemicznie inertna, np. W, Pt, Ag. Dodatnie
napiecie przytozone do elektrody aktywnej A powoduje jej utlenienie do formy kationo-
wej A"t a gradient pola elektrycznego wywoluje migracje kationow w strone elektrody

inertnej, na ktorej ulegaja redukcji, tworzac przewodzacy metaliczny filament.

Mechanizm VCM obserwowany jest z kolei w niestechiometrycznych tlenkach metali
przejsciowych (np. TiO,, HfO,, WO,) w strukturze ktérych wystepuja domieszki wy-
nikajace z nadmiaru lub niedostatku atoméw tlenu w strukturze oraz w chalkogenkach
(np. ZnTe, ZnSe), azotkach (AIN) i perowskitach (SrTiOs, SrZrOs, BaTiOj) |40, 41, 42].
Migracja tych defektow, wywotana gradientem pola elektrycznego, skutkuje utworzeniem
filamentu zbudowanego z defektéw struktury krystalicznej. Cechg charakterystyczng prze-
taczenia rezystywnego w tym mechanizmie sa bardzo gwaltowne zmiany konduktancji oraz
duza jej roznica pomiedzy stanami HRS i LRS. Przelaczanie rezystywne w mechanizmie
VCM nie zawsze musi by¢ efektem utworzenia lub zniszczenia przewodzacego filamentu.
Réwnomierna migracja defektow, np. wakancji tlenkowych V3, w gradiencie pola elek-
trycznego moze powodowaé¢ réwnomierny wzrost obszaru zawierajacego domieszki [24].
Ten typ przelaczania charakteryzuje sie mniej gwaltownymi zmianami konduktancji, niz-
szym stosunkiem skrajnych stanéw rezystywnych i szerszym zakresem napie¢, w ktorym
ono zachodzi. Istotna zaleta mechanizmu VCM jest obecno$¢ dodatkowych stanéw re-
zystywnych pomiedzy skrajnymi stanami niskiego i wysokiego oporu, pozwalajaca na
zastosowanie tych memrystoréw w uktadach analogowych i neuromorficznych [43].

Kolejnym rodzajem mechanizmu przetgczania rezystywnego, w ktérym réwniez ist-

nieje mozliwos¢ przelaczania memrystora do stanéw posrednich pomiedzy HRS i LRS
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jest mechanizm ztaczowy. Za zmiany konduktancji odpowiedzialne sg zmiany wysokosci
bariery energetycznej na zlaczu wywotane napieciem. Bariera energetyczna na granicy
potprzewodnika i metalu powstaje w wyniku réznicy poziomoéw Fermiego tychze materia-
tow, a zmiana jej wysokosci zwigzana jest z procesami putapkowania nosnikéw tadunku

w obszarze zlacza.

Rozwazajac metal o pracy wyjscia @, 1 poétprzewodnik typu n o pracy wyjscia &,
gdzie ®); > &, jesli dochodzi do fizycznego kontaktu obu materiatéw, musi takze dojsé
do wyréwnania poziomoéw Fermiego metalu Eg,, i potprzewodnika Er, poprzez przeptyw
nosnikow tadunku (Rys. 1.3(a)). Odbywa sie on poprzez tunelowanie przez powstajaca ba-
riere potencjalow elektronéow zajmujacych wyzsze stany energetyczne w pasmie przewod-
nictwa F¢ potprzewodnika do nieobsadzonych stanéw o nizszej energii tuz nad poziomem
Fermiego metalu. Tunelujace elektrony pozostawiaja w potprzewodniku warstwe zubo-
zona, w ktorej znajduja sie dodatnio natadowane atomy donoréw elektronéow. W obszarze
tej warstwy koncentracja elektronéw jest zatem nizsza, tym samym powodujac wzrost
wartosci Ec — Ep, 1 zagiecie pasm energetycznych w obszarze ztacza ((Rys. 1.3(b))),
skutkujace pojawieniem sie bariery energetycznej zwang bariera Schottky’ego ®gp [44,

45], ktorej wysokosé okresla rownanie:

¢SB:(DM_X:€‘/O+(EC_EF’VL)7 (15)

gdzie: Yy — powinowactwo elektronowe, V, = ®,; — (x — ®,,) — potencjal kontaktowy

metalu o pracy wyjscia ®,; i poétprzewodnika o pracy wyjscia P,,.

Polaryzacja urzadzenia w kierunku przewodzenia powoduje przepltyw elektronéw z
pasma przewodnictwa potprzewodnika do metalu, skutkujac obnizeniem bariery Schot-
tky’ego. Aby wystapit efekt pamieci, elektrony musza zostaé¢ sputapkowane w obszarze
ztacza, powodujac trwala zmiane wysokosci bariery. Jesli w obszarze ztacza znajduja sie
nieobsadzone stany putapkowe (Rys. 1.3(c)), nastepuje ich zapekianie, powodujace ob-
nizenie bariery Schottky’ego i przelaczenie memrystora z HRS do LRS (Rys. 1.3(d)).
Stan ten jest utrzymywany, dopoki memrystor nie zostanie spolaryzowany w kierunku
zaporowym. Opréznianie putapek elektronowych skutkuje ponownym wzrostem bariery
na ztgczu oraz powrotem do HRS. Mechanizm modulacji wysokosci bariery jest odpowie-
dzialny za efekt pamieci w niektorych memrystorach opartych o organiczno-nieorganiczne
hybrydowe perowskity [46], w ktorych defekty struktury krystalicznej petniace funkeje pu-
tapek tadunku powstaja w procesie syntezy perowskitu (np. poprzez niestechiometryczna
proporcje substratéow, proces krystalizacji prowadzony w niskiej temperaturze lub bez

stosowania atmosfery gazu inertnego) [47].
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Rys. 1.3. (a) Powstawanie bariery Schottky’ego na przykladzie metalu
i potprzewodnika typu n. Fizyczny kontakt (b) powoduje wyréwnanie
pozioméw Fermiego obu tych materialéw poprzez przepltyw elektronéw
z pasma przewodnictwa poélprzewodnika Fo do stanéw tuz nad pasmem
Fermiego materiatu Ep,,, skutkujac wygieciem pasm na zlaczu i po-
wstaniem bariery energetycznej. (¢, d) Przelaczanie rezystywne oparte
na pulapkowaniu elektronéw na ztaczu metal-potprzewodnik. (¢) Przy
braku zewnetrznego napiecia stanu putapkowe pozostaja nieobsadzone.
(d) Spolaryzowanie ztacza w kierunku przewodzenia powoduje przeptyw
elektronéw z poétprzewodnika do metalu i zapelnianie putapek elektro-
nowych w obszarze ztacza, skutkujac obnizeniem bariery Schottky’ego
i przejsciem z HRS do LRS. Polaryzacja w kierunku zaporowym powo-
duje opréznianie pulapek elektronowych i zwiekszenie wysokosci bariery
Schottky’ego skutkujace przejsciem do HRS. Rysunki na podstawie |34,
44].
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Przelaczanie rezystywne oparte o mechanizm ztaczowy charakteryzuje si¢ zwykle niz-
szym stosunkiem konduktancji w LRS i HRS niz w memrystorach z przetgczaniem filamen-
towym. Najistotniejsza cecha tego mechanizmu jest jednak prawie analogowy charakter
zmiany konduktancji podczas przelaczania. Pozwala on na przetaczanie urzadzenia do
wielu przejsciowych stanéw rezystywnych pomiedzy HRS a LRS, co mozna wykorzystac
do emulacji sposobu, w jaki informacje przetwarzaja neurony, a co za tym idzie — do
budowy urzadzen i uktadéw neuromorficznych [48|. Szerzej mechanizm przetaczania re-
zystywnego oparty o modulacje bariery Schottky’ego i jego wykorzystanie do emulacji

efektéw neuromorficznych zostat opisany w sekcjach 2.4, 2.6 i 2.5 niniejszej rozprawy.

Brak widocznej zaleznosci pomiedzy memrystancja a strumieniem pola magnetycznego
(por. Rownanie 1.4) byl przedmiotem sporéw, czy urzadzenia wykazujace efekt przetacza-
nia rezystywnego nalezy uzna¢ za memrystory [49, 50| lub wrecz podwazajacych mozliwosé
istnienia memrystora jako podstawowego elementu elektronicznego [51]. Z uwagi na zasade
dziatania tych urzadzen, bardziej precyzyjna nazwa sa pamieci rezystywne. Jednak z uwagi
na fakt, ze fizyczne urzadzenia posiadaja najbardziej charakterystyczna ceche memrystora
— przecinajaca sie w zerze petle histerezy — ze wzgledu na ich funkcjonalne podobieri-
stwo do cech idealnego memrystora, w literaturze przyjeto sie nazywanie ich elementami
memrystywnymi lub po prostu memrystorami [52, 53|. Majac na uwadze brak $cistosci
tego nazewnictwa, dla przejrzystos$ci niniejszej rozprawy powyzsza terminologia zostata
zachowana. Ponadto, w dalszej czesci pracy do opisu zachowania memrystoréw zamiast
memrystancji M uzywana jest konduktancja G, poniewaz dla napieé¢ nieprzetaczajacych
(nizszych od napiecia powodujacego zmiane stanu memrystora) memrystor zachowuje sie

jak rezystor ohmowy, ktorego stan rezystywny jest okreslony wartoscia konduktancji.

1.2.2. Memrystory oparte o perowskity i ich analogi

Pierwszym odkrytym perowskitem byl CaTiOs, a nazwa tych mineratéw pochodzi od
nazwiska ich odkrywcy, L. A. Perovskiego. Obecnie perowskitami nazywana jest cata grupa
zwiazkow o wzorze sumarycznym ABX; (gdzie A i B sg kationami, a X anionem) krystali-
zujacych w strukturze regularnej. Oprocz perowskitow nieorganicznych, wyrézni¢ mozna
takze hybrydowe organiczno-nieorganiczne perowskity. Ta grupa zwiazkow, ze wzgledu
na bardzo wydajna absorpcje promieniowania w szerokim zakresie spektralnym i wysoka
wydajno$é¢ generacji fotoindukowanych nosnikéw tadunku, stata sie bardzo atrakcyjna w
kontekscie ich zastosowania jako ogniwa stoneczne. Ich wlasnosci elektryczne pozwalaja

takze na wykorzystanie perowskitéw hybrydowych do budowy memrystoréw.
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Rys. 1.4. (a) Komorka elementarna perowskitu. (b) Fragment sieci kry-

stalicznej perowskitu krystalizujacego w regularnym uktadzie krystalo-

graficznym. Rysunek na podstawie [60].

W perowskitach hybrydowych A jest jednowartosciowym kationem — np. metyloamo-
niowym CHsNH;" (MA™) [54] lub formamidyniowym CHs(NH,)," (FA™) [55]. W niekto-
rych perowskitach wykorzystywanych w ogniwach stonecznych moze byé to takze kation
cezowy Cs ', cho¢ wtedy zwiazek nie jest juz perowskitem hybrydowym — chyba, 7e wyste-
puje w strukturze mieszanej z innymi kationem organicznym [56]. W miejscu B znajduje
sie dwuwarto$ciowy kation nieorganiczny, np. Pb*", Sn*" [57], Ge*" [58], natomiast w

pozycji X anion halogenkowy I, ClI' lub Br .

Perowskity krystalizuja w regularnym uktadzie krystalograficznym, utworzonym przez
oktaedry [BX6]47, w ktorych kation B znajduje sie w §rodku symetrii oktaedru, a aniony
I' umiejscowione sa w jego narozach. W przestrzeniach pomiedzy oktaedrami znajduje
sie kation A", Aby utrzymaé integralnosé sieci, musi by¢ on dostatecznie maty, aby zmie-
$ci¢ sie w przestrzenie pomiedzy nimi [59]. Rys. 1.4(a) przedstawia pojedyncza komorke

krystalograficzna perowskitu, a Rys. 1.4(b) fragment jego struktury.

Duza liczba badan poswieconych oddziatywaniu perowskitéow ze swiattem wynika z ich
wtasciwosci optoelektronicznych, ktére dodatkowo w stosunkowo tatwy sposéb moga by¢
kontrolowane poprzez metody syntezy, zmiane sktadu i krystalicznosci produktu. Wysoki
wspotczynnik absorpcji pozwala na wydajna absorpcje fotonéw, a w potgczeniu z wysoka
mobilnoécia nosnikéw tadunku przekraczajaca 10 cm? V—!s~! nisks koncentracja stanow
putapkowych (1x 10 cm™3) oraz dtugg droga swobodna nognikéw mniejszosciowych (wie-
cej niz 1 pm) pozwala na generowanie fotopradoéw z wysoka wydajnoscia [61]. Wplywa-
jac z kolej na sktad perowskitu lub na jego stopienn krystalicznosci (np. wymiarowosé

struktury krystalograficznej) mozliwe jest kontrolowanie szerokosci przerwy wzbronionej
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oraz koncentracji defektow. Zmniejszenie szerokosci przerwy pozwala na absorpcje szer-
szego zakresu Swiatta, takze z zakresu bliskiej podczerwieni; z drugiej strony, mozliwo$é
jej zwiekszenia stwarza mozliwosci zastosowania perowskitow np. w diodach elektrolumi-
nescencyjnych [62, 63|. Z punktu widzenia zastosowan w urzadzeniach memrystywnych,
obecnosé defektow zdolnych do migracji w polu elektrycznym lub tworzacych stany putap-
kowe jest konieczna do wystapienia efektéw memrystywnych. Koncentracja defektow byé
kontrolowana poprzez np. niestechiometryczny stosunek prekursorow |18, 64| lub modyfi-
kacje warunkow syntezy. Zalezno$é te opisano w publikacji streszczonej w rozdziale 2.4, a
zwiazek wlasnosci optoelektronicznych perowskitow z ich budowa zostal szerzej opisany
w rozdziale 2.1. Silne oddzialywanie perowskitow ze Swiattem pozwala na wplywanie z
jego pomoca na wlasnosci memrystywne i efekty neuromimetyczne. Wyniki pomiaréw ba-
dajacych wpltyw §wiatta na plastyczno$é synaptyczng oraz stan rezystywny memrystorow

perowskitowych zostaly opisane w rozdziale 2.6.

Waznym czynnikiem opdzniajacym lub wrecz powstrzymujacym komercjalizacje pe-
rowskitowych ogniw stonecznych jest fakt, ze wickszosé z urzadzen charakteryzujacych
sie wysoka wydajnoscia konwersji swiatta na energie elektryczng oparta jest na otowiu.
Niestety, pierwiastek ten jest wysoce szkodliwy dla wszystkich organizméw zywych, powo-
dujac nieodwracalne uszkodzenia organéw (np. moézgu) oraz niszczac komorki poprzez za-
klocenie ekspres;ji ich biatek [65]. W ogniwach stonecznych wyeksponowanych na dziatanie
warunkéw atmosferycznych, deszez w tatwy sposéb moze zniszezy¢ strukture perowskitu,
powodujac przenikniecie otowiu do §rodowiska. Ponadto, hybrydowe perowskity otowiowe
cechuja sie duzag wrazliwoscia na wilgo¢, zmiany temperatury i promieniowanie ultrafio-
letowe, co w efekcie znacznie skraca czas zycia urzadzen opartych o te materialy [66, 67].
Obecnie problemy te sg adresowanie poprzez enkapsulacje perowskitow zaréwno w celu
ochrony materiatu przed czynnikami zewnetrznymi, jak i zapobieganiu przedostawaniu
sie otowiu do srodowiska lub stosowanie materiatow 2D (grafen, perowskity niskowymia-
rowe) odpornych na dziatanie wilgoci jako gorne warstwy ogniwa [68]. Wyzsza odpornosé
na warunki srodowiskowe uzyskuje sie takze np. przez podstawienie Pb*" innym kationem,
np. Ge*" [69, 70], Sn*" [71], Sb*" [72], Bi*" 73, 74]. Wérod nich bizmut, z nizej wymie-
nionych powodow, wydaje sie byé¢ dobrym kandydatem potencjalnie majacym szanse na

zastapienie olowiu w perowskitowych ogniwach stonecznych:

— bizmut cechuje si¢ nizsza toksycznoscig niz otéw. Choé¢ jest zaliczany do metali
ciezkich, powszechnie wystepuje w sSrodowisku i nie powoduje takich uszkodzen w

organizmach zywych jak otow [75];
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— jodobizmutany alkiloamoniowe cechuja sie wyzsza odpornoscia na czynniki sSrodowi-
skowe niz ich odpowiedniki zawierajace otow. Zwigzki te wykazuja stabilnosé struk-
tury i parametrow fizykochemicznych bez zadnej enkapsulacji na przestrzeni tygodni
76, 64];

— wysoki wspotezynnik absorpcji — dla perowskitu bizmutowego wynosi 10*-10% cm ™!

w szerokim zakresie promieniowania |77]. Jest to warto$¢ poréwnywalna z perowski-

tami otowiowymi [62];

— promien atomowy Bi*" jest zblizony do promienia atomowego Pb*". Struktura pe-
rowskitu formowana jest tylko wtedy, kiedy poszczegolne atomu budujace sie¢ posia-
daja odpowiednie rozmiary mieszczace sie w tzw. czynniku tolerancji Goldschmidta

opisanym ponizszym réwnaniem:

A+ TB

t=——"—
\/§TX—|—TB

(1.6)
gdzie r4, rp i rx to promienie jonowe odpowiednich kationéw i anionéw w perowski-
cie o stechiometrii ABX3. Aby powstal material o strukturze perowskitu, wartosé ¢
musi mieéci¢ sie w przedziale 0.8-1. Ogranicza to wybo6r mozliwych kationéw tylko

do tych o odpowiednio matym promieniu jonowym |[78];

b*" — oba posiadaja elektrony 652 i cha-

~ kation Bi*" jest izoelektronowy wzgledem P
rakteryzuja sie zblizonymi wtasciwosciami chemicznymi [79]. Pasmo przewodnictwa
zbudowane jest z antywiazacych orbitali powstatych po hybrydyzacji orbitali 6p
otowiu lub bizmutu oraz 5p jodu, a wysokie stany pasma walencyjnego powstaja w
wyniku hybrydyzacji tych samych orbitali jodu z orbitalami 6s metalu. Przejscia z
orbitali 65 do 6p bizmutu sa odpowiedzialne za wysoka absorpcje perowskitéow bi-

zmutowych pomimo szerszej niz dla perowskitéw otowiowych przerwy wzbronionej

77, 61].

Opisane powyzej wlasciwosci leza u podstaw zblizonych wlasciwosci optoelektronicz-
nych perowskitéw olowiowych i ich analogéw opartych o bizmut. Jednak ze wzgledu na
rozng wartosciowosé tych dwoch pierwiastkow, istotne réznice pojawiaja sie w strukturze
krystalograficznej analogow bizmutowych. Aby sie¢ krystalograficzna pozostalta obojetna
elektrycznie, jodobizmutany alkiloamoniowe krystalizuja w innej strukturze niz ich oparte
na otowiu odpowiedniki. Z uwagi na ré6znorodnosé¢ tworzonych struktur, perowskity bizmu-
towe rowniez mozna sklasyfikowa¢ pod wzgledem ich wymiarowosci na struktury na zero-,

jedno-, dwu- i trojwymiarowe.
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Rys. 1.5. Komorka elementarna MABIi,lq [81].

Bizmutowe struktury 0D powstaja w wyniku reakcji jodku bizmutu(Ill) z jodkami
tych samych kationow, z ktorych krystalizowane sa perowskity otowiowe — najszerzej zba-
danym zwiazkiem w tej grupie jest jodobizmutan metyloamoniowy MA;Bily (MA =
CH;3NHsy), krystalizujacy w uktadzie heksagonalnym (Rys. 1.5). Podobnie jak w MAPbI;,
pojedyncze oktaedry sa tworzone przez kation Bi*" i aniony jodkowe 1™ znajdujace sie w
jego narozach, ale zamiast narozami polaczone sa ptaszczyznami oktaedru wyznaczonymi
przez trzy atomy jodu tworzac dimer [80]. Kolejne bioktaedry w strukturze krystalicznej
oddzielone sg kationami A" (w tym przypadku kationem metyloamoniowym CHsNH;",

ale moze by¢ to m. in. kation cezowy Cs™ lub formamidyniowy CHg(NH,),").

Podobnie jak w przypadku perowskitéw otowiowych, zmiana wymiarowosci powodo-
wana jest poprzez podstawienie poszczegdlnych elementéw struktury innymi pierwiast-
kami lub zwigzkami. Na przyktad struktury 2D otrzymywane sg poprzez domieszkowanie
jednowartosciowym kationem nieorganicznym o mniejszym promieniu jonowym niz Bi*"
(K", NH,") badZ podstawienie Br~ lub CI” w miejsce I i charakteryzuja si¢ struktura
regularng |75].

Cho¢ oddzialywanie perowskitow bizmutowych ze $wiattem jest stabsze niz perow-

skitow otowiowych, to wlasciwo$ci memrystywne tych materialow sa do siebie zblizone.

Obecnosé defektow strukturalnych i barier na ztaczach perowskit/elektroda powoduje
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obecnosé petli histerezy w pomiarach pradowo-napieciowych I — V oraz efektéw synap-
tycznych w pomiarach impulsowych |76, 64]. Z wyzej opisanych powodéw jodobizmutany
alkiloamoniowe, jako zwiazki analogiczne do perowskitéw otowiowych, zostaty wybrane
do badan efektéow neuromimetycznych, ktorych wyniki przedstawiono w sekcjach 2.4 oraz

2.7 niniejszej rozprawy rozprawy doktorskiej.

1.3. Memrystory jako sztuczne synapsy

1.3.1. Plastyczno$é synaptyczna

Komorki nerwowe sa podstawowa jednostka tworzaca uktad nerwowy. Typowy neuron
zbudowany jest z ciala komorki (inaczej somy lub perikarionu), aksonu i dendrytow, za
pomoca ktorych neuron odbiera sygnaly od innych neuronéw lub receptoréow (dendryt)
i przesyta je do kolejnych (akson). Potaczenie miedzy dwiema komoérkami nerwowymi,
utworzone przez zakonczenie aksonu jednego neuronu i dendryt drugiego nazywane jest
synapsa. Nie jest to jednak polaczenie fizyczne, poniewaz neurony odseparowane sg od
siebie szczeling synaptyczng — przestrzenia o szerokosci od ok. 20-500 nm, w zalezno$ci
od typu neuronu [82]. Szacuje sie, ze w korze mozgowej ludzkiego mozgu znajduje sie
nawet ok. 5 x 10* mld neuronéw, a kazdy z nich komunikuje sie poprzez synapsy z 10*
innymi neuronami. Ze wzgledu na rodzaj przekazywanego bodzca, synapsy dzieli sie na
elektryczne i chemiczne. Oba te typy sa liczne w uktadzie nerwowym, ale synapsy che-
miczne wystepuja w nim w duzo wiekszej liczbie. Podstawowymi sygnatami elektrofizjolo-
gicznymi w uktadzie nerwowym sa potencjaly czynnosciowe — krotkotrwate, trwajace ok.
2 ms przejSciowe zmiany polaryzacji btony neuronu [83, 84|. Rozprzestrzeniajac sie wzdtuz
aksonu, potencjalty czynnosciowe sa odpowiedzialne za przekazywanie informacji do innych
neuronéw. Zwiazana z aktywnoscig neuronalng plastycznos$é potaczen synaptycznych jest

zjawiskiem lezacym u podstaw proceséw uczenia w ludzkim mozgu.

Szczegdlowy model wiazacy procesy uczenia z plastycznoscia synaptyczna wywotana
przez jednoczesna lub niemal jednoczesna aktywacje potaczonych neuronéw zostal zapro-
ponowany w potowie XX wieku. W 1949 roku Donald Hebb sformutowal zasade, wedle
ktorej skorelowana czasowo aktywacja neuronu presynaptycznego i neuronu postsynap-
tycznego powoduje wzmocnienie polaczenia synaptycznego [86]. Jesli neuron presynap-
tyczny powoduje aktywacje neuronu postsynaptycznego i w tym samym czasie sam jest
aktywny, to stopniowo bedzie stawal sie coraz bardziej wydajny w aktywacji neuronu
postsynaptycznego. Pézniej odkryto, ze jesli to aktywnosé neuronu postsynaptycznego

poprzedza aktywnosé neuronu presynaptycznego, to korelacja ta prowadzi do ostabienia
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Rys. 1.6. Schematyczne przedstawienie budowy i dziatania synapsy che-
micznej. Neuron presynaptyczny uwalnia czasteczki neuroprzekaznika,
ktore wigza sie z odpowiednimi receptorami neuronu postsynaptycznego.
Po zwiazaniu czasteczek neuroprzekaznika kanaly jonowe otwieraja sie,
co pozwala na dyfuzje jonéw do wnetrza komorki postsynaptycznej i ge-

nerowanie pradoéw postsynaptycznych. Rysunek na podstawie [85].
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polaczenia synaptycznego.® Te zmiany wydajnosci polaczenia synaptycznego manifestuja
sie jako dlugotrwate wzmocnienie synaptyczne (ang. long-term potentiation, LTP) i dtu-

gotrwale ostabienie synaptyczne (ang. long-term depression).

Na poziomie fizjologicznym przekaznictwo synaptyczne zachodzi poprzez dyfuzje cza-
steczek neuroprzekaznika (neurotransmitero6w) od neuronu presynaptycznego do postsy-
naptycznego przez szczeline synaptyczna (Rys. 1.6). Ich uwolnienie do szczeliny jest odpo-
wiedzig na pobudzenie zakonczenia neuronu przez potencjal czynnosciowy [82]. Wiazac sie
z odpowiednimi receptorami w btonie neuronu postsynaptycznego, powoduja dyfuzje jo-
néw do jego wnetrza. W przypadku synaps pobudzajacych, w ktorych neuroprzekaznikiem
jest glutaminian, w zaleznosci od sposobu aktywacji synapsy moze dojsé¢ do jej dtugotrwa-
tego wzmocnienia lub ostabienia (depresji), co przejawia sie, odpowiednio, jako powieksze-
nie lub zmniejszenie pobudzajacych pradéow postsynaptycznych, powstajacych w wyniku
aktywacji receptoréw dla glutaminianu. Plastyczno$é¢ synaptyczna wystepuje réwniez w
synapsach hamujacych, w ktorych neuroprzekaznikiem jest kwas gamma-aminomastowy
[82].

Wplyw na site polaczenia synaptycznego ma takze korelacja czasowa impulséw pre- i
postsynaptycznych oraz ich kolejnosé. Zalezno$é ta nosi nazwe spike-timing-dependent pla-
sticity (STDP) [88]. W tym rodzaju plastycznosci synaptycznej do LTP dochodzi, kiedy
aktywnos¢ neuronu presynaptycznego poprzedza aktywnosé neuronu postsynaptycznego;
LTD jest natomiast wynikiem aktywnosci neuronu postsynaptycznego poprzedzajacej ak-
tywnos$¢ neuronu presynaptycznego (Rys. 1.7). W zaleznosci od kolejnosci aktywnosci
neuronéw, mozliwe jest zatem ostabienie lub wzmocnienie polaczenia synaptycznego. Sita
tego polaczenia (waga synaptyczna) zalezy od korelacji czasowej — im mniejszy interwal
czasowy pomiedzy potencjatami czynno$ciowymi neuronéw tym wicksza amplituda zmian
sity. Gdy czas pomiedzy aktywnosciami neuronéw wzrasta, amplituda maleje. Z powodu
tych wtasciwosci STDP jest forma uczenia opisang przez prawa sformutowane przez Hebba
opisywane jest jako uczenie Hebba (ang. Hebbian learning), a krzywa przedstawiona na
Rys. 1.7(a) krzywa uczenia Hebba.

Inna forma plastycznosci synaptycznej jest spike-rate-dependent plasticity. W tym ro-
dzaju plastycznosci sita polaczenia synaptycznego zalezy od czestotliwoéci generowania
impulséw przez neuron presynaptyczny. Im wieksza czestotliwo$é, tym wieksza amplituda
zmian wagi synaptycznej [89, 90]. Oprocz dtugotrwatych form plastycznosci synaptycznej,
istnieja takze krotkotrwale procesy jej zmian, ktére rowniez petnia role w procesach nauki:

krotkotrwate wzmocnienie synaptyczne (ang. short-term facilitation, STP) i krotkotrwale

30ryginalna praca Hebba nie zawierala opisu ostabienia synaptycznego; model tego zjawiska zostal

zaproponowany w pozniejszym czasie [87].



44 1.3. Memrystory jako sztuczne synapsy
a) b)
Aw[%] 4 ‘\ $ at>0
80 + N leng-term petentiation neuron neuron
\\_,‘ presynaptyczny \ postsynaptyczny
- M‘“‘N\’N\h
Sy T | T 1 >
-40 =20 20 40 Af[ms] a At
\N““—«\ - >
N -40 ;
- neuran | neLron
%\, ” postsynaptyczny / presynaptyczny
\\TBU long-term depression
\
\ - >

Rys. 1.7. (a) Funkcja opisujaca STDP. W zaleznosci od kolejnosci sy-
gnaléw generowanych prze neurony, waga synaptyczna dw ulega wzmoc-
nieniu (long-term potentiation) lub ostabieniu (long-term depression.
Amplituda tych zmian jest zalezna od czasu pomiedzy impulsami §t.
Rysunek na podstawie [92]. (b) Kolejnosé impulsow powodujaca LTP i
LTD. Neuron presynaptyczny generujacy impuls przed neuronem post-
synaptycznym prowadzi do wzmocnienia synaptycznego; jesli kolejnosé

impulséw zostaje odwrdcona, potaczenie synaptyczne ulega ostabieniu.

ostabienie synaptyczne (ang. short-term depression, STD). Odmiana STP jest np. paired-
pulse facilitation (PPF), gdzie stosuje sie jedynie dwa identyczne bodzce a amplituda
pradu postsynaptycznego, powstajacego w odpowiedzi na drugi bodziec, jest tym wieksza

niz odpowiedz na pierwszy bodziec, im krotszy jest czas pomiedzy bodzcami [91].

Opisane powyzej formy nie sg wszystkimi formami plastycznosci synaptycznej, ale sa
najszerzej opisane w kontekscie efektow neuromorficznych. Z tego powodu w niniejszej

rozprawie poswiecono im najwiecej uwagi.

1.3.2. Efekty neuromimetyczne

Dzieki obecnosci posrednich stanéw rezystywnych pomiedzy skrajnymi HRS i LRS
memrystory sg zdolne do przetwarzania sygnalow w sposéb zblizony do biologicznych
neuronéw. Uzyskanie odpowiedzi pradowej o charakterystyce zblizonej do opisanych wy-
zej krzywych uczenia sie w neuronach mozliwe jest dzieki przelaczeniu memrystora do
stanéw posrednich. Takie zjawiska nazywa sie efektami neuromimetycznymi lub neuro-
morficznymi. Do tej pory w memrystorach opisano wiele typéw nasladujacych plastycz-

no$¢ synaptyczna, m. in. STDP [93, 94|, SRDP [18|, spike-voltage-dependent plasticity
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[95], paired-pulse faciliation, plastycznosé krotkotrwala czy metaplastycznosé [96]. Podo-
bienistwo tych efektéow pozwolito na przetworzenie sygnatéw pochodzgcych od neuronéw
przez uktad memrystorow [97, 98].

Memrystory wykazujace efekty neuromorficzne bywajg nazywane sztucznymi synap-
sami. Analogia ta dotyczy nie tylko funkcjonalnosci, ale takze budowy urzadzenn memry-
stywnych. Przetaczanie rezystywne (w zaleznosci od mechanizmu) opiera si¢ na migracji
wewnatrz struktury memrystora nosnikéw tadunku lub defektéow struktury krystalogra-
ficznej. Przylozenie napiecia pomiedzy dolna i gorna elektroda (neuron presynaptyczny i
postsynaptyczny) wywotuje ruch nosnikow wewnatrz materialu (odpowiednik synapsy),
powodujac przetaczenie memrystora w stan o wyzszej konduktancji. Skutkuje to przepty-
wem pradu o wyzszej amplitudzie (wzmocnienie synaptyczne, potencjacja), a odwrotny
proces — przelaczenie do stanu o nizszej konduktancji — zmniejsza jego amplitude (osta-
bienie synaptyczne, depresja). W tym kontekscie, waga synaptyczna Aw jest wzgledna
roznica pradu zmierzonego przed przylozeniem napigcia Iy fore 1 po przylozeniu napigcia

przetaczajacego Iy fier-

Aw — Tofter — Ipefore (1.7)
Tvetore

Na Rys. 1.8(a) przedstawiono krzywa uczenia Hebba uzyskana w pomiarze STDP zare-
jestrowana w komorkach hipokampu szczura z widocznymi gateziami potencjacji i depresji
[88]. Rys. 1.8(b) przedstawia z kolei krzywa STDP zarejestrowana w memrystorze opar-
tym o jodobizmutan metyloamoniowy. Zgodnie z postulatem Hebba, efekt ten uzyskano
przyktadajac impulsy napiecia odpowiednio do gérnej i dolnej elektrody i zmniejszajac
interwal czasowy pomiedzy nimi oraz odwracajac ich kolejnosé aby uzyskaé efekt prze-
ciwny. Wynik ten dowodzi, ze memrystory zdolne sa do przetwarzania sygnatu w sposéb

podobny do neurondéw.

1.3.3. Zastosowanie memrystoréw w uktadach neuromorficznych

Uktady obliczeniowe oparte na memrystorach moga by¢ odpowiedzig na waskie gardto
architektury von Neumanna. Mozliwo$é¢ przechowywania i przetwarzania danych w jednym
uktadzie elektronicznym eliminuje koniecznosé ciagltego przesytania tych danych pomie-
dzy procesorem i pamiecia — procesu, ktorego znanego jako memory wall i stanowiacego
obecnie najwicksze ograniczenie szybkosci przetwarzania danych przez wspotczesne kom-
putery [35].

Ograniczenie to nie istnieje w uktadach memrystorowych. Dzieki temu, ze nie ma
potrzeby przesytania danych, operacje matematyczne takie jak mnozenie macierzy i wek-

torow czy regresja liniowa wykonywane sa przez memrystory z duzo wyzsza szybkoscig niz
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Rys. 1.8. Poréwnanie STDP w biologicznych neuronach i w memry-
storze. (a) Krzywa uczenia Hebba zmierzone w neuronach hipokampu
szczura. Reprodukcja z [88]. (b) Krzywa uczenia Hebba uzyskane w mem-
rystorze wykorzystujacym jodobizmutan metyloamoniowy jako materiat
aktywny [64].

przez klasyczne uktady elektroniczne [99, 100]. Mozliwosé przechowywania wielu stanow
logicznych informacji w formie konduktancji urzadzenia pozwala takze na zbudowanie
hardware’owych sztucznych sieci neuronowych, w ktérych memrystory — dzigki wyso-
kiej wydajnosci wykonywania operacji mnozenia macierzowego — pozwalajg na szybszy
proces trenowania sieci oraz réwnoczeSnie przechowuja wyniki tych operacji w postaci
wag synaptycznych [101, 102]. Szerszy opis zastosowania uktadéw memrystorowych do
wykonywania operacji matematycznych oraz sieci neuronowych opartych na memrysto-
rach znajduje sie w rozdziale 2.3, a wykorzystanie ich w roli uktadéw kryptograficznych

w rozdziale 2.2.

Memrystory perowskitowe takze moga by¢ taczone w ukltady i przechowywaé zapi-
sana w nich informacje, charakteryzujac sie przy tym czasami retencji siegajacymi nawet
7 x 10%s i krotkimi czasami przelgczania rzedu 200 ps, dzieki czemu energia potrzebna
do przetaczenia stanu rezystywnego jest na poziomie tej w biologicznych synapsach [103,
104]. Ze wzgledu na mozliwos¢ emulowania plastycznoscei synaptycznej, czesciej niz jako
uktady pamieciowe memrystory perowskitowe badane sa w kontekscie implementacji mo-
deli sztucznych sieci neuronowych, w ktorych sa one wykorzystywane sa jako wezty (neu-
rony) sieci. Na przyktad sie¢ neuronowa oparta na perowskicie PEA,MA,, 1Pb I3, ., (PEA
— kation fenyloetyloamoniowy) zbudowana z 784 neuronéw w warstwie wejsciowej sieci
oraz trzech warstw o wymiarach 5 x 4 x 5 jest w stanie z wysoka wydajnoscia klasyfikowaé
obrazy. Na podstawie zbioru zawierajacego zdjecia odziezy i obuwia uzyskano doktad-

nos$¢ rozpoznawania typu przedmiotu na poziomie 86% [103|. Sie¢ neuronowa oparta na
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MAPDBBr3, w ktorej parametry pojedynczych neuronéw oparto na charakterystyce ucze-
nia Hebba w pomiarze STDP, jest w stanie rozpoznawaé¢ odreczne pismo z doktadno-
Scia 80.8% [105]. Zblizony wynik uzyskano takze dla sztucznej sieci neuronowej opartej
MAPDI;, w ktorej doktadnosé na tym samym zbiorze danych wyniosta 81.8% [106]. Przy-
ktad memrystywnej sztucznej sieci neuronowej opartej o jodobizmutan butyloamoniowy
(C4HgNHj3);3Bilg, ktorej dokladnosé klasyfikacji pisma odrecznego wynosi 94%, przedsta-

wiono w artykule streszczonym w rozdziale 2.7.

1.3.3.1. Uklady memrystywne w optoelektronice

Roéwnie ciekawym przykladem zastosowania memrystoréw perowskitowych sa uktady
optoelektroniczne. Przyktadem jest macierz perowskitowych nanodrutéw FAPbI; osadzo-
nych na elastycznym podtozu, ktéra moze pelnié¢ funkcje biomimetyczne, nasladujac funk-
cje fotoreceptorow w siatkowee ludzkiego oka [107]. Urzadzenie charakteryzuje sie wysoka
czuloscia w szerokim zakresie intensywnosci §wiatla (od 0.3pW em™2 do 50 mW em™2) i
zdolne jest do rozpoznawania wzoréw optycznych w calym zakresie $wiatta widzialnego
(400-810 nm). Uktad fototranzystoréw o hybrydowej strukturze CsPb(Br; ,I,)3/MoS, jest
w stanie emulowa¢ adaptacje sensoryczng — obnizenie odpowiedzi na bodziec (w tym
przypadku $wiatto) podczas ciaglej ekspozycji na niego, bedaca istotna funkcja uktadu

nerwowego [108].

Efekt pamieci w memrystorze moze by¢ takze wywotany swiattem. W macierzy mem-
rystorow MAPDbBr;, w ktorych stan rezystywny jest kontrolowany poprzez selektywne
o$wietlanie wybranych pikseli, zapisana informacja moze zosta¢ odczytana poprzez po-

miar stanoéw rezystywnych poszczegdlnych memrystorow [109].

Interakcja swiatta z procesami przetaczania rezystywnego otwiera drzwi nowym za-
stosowaniom ukladéw memrystoréow w optoelektronicznych uktadach neuromorficznych.
Dzieki silnemu oddziatywaniu ze swiattem, hybrydowe perowskity wydaja sie by¢ jednymi
z najbardziej obiecujacych materialéw. Opisane wyzej badania stanowia pierwsze kroki
w kierunku budowy urzadzen, ktore dzieki swoim wtasciwosciom moga pelni¢ niektore
funkcje sztucznego oka. Moga takze znalez¢ zastosowanie w neuromorficznych uktadach
optoelektronicznych wykorzystywanych przez szeroko pojete rozwiazania oparte na ucze-
niu maszynowym i sztucznej inteligencji. Przyktad indukowania efektéw synaptycznych

Swiatlem w memrystorze perowskitowym przedstawiono w rozdziale 2.6.
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1.4. Motywacja i cel badan

Memrystory moga przetwarzaé¢ informacje w sposéb zblizony do neuronéw — zjawi-
ska te nie sa jednak wciaz w pelni poznane, a zwiazek efektéw neuromimetycznych ze
procesami fizycznymi w materiale nie jest w caltosci zbadany.

Celem prowadzonych przeze mnie badan byto powiazanie wtasnosci fizykochemicznych
cienkich warstw perowskitow i materiatlow do nich analogicznych z efektami neuromi-
metycznymi oraz zbadanie mozliwo$ci odtworzenia efektéw neuromimetycznych w tych
materiatach. Zrozumienie fizycznych podstaw tych efektéw pozwoli na projektowanie ma-
teriatow o okreslonych parametrach optoelektronicznych i memrystywnych.

Motywacja do badania perowskitow oraz materialéw o zblizonej budowie i sktadzie
byty ich wlasciwosci optoelektroniczne, potencjalnie pozwalajace na kontrolowanie efek-
tow memrystywnych za pomoca swiatta. Mozliwo$é wykorzystania chemicznych metod
ich syntezy pozwala na stosunkowo tatwe zmiany stechiometrii materiatu i pozwala na
wplywanie na jego wlasciwosci fizykochemiczne, a w efekcie takze memrystywne i neuro-
morficzne.

Niniejsza rozprawa sktada sie z cyklu prac przedstawiajacych metodologie i opis efek-
tow neuromimetycznych w réznego typu materiatach na bazie hybrydowych organiczno-
nieorganicznych perowskitéw halogenkowych oraz materiatow o powiazanym sktadzie. La-
czy w sobie synteze, charakterystyke materialowa i badanie wtasciwosci memrystywnych
urzadzen opartych o perowskity lub materiaty analogiczne w kontekscie efektéw neuromi-
metycznych.

Przedstawione w niniejszej rozprawie powigzanie mechanizméw fizycznych z efektami
neuromimetycznymi w perowskitach i ich analogach stanowi krok na drodze ich wykorzy-

stania w neuromorficznych uktadach elektronicznych.



ROZDZIAL 2

Streszczenia artykuléw wchodzacych w sklad rozprawy

W sktad niniejszej rozprawy wchodza streszczenia ponizszych artykuléw naukowych:

1. Klejna, S., Mazur, T., Wlazlak, E., Zawal, P., Soo, H. S., Szacitowski, K. Halogen-
containing semiconductors: From artificial photosynthesis to unconventional com-
puting, Coordination Chemistry Reviews, 2020, 415, 213316.

2. Lis, M., Onuma, S., Przyczyna, D., Zawal, P., Mazur, T., Pilarczyk, K., Gentili,
P. L., Kasai, S., Szacitowski, K. From Oscillatory Reactions to Robotics: A Se-
rendipitous Journey Through Chemistry, Physics and Computation, Handbook of
Unconventional Computing, 2021, 1-79.

3. Przyczyna, D., Zawal, P., Mazur, T., Strzelecki, M., Gentili, P. L., Szacitowski,
K. In-materio neuromimetic devices: dynamics, information processing and pattern
recognition, Japanese Journal of Applied Physics, 2020, 59 (5), 050504.

4. Magzur, T.*, Zawal, P.*, Szacitowski, K. Synaptic plasticity, metaplasticity and me-
mory effects in hybrid organic-inorganic bismuth-based materials, Nanoscale, 2019,
11 (3), 1080-1090.

5. Wlazlak, E., Kalinowska-Ttuscik, J., Przyczyna, D., Zawal, P., Szacitowski, K. Bi-
smuth tritodide complexes: Structure, spectroscopy, electronic properties, and mem-
ristive properties, Journal of Materials Chemistry C, 2020, 8 (18), 6136-6148.

6. Zawal, P.*, Mazur, T.*, Lis, M., Chiolerio, A., Szacitowski, K. Light-Induced Sy-
naptic Effects Controlled by Incorporation of Charge-Trapping Layer into Hybrid
Perovskite Memristor, Advanced Electronic Materials, 2022, 8 (4), 2100838.

*Wktad autoréw w prowadzenie badan i przygotowanie artykutu byt réwny.
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7. Zawal, P., Das, D., Gryl, M., Stawek, A., Abdi, G., Gerouville, E., Marciszko-
Wiackowska, M., Marzec, M., Hess, G., Georgiadou, D., Szacitowski, K. Leaky
integrate-and-fire model and short-term synaptic plasticity emulated in a novel

bismuth-based diffusive memristor, (...)

Artykutly 1-3 sg artykutami przegladowymi i stanowia wprowadzenie teoretyczne oraz
naznaczaja kontekst niniejszej pracy. Artykul 1 opisuje wlasnosci optoelektroniczne pe-
rowskitow, podczas gdy artykuty 2 i 3 skupiaja sie na zastosowaniach memrystorow w
uktadach elektronicznych.

Artykuly 4-7 sa artykutami badawczymi, w ktérych opisano efekty neuromorficzne w
perowskitach i ich analogach oraz innych materiatach. Artykuly 5 i 7 nie dotycza perow-
skitow ani materialow analogowych, jednak ze wzgledu na interesujace opisane w nich
efekty neuromorficzne zdecydowano na wtaczenie ich do niniejszej rozprawy.

Na czas sktadania niniejszej rozprawy doktorskiej artykut 7 znajduje sie w procesie re-
cenzji. Badania w nim zawarte stanowia jednak bardzo istotna czes¢ niniejszej rozprawy i
opisuja nowe rodzaje efektéw neuromimetycznych oparte o filamentowy mechanizm prze-
taczania rezystywnego, dlatego uznano, ze artykul ten powinien takze stanowic¢ jej czesé.

Ponizsze streszczenia dotycza jedynie tych fragmentéow artykutéow, w ktorych przygoto-
waniu bratem bezposredni udzial badz wykonywatem pomiary i przeprowadzatem analize
wynikoéw. Wyjatek stanowi streszczenie artykutu 5, w ktorym aby wyjasni¢ zaobserwowane
efekty neuromimetyczne konieczne byto takze streszczenie fragmentu pracy dotyczacego
fizycznego mechanizmu powstawania bariery energetycznej na ztaczu potprzewodnika i
metalu. Ponadto symulacja sztucznej sieci neuronowej w streszczeniu artykutu 7 przepro-
wadzona zostata przez innego wspotautora artykutu na podstawie wyznaczonych przeze

mnie parametréw memrystora.
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cial photosynthesis to unconventional computing

2.1.1. Wstep

Hybrydowe perowskity jodkowo-otowiowe o wzorze sumarycznym CHsNH3;Pbl;, po-
czatkowo badane jako sensybilizatory w ogniwach stonecznych opartych o TiO,, w krotkim
czasie zyskaly duze zainteresowanie ze wzgledu na bardzo wysoka wydajno$é generowa-
nia nos$nikoéw tadunku w wyniku absorpcji fotonéw. W przeciagu zaledwie 10 lat badan,
wydajnos$é perowskitowych ogniw stonecznych osiagneta niemal 26% [110] i zbliza si¢ juz
do teoretycznego limitu wydajnosci wynoszacego dla perowskitow hybrydowych ok. 30%
[111]. W potaczeniu z niskimi kosztami produkeji oraz chemicznymi metodami wytwarza-
nia umozliwiajacymi tatwa modyfikacje wlasnosci optoelektronicznych perowskitow, staty
sie one jednymi z najszerzej badanych materialéw w obszarze konwersji energii stonecznej
na prad.

W artykule opisano wlasciwosci optoelektroniczne hybrydowych perowskitéw halogen-
kowych w kontekscie ich interakcji ze $wiattem. Dla zachowania klarownosci tekstu okre-
Slenie perowskit w niniejszym streszczeniu uzywane jest w kontekscie grupy hybrydowych
materialow o strukturze perowskitu, bez ograniczenia jedynie do perowskitu jodkowo-

olowiowego.

2.1.2. Streszczenie

Po absorpcji fotonu o energii wyzszej niz szerokos¢ przerwy wzbronionej materialu
generowane sa ekscytony, ktore (przy braku rekombinacji) ulegaja dysocjacji do pary
elektron-dziura. Powstale w tym procesie swobodne nosniki tadunku przenoszone sa przez
kolejne warstwy transportowe ogniwa do elektrod. Zaabsorbowane $wiatto konwertowane
jest wiec na energie elektryczna, a wysoka wydajno$é¢ konwersji perowskity zawdzieczaja
swoim wtasnosciom optoelektronicznym.

Jedna z tych wlasnosci jest wysoki wspotezynnik absorpcji, ktory okresla droge swo-
bodna fotonu przed jego absorpcja w materiale i w perowskicie jodkowo-otowiowym wynosi
on 1 x 10%1 x 10°cm~'. W potaczeniu ze stroma krawedzig absorpcji i niskimi warto-
Sciami energii Urbacha swiadczacymi o niskiej koncentracji putapek noénikéow tadunku w
obrebie przerwy wzbronionej, perowskity moga zaabsorbowaé¢ nawet 90 % promieniowania
z zakresu 300-500 nm.

Kolejna cecha poprawiajaca wydajnosé ogniwa jest niska energia dysocjacji ekscyto-

néw, wynoszaca ok. 5-16 meV, a zatem nizsza niz wartos¢ k7" w temperaturze pokojowej
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(ok. 26 meV). Cecha ta sprzyja generowaniu swobodnych nosnikéw tadunku zamiast eks-
cytonow.

Droga dyfuzji elektron-dziura w jodkowo-otowiowych perowskitach przekracza 100 nm,
ale jej warto$¢ w materiatach o pokrewnym sktadzie moze byé znacznie wyzsza. W perow-
skitach z mieszanymi anionami Pb-Cl wynosi ona 1 pm, a w monokrystalicznych perowski-
tach z kationem formamidyniowym 6.6 pm (dla FAPbI;) lub nawet 19 um (dla FAPbBr3).
Dzieki tak duzym wartosciom drogi dyfuzji oraz wysokiemu wspotczynnikowi absorpcji,
nosniki tadunku moga by¢ przetransportowane do elektrod zanim zajdzie ich rekombina-
cja.

Wtasnosci optoelektroniczne perowskitéw moga by¢ modulowane poprzez podstawie-
nie kazdego ze sktadnikow struktury perowskitu. Zaleznosé szerokosci przerwy wzbronio-
nej od sktadu perowskitu te przedstawiono na Rys. 2.1. Wymiana kationu i anionu w
perowskicie powoduje zmiany wielkosci jego komoérki elementarnej, co w efekcie wplywa
na witasnosci optoelektroniczne. Poprzez calkowite lub cze$ciowe podstawienie aniondow
i kationow w strukturze perowskitu, mozliwe jest manipulowanie szerokoscia jego prze-
rwy wzbronionej w szerokim zakresie energii. Przerwa wzbroniona CH3;NH3;Pbl; wynosi
ok. 1.5-1.6eV (wartosci te odpowiadaja zakresowi dtugosei fali 775-826 nm). Podstawie-
nie anionu jodkowego I anionem Br lub Cl prowadzi do przesuniecia hipsochromowego i
zwickszenia szerokosci przerwy wzbronionej do ok. 2.28 eV dla CH;NH3PbBrs i ok. 2.95eV
dla CH3NH;PbCls.

7 punktu widzenia zastosowania w ogniwach stonecznych, bardziej pozadane jest jed-
nak zmniejszenie szeroko$ci przerwy wzbronionej celem absorpcji szerszego zakresu pro-
mieniowania, co mozna osiagna¢ poprzez zmiane kationu organicznego. Podstawienie ka-
tionu metyloamoniowego kationem formamidyniowym skutkuje przesunieciem batochro-

mowym krawedzi absorpcji o ok. 20 nm do wartosci ok. 806 nm.

Podstawienie kationu nieorganicznego zwykle skutkuje bardziej skomplikowanymi
zmianami szerokosci przerwy wzbronionej. Wymieniajac czes¢é atoméw olowiu w
CH;3NH;3Pbl; na atomy cyny, zaleznosé przerwy wzbronionej od utamka molowego atoméow
cyny w strukturze ma nieliniowy charakter odstepujacy od liniowej zaleznosci (empirycz-
nego prawa Vegarda) obserwowanej dla podstawien kationu organicznego i anionu.

Przez silne oddzialywanie ze $wiattem, w perowskitach zaobserwowano wiele zjawisk
zachodzacych pod jego wpltywem. Przy ciaglym oswietleniu obserwowana jest fotoindu-
kowana migracja jonéw. W wyniku putapkowania fotogenerowanych nosnikéw tadunku
w przypowierzchniowych stanach putapkowych, powstate pole elektryczne powoduje mi-
gracje anionéw jodkowych zgodnie z gradientem tego pola. W przypadku mieszanych
struktur zawierajacych rézne rodzaje anionéw, fotoindukowana migracja prowadzi do se-

gregacji fazowej. W perowskicie CH3NH3Pb(Br,I; ) aniony jodkowe i bromkowe migruja
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Rys. 2.1. Zalezno$é¢ szerokosci przerwy wzbronionej od sktadu wybra-
nych zwiazkow o strukturze perowskitu. W przypadku podstawienia oto-
wiu atomami cyny, widoczne jest odstepstwo od liniowego prawa Ve-

garda.

tworzac domeny z duza koncentracja anionéw jodkowych o maltej przerwie wzbronionej i
domeny z duza koncentracja anionéw bromkowych o wiekszej przerwie wzbronionej, po-
wodujac powstanie dodatkowych putapek elektronowych. Z punktu widzenia wydajnosci
ogniw stonecznych, procesy migracji i segregacji sa niekorzystnymi zjawiskami, poniewaz

obnizaja wydajnos$¢ ogniwa i moga prowadzi¢ do szybszej degradacji struktury perowskitu.

Innym przykladem interakcji perowskitow ze Swiattem jest rozszerzanie sieci krysta-
licznej pod wplywem ciagtego oswietlania, prowadzace do relaksacji lokalnych naprezen
sieci, w efekcie zwiekszajac wydajno$é ogniwa. Oswietlajac perowskity podczas ich syn-
tezy, otrzymuje sie materialy o wyzszej krystalicznodci i lepszych parametrach w kontek-

Scie ich zastosowania w ogniwach stonecznych.

W ostatnich latach badane sa takze perowskity o zredukowanej wymiarowosci struk-
tury krystalograficznej, ktére oprocz wyzszej stabilnosci wzgledem konwencjonalnej struk-
tury 3D posiadaja wlasnosci optoelektroniczne pozwalajace na ich wykorzystanie nie tylko
w roli ogniw stonecznych (szczegolnie w uktadach mieszanych perowskitow 2D i 3D), ale

takze jako materialy elektroluminescencyjne.

W poréwnaniu do perowskitow 3D, niskowymiarowe perowskity skladaja sie z po-
jedynczej (2D) lub wielu (quasi-2D) warstw nieorganicznych odseparowanych od siebie
przez molekuly organiczne, a ich sklad opisuje rownanie RyA,, 1B, X3, 1, gdzie R jest
alkiloamoniowym kationem separujacym n warstw nieorganicznych. Powszechnie klasyfi-

kuje si¢ perowskity 2D (n = 1), quasi-2D (n = 2 — 5) i quasi-3D (n > 5), ktore przy
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Rys. 2.2. Modulacja przerwy wzbronionej niskowymiarowych perowski-
tow. (a) Schemat zmiany wymiarowosci perowskitu wraz ze zmiana liczby
warstw nieorganicznych n od struktury 2D (n = 1), poprzez struktury
quasi-2D i quasi-3D az do 3D (n = o0). (b) Przesunigcie krawedzi absorp-
cji dla (BA);MA,, 1Sn, I3, 1 w strone wyzszych energii wraz z malejaca

liczba warstw nieorganicznych n.

wyzszej liczbie warstw (n — 00) uznawane sg za struktury 3D. Rysunki struktur 3D, 2D

i posrednich przedstawiono na Rys. 2.2(a).

Szeroko$é przerwy wzbronionej perowskitéw niskowymiarowych moze byé kontrolo-
wana w taki sposob, aby pokry¢ caly zakres Swiatta widzialnego. Efekt ten mozna osiagnac
zmieniajac liczbe warstw nieorganicznych n. W zwiazku o wzorze (BA),MA,, 1Pb,l5, 4
(gdzie BA — kation butyloamoniowy C4HNH;") krawedz absorpcji przesuwa sie w strone
wyzszych energii wraz z malejaca liczba n; dla struktury 3D (n — oo) wynosi 1.50eV,
rosnac kolejno do 1.91eV (n = 4), 2.03eV (n = 3) i 2.17eV (n = 2) i finalnie osia-
gajac wartosé¢ 2.43eV dla struktury 2D (n = 1). Podobne zmiany zaobserwowano takze
w (BA),MA, Sn,l;, 1, gdzie przerwa wzbroniona dla perowskitu 3D wzrasta z 1.20eV
do 1.83eV dla perowskitu 2D (Rys. 2.2(b)). Innym sposobem manipulowania szerokoscia
przerwy wzbronionej jest takze zmiana kationu separujacego warstwy nieorganiczne na

kation o innym rozmiarze.

Z powodu réznicy stalych dielektrycznych pomiedzy warstwami nieorganicznymi i ka-
tionem separujacym te warstwy oraz powstawaniem studni potencjatu dla niskowymia-
rowych struktur o n < 2, materialy te na widmach absorpcji cechuja sie¢ wyraznym pa-
smem ekscytonowym (widocznym na Rys. 2.2(b) dla n = 1), ktore $wiadczy o generacji
ekscytonéw o wysokiej energii wigzan. Mozliwos¢ kontroli parametréw ekscytonéw ma
istotne znaczenie w zastosowaniach perowskitow w urzadzeniach elektroluminescencyyj-
nych, gdyz wydajnosé kwantowa fotoluminescencji jest skorelowana z energia wigzania

ekscytonow. Obecna wydajnosé diod elektroluminescencyjnych opartych o perowskity 2D
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wynosi 18.2% w szerokim zakresie spektralnym. Dzieki mozliwosciom kontroli przerwy
wzbronionej perowskitow, otrzymano takze diody emitujace swiatto biate.

Innym potencjalnym zastosowaniem niskowymiarowych perowskitow sg fotodetektory.
Przypuszcza sie, ze duze kationy organiczne w roli warstw separujacych obnizaja koncen-
tracje defektéw w materiale, co w fotodetektorach przektada sie na niski poziom szumu
elektronowego i wysokie czuloéci rzedu 10'® Jonesow. Ponadto, dichroizm wynikajacy z
anizotropii optycznej perowskitow 2D pozwala na detekcje promieniowania o zadanej po-
laryzacji i przy wielu dlugosciach fali.

Ostatnim z opisanych zastosowan jest wykorzystanie perowskitow 2D w elektronice
spinowej (spintronice) poprzez modulowanie efektu gigantycznego rozszczepienia spino-
wego (tzw. duzy efekt Rashby, ang. giant Rashba splitting). W niskowymiarowych pe-
rowskitach na poziomie struktury wynika on ze zniesienia symetrii inwersji, ktore jest
efektem sprzezenia spin-orbita spowodowanego przemieszczeniem wigzan pomiedzy ciez-
kimi pierwiastkami w strukturze (Pb, I). Zniesienie degeneracji powoduje separacje stanow
energetycznych zwiazanych ze spinem elektronu. Wielkos¢ tego efektu moze byé¢ dodat-
kowo kontrolowana poprzez zmiane wymiarowosci. Czyni to perowskity niskowymiarowe

interesujacymi materiatami do zastosowan w spintronice.

2.1.3. Podsumowanie

W dwoch sekcjach artykulu oméwiono powiazanie wlasnosci optoelektronicznych ze
struktura perowskitow. Kontrola szerokosci przerwy wzbronionej w perowskitach 3D od-
bywa sie przede wszystkim poprzez domieszkowanie poszczegdlnych sktadnikow struktury
innymi pierwiastkami, pozwalajac na jej zmiane w szerokich zakresach oraz zwickszenie
stabilnosci struktury perowskitowej. W perowskitach niskowymiarowych efekt ten osia-
gany jest przede wszystkim poprzez zmiane wymiarowosci perowskitu. Wymiarowos¢ po-
zwala takze na kontrole innych wtasciwosci optoelektronicznych materiatu, np. energii
wigzan ekscytonéw czy rozszczepienia spinowego. Opisane szerokie mozliwosci kontroli
tych parametrow poprzez zmiane parametrow struktury krystalicznej materiatu czynia
perowskity bardzo interesujacymi materiatami pod wzgledem ich wykorzystania w ogni-

wach stonecznych, fotodetektorach czy elektronice spinowe;j.
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2.2. In-materio neuromimetic devices: dynamics, in-

formation processing and pattern recognition

2.2.1. Wstep

W artykule przedstawiono zastosowanie memrystoréw w fizycznie nieklonowalnych
funkcjach (ang. physically unclonable function, PUF). Sa to fizyczne urzadzenia, ktorych
zadaniem jest zapewnienie unikalnej sygnatury uzytkownika — tzw. odcisku palca (ang.
fingerprint) — w celu zapewnienia bezpieczenstwa weryfikacji. Poprzez zestaw trudnych
do podrobienia cech fizycznych, urzadzenia takie sa niemal niemozliwe do zduplikowa-
nia, zapewniajac zwickszone bezpieczenstwo wzgledem innych systeméw uwierzytelniania
przy nizszych kosztach. W artykule zawarto opis cech memrystoréow, ktére pozwalaja na
ich wykorzystanie w urzadzeniach PUF oraz opis implementacji urzadzenia opartego na

macierzy memrystorow.

2.2.2. Streszczenie

Smartfony staly si¢ uniwersalnym narzedziem w codziennym zyciu, stuzac miedzy in-
nymi do przechowywania wrazliwych danych, takich jak dokumenty tozsamos$ci, oraz do
uwierzytelniania i autoryzacji uzytkownika w operacjach finansowych. W wymienionych
zastosowaniach wymagajacych bezpieczeristwa szczegdlnie istotny jest rozwoj metod, po-
zwalajgcych na bezpieczne i pewne uwierzytelnienie. Obecne systemy uwierzytelniania
opieraja sie na statycznej pamieci RAM i nieulotnych pamieciach jednokrotnego zapisu,
ale zastosowania te wymagaja dodatkowych uktadow szyfrujacych lub podpiséw cyfro-
wych, co komplikuje ich zastosowanie. Dodatkowo wymagaja one ciagtego zasilania.

Tansza alternatywa sa uktady PUF, ktore dla kazdego sygnatlu wejsciowego ¢ (tzw.
challenge) generuja unikalng odpowiedz r (response) wedtug rownania r = f(c), a pary
challenge-response przechowywane sa w zabezpieczone]j bazie danych. Jesli odpowiedz na
dany sygnal znajduje sie w bazie danych, uzytkownik lub urzadzenie jest uwierzytelniane.
Korzyscia tego rozwiazania jest fakt, iz odpowiedZ generowana jest na podstawie fizycz-
nych parametrow urzadzenia i nie musi by¢ przechowywana w pamieci w postaci klucza,
wykluczajac tym samym konieczno$é ciaglego zasilania. Uktady PUF wymagaja kilku

cech aby pelnié role systeméw uwierzytelniania:

1. OdpowiedZz musi by¢ niemozliwa do przewidzenia i unikalna dla kazdego sygnatu
wejsSciowego. Wymaganie to oznacza, ze funkcja generujaca pare challenge-response

nie moze by¢ trywialna.
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2. Odpowiedz na dany sygnal wejsciowy musi by¢ powtarzalna. W odroznieniu od gene-
ratorow liczb losowych, wielokrotne podawanie takiego samego sygnatu wejsciowego

musi skutkowac¢ zawsze taka sama odpowiedzia.

3. Nawet posiadajac kompletnag wiedze o budowie danego uktadu PUF, niemozliwe
jest zbudowanie innego urzadzenia o identycznych parametrach (nieklonowalnosé

urzadzenia).

Wymagania te moga zosta¢ spetnione poprzez zmienno$é cech urzadzenia wynikajaca
z procesu produkecyjnego badz z wewnetrznej zmiennosci parametrow fizycznych urzadze-
nia lub materiatu, przez co prawdopodobienstwo wytworzenia dwoch urzadzen o takich
samych parametrach jest niskie, nawet jesli zostana one otrzymane w jednym procesie
produkcyjnym. Dzieki temu niemozliwe jest wytworzenie kopii uktadu PUF o takich sa-
mych parametrach. Unikalny zestaw parametréow fizycznych urzadzenia zapewnia takze
unikalng odpowiedz na zadany sygnal wejsciowy i dopoki parametry te nie ulegna zmianie,
odpowiedz urzadzenia jest powtarzalna.

Jednymi z elementéw elektronicznych, ktére mozna wykorzysta¢ w uktadach PUF sg
nieulotne pamieci i memrystory, w ktorych przetaczanie rezystywne opiera si¢ na two-
rzeniu i niszczeniu filamentu przewodzacego poprzez przylozenie napiecia o odpowiedniej
amplitudzie i polaryzacji, zmieniajac stan urzadzenia na wysoko i nisko przewodzacy. Zja-
wisko to jest w pewnym stopniu stochastyczne, przez co tworzenie i niszczenie filamentu
zachodzi nie przy danej wartosci napiecia, ale w pewnym zakresie napiec¢. Dzieki tej zmien-
nosci, jesli poczatkowy stan urzadzenia jest nieznany, niemozliwe jest przewidzenie jaki
prad poplynie przez urzadzenie, nie mozna bowiem okresli¢ czy przewodzacy filament ule-
gnie utworzeniu lub zniszczeniu. Aby zwiekszy¢ bezpieczenistwo, memrystory taczone sa
w uktady typu crossbar, w ktérych poszczegolne elementy potaczone sa siatka elektrod w
macierze (Rys. 2.3(a)).

W macierzach memrystorow wyboér elementu odbywa si¢ poprzez przyltozenie napie-
cia pomiedzy odpowiednimi elektrodami. Na Rys. 2.3(b) przez element wybrany poprzez
przylozenie napiecia V. pomiedzy dwiema zaznaczonymi elektrodami, przez memrystor
o konduktancji G;; ptynie prad (niebieska strzatka) o amplitudzie zaleznej od wartosci
konduktancji. Czerwong strzatka oznaczono prad sneak-path pltynacy przez memrystory
sasiadujace z wybranym memrystorem. Odpowiedz ukltadu jest zatem funkcja napiecia,
pradu plynacego przez element o konduktancji G;; oraz pradéw sneak-path pltynacych
przez sasiadujace elementy o nieznanej konduktancji. O ile zjawisko to jest niekorzystne
w kontekscie wykorzystania macierzy memrystorow jako uktadéw pamieci lub uktadéow
obliczeniowych, to w uktadach PUF zwieksza ono bezpieczenistwo poprzez zwickszenie

ztozonosci odpowiedzi uktadu na zadany sygnal wejsciowy.



2.2. In-materio neuromimetic devices: dynamics, information processing and pattern

recognition

59

(b)

a : S
= =
lfloating —5 | l
G,
L v. =8 e@n
lfloating: ‘ Lo [ ] ]
I==] == =l

Rys. 2.3. Implementacja uktadu PUF z wykorzystaniem memrystorow
potaczonych w macierz crossbar. (a) Zdjecie SEM macierzy memrystorow
4x4 [112]. (b) Schemat budowy uktadu PUF opartego na macierzy mem-
rystorow 3 x 3. Przylozenie napiecia V, i 0 V pomiedzy pomaraiczowymi
elektrodami i pozostawieniu innych elektrod bez potaczenia (challenge)
powoduje przepltyw pradu przez memrystor o konduktancji G;; (niebie-
ska strzatka) oraz pradu sneak-path (czerwona strzatka) poprzez sasiednie
elementy. Mierzony prad (response) jest zdefiniowany przez stan calego

uktadu i parametry fizyczne kazdego z jego elementow.
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2.2.3. Podsumowanie

We fragmencie artykutu opisano cechy uktadéw typu PUF i przedstawiono wyko-
rzystanie memrystoréw potaczonych w macierz typu crossbar jako fizyczna implementa-
cje ukladu. Zmiennosé parametrow fizycznych memrystoréw oraz stochastyczna natura
przetaczania rezystywnego opartego na tworzeniu i niszczeniu przewodzacego filamentu
sprawia, ze nawet urzadzenia wyprodukowane w jednakowym procesie r6znig sie charak-
terystyka pradowo-napieciowa. Mozliwo$¢ kontrolowania konduktancji memrystoréow oraz
organizacji w macierze typu crossbar pozwala na stworzenie silnych i niemozliwych do

sklonowania uktadéw PUF.
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2.3. From Oscillatory Reactions to Robotics: A Se-
rendipitous Journey Through Chemistry, Physics and

Computation

2.3.1. Wstep

Wspotezesnym komputerom coraz trudniej sprostaé¢ zapotrzebowaniom narzucanym
przez szybki rozwéj sztucznej inteligencji (ang. artificial intelligence, Al). Trenowanie
zaawansowanych modeli Al wymaga znacznej mocy obliczeniowej, tym samym zuzywajac
duze ilosci energii — szacuje sie, ze sztuczna inteligencja AlphaGo podczas rozgrywki w
gre w Go zuzyta 50 tys. razy wiecej energii niz mozg cztowieka. Przeklada sie to na emisje
bardzo duzych ilosci CO, do atmosfery — nawet kilkukrotnie przewyzszajacych te, ktore

emituje samochéd w czasie calego cyklu jego uzytkowania.

Rozwd6j nowego typu uktadow elektronicznych, lepiej dostosowanych do potrzeb sztucz-
nej inteligencji, umozliwia bardziej efektywne trenowanie modeli Al, obnizajac tym samym
konsumpcje energii i ograniczajac emisje COy. W takich uktadach, nazywanych uktadami
neuromorficznymi, informacje przetwarzane sa w sposoéb nasladujacy przetwarzanie sy-
gnaléw przez neurony. Inaczej niz we wspotczesnych komputerach, dane nie musza byé
przetwarzane przez procesor i przesytane do pamieci, gdzie sa przechowywane. W uktadach
memrystywnych elementy pamieciowe sg wykorzystywane jednocze$nie do przetwarzania
i przechowywania informacji. Podejscie takie nazywa sie przetwarzaniem in materio (w

materiale).

Termin ,przetwarzanie neuromorficzne” siega lat 50 ubieglego wieku, ale pierwsze
uktady zostaly opracowane dopiero 30 lat p6zniej. Opieraly sie one catkowicie na elektro-
nice analogowej, ale dzisiaj mianem neuromorficznych okresla sie wiele réznych rodzajow
uktadow cyfrowych, analogowych oraz modeli sztucznych sieci neuronowych zaimplemen-
towanych sprzetowo lub jako programy komputerowe. Rozw6j memrystoréw i pamieci z
przetaczaniem rezystywnym oraz sprzet na nich oparty wydaja sie by¢ w tym kontekscie
szczegbdlnie obiecujgce, poniewaz potrafiag one jednoczesnie przetwarzaé i przechowywaé
informacje, pozwalajac na potaczenie koncepcji in materio i przetwarzania neuromorficz-

nego.

Ponizsze streszczenie dotyczy sekcji 1.3.1 rozdziatu. Czes¢ wyprowadzen matematycz-
nych w niniejszym streszczeniu rozwinieto w poroéwnaniu do oryginalnej publikacji tak,

aby przedstawic¢ je w bardziej klarowny sposob.
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2.3.2. Streszczenie

Pierwsze uklady memrystoréw byly zintegrowane z klasycznymi uktadami CMOS
(ang. complementary metal-ozide-semiconductor), w ktorych — dzieki zmiennemu opo-
rowi — pelnity funkcje przerzutnikéw i przetacznikow regulujacych przeptyw pradu.

Wykorzystujac charakterystyke tych zjawisk zaproponowano uktady implementujace
logike oparta wytacznie na memrystorach: memristor-aided logic (MAGIC). Memrystory
pozwalaja na zwiekszanie lub zmniejszanie swojej konduktancji w zaleznosci od kierunku
pltynacego przez nie pradu. Dzieki temu bramki logiczne AND i OR moga by¢ zbudowane z
dwo6ch memrystoréw o antyrownoleglej orientacji; bramki NOT, NOR i NAND zbudowaé
za$ mozna z trzech memrystoréw. Ponadto, w przeciwienstwie do tranzystoréw, memry-
story sg elementami dwuelektrodowymi i moga by¢ organizowane w warstwach utozonych
jedna na drugiej. Pozwala to na ich skalowanie w dodatkowym — w poréwnaniu do ukta-
déw tranzystoréow — wymiarze i w efekcie na efektywniejsze wykorzystanie dostepnego
miejsca na chipie.

Trenowanie modeli sztucznych sieci neuronowych oraz wykonywanie operacji mate-
matycznych takich jak transformacje liniowe (np. dyskretna transformacja Fouriera, dys-
kretna transformacja cosinusowa) wymaga manipulacji strukturami danych o duzych roz-
miarach. Na przyklad trenowanie gltebokiej sieci neuronowej (sztucznej sieci neuronowej
sktadajacej sie z wielu warstw neuronéw, tzw. warstw ukrytych) moze w pojedynczej ite-
racji wymagacé aktualizacji wartosci milionéw wag synaptycznych. Wyniki tych obliczen
wykonanych przez procesor sa ciggle wysylane do i przywolywane z pamieci komputera.
Niestety, proces ten ze wzgledu na czaso- i energochtonnosé postrzegany jest jako jedna z
najbardziej istotnych przeszkéd w rozwoju technik uczenia maszynowego. Rozwigzaniem
tego problemu moga by¢ uktady memrystoréw, ktére potrafia jednoczesnie przetwarzac i
przechowywaé dane. Dzicki temu przesytanie danych nie jest juz konieczne, gdyz pamieé
i uktad obliczeniowy znajduja sie na tym samym chipie. W efekcie ogranicza to zuzycie
energii i skraca czas potrzebny na wykonanie oblicze.

Fundamentalng operacja matematyczna wykorzystywana w trenowaniu i wnioskowa-
niu modeli Al jest mnozenie macierzy. Moze ono by¢ zaimplementowane na macierzy
memrystoréw podobnej do tej przedstawionej na Rys. 2.3 z wykorzystaniem praw Ohma
i Kirchoffa. Zgodnie z prawem Ohma, prad I przeptywajacy przez przewodzacy element

o konduktancji GG jest proporcjonalny do U pomiedzy koricami tego elementu:

[=G.U (2.1)

Dla danego napiecia U amplituda pradu I ptynacego przez memrystor jest zalezna od

jego stanu rezystywnego okreslonego przez konduktancje G.



2.3. From Oscillatory Reactions to Robotics: A Serendipitous Journey Through Chemistry,
Physics and Computation 63

Prawo Kirchoffa moéwi z kolei, ze suma pradéw wplywajaca do wezta musi by¢ rowna
sumie pradow wyplywajacych z tego wezta. W macierzy memrystory utozone sa tak, ze
w danej kolumnie lub rzedzie kontakt elektryczny kazdego memrystora potaczony jest ze
wspolng elektroda. Dzigki temu pojedynczy memrystor M;; o konduktancji G;; moze by¢
zaadresowany poprzez przylozenie napiecia U;; pomiedzy rzedem ¢ i kolumng j. Elektroda,
na ktoérej mierzony jest prad zwykle jest uziemiona. Zgodnie z prawem Kirchoffa, prad
I; mierzony na tej elektrodzie jest sumg wszystkich pradéw plynacych przez memrystory

Gi; w danej kolumnie:

Napiecia przytozone do poszczegdlnych rzedéw macierzy o wymiarach m X n moga

zostaé zapisane w formie wektorowej jako:

U:[Ul Uy ... U ... Um] (2.3)

Analogicznie zapisa¢ mozna prady zmierzone na kazdej z elektrod macierzy:

I:[I1 L ... I ... Jn} (2.4)

Kazdy memrystor w ukladzie charakteryzowany jest przez konduktancj¢ G;;. Dla

uktadu memrystorow o wymiarach m x n wielkosci te przedstawi¢ mozna w postaci ma-

cierzowej:
G11 G12 Ce Glj e Gln
L =
Gmi Gm2 ... Gpj ... Gpy
Prad plynacy przez macierz memrystoréw jest zatem dany rownaniem:
I=GxU (2.6)

Roéwnanie to pokazuje, ze mnozenie wektoréow i macierzy w uktadach jest realiza-
cja koncepcji obliczenr in materio — obliczenia wykonywane sa w jednym uktadzie, bez
koniecznosci transferu danych. Na przyktad wykorzystywane w zagadnieniach klasyfika-
cji metody regresji liniowej i regresji logistycznej w ukladach memrystoréw moga byé
rozwigzane w zaledwie jednym kroku. Dodatkowo, przeprowadzenie bardziej skompliko-
wanych obliczen, jak np. dzielenia macierzowy, jest mozliwe z wykorzystaniem dodatko-

wych elementow elektronicznych. Te cechy uktadéw memrystywnych sprawiaja, ze sa one
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obiecujacymi rozwigzaniami w rozwoju technik uczenia maszynowego i sztucznych sieci
neuronowych.

Zasada dziatania sztucznych sieci neuronowych jest w luzny sposob oparta na matema-
tycznym modelu neuronu — jest on weztem sieci, ktory przetwarza otrzymana informacje
i przesyta do kolejnego wezta sieci. Kolejne wezly sieci potaczone sa ze soba ,synapsami”,
a sita tych potaczen opisana jest ,waga synaptyczng’. W typowej sztucznej sieci neurono-
wej neurony ultozone sa w polaczone ze soba warstwy, a proces trenowania (uczenia) sieci
oparty jest o modulacje wag synaptycznych pomiedzy neuronami. Sygnal wyjsciowy poje-
dynczego neuronu y; jest zatem sumg sygnatow od wszystkich neuronéw z; w poprzedniej

warstwie mnozong przez wagi synaptyczne w;;:

yj = sz‘sz‘ (2.7)

Proste sieci neuronowe zawieraja tylko jedna warstwe, ale do implementacji bardziej
skomplikowanych modeli wykorzystuje sie sieci o wiekszej ich liczbie (tzw. glebokie sieci
neuronowe). W dalszej kolejnosci sygnat wyjsciowy neuronu przetwarzany jest przez tzw.
funkcje aktywacji, ktéra okresla, czy sygnal ma aktywowa¢ neurony w kolejnej warstwie.
Najczesciej wykorzystywane funkcje to m. in. ReLU (ang. Rectified Linear Unit), tangens
hiperboliczny czy funkcja sigmoidalna.

Dobér odpowiedniego algorytmu trenowania sieci neuronowych moze mie¢ duzy wptyw
na jej finalng wydajnosé. W jednym z najpowszechniej wykorzystywanych algorytméow
— propagacji wstecznej — sygnal z ostatniej warstwy neuronow (warstwy wyjsciowe;j)
jest poréwnywany z poprawnymi wartosciami. Réznica miedzy nimi przekazywana jest
to pierwszej (wejsciowej) warstwy sieci, dopoki blad ten nie zostanie zminimalizowany.
Wytrenowana w ten sposob sie¢ neuronowa moze zosta¢ wykorzystana do wielu réznych
zadan, jak klasyfikacja lub rozpoznawanie obrazow.

Memrystory posiadaja wszystkie cechy wymagane do fizycznej implementacji sieci neu-
ronowych: wiele stanéw rezystywnych, niska energie potrzebna do zmiany tych stanéw i
pamie¢ pozwalajaca na trwaly zapis stanu. Pamieci rezystywne (ang. resistive random
switching memory, ReRAM lub RRAM) moga przechowywaé 6.5 bitow informacji, a pa-
mieci typu PCM nawet 8 bitéow. Energia potrzebna do zmiany ich stanéw jest rzedu
femtojouli, co jest wartoscia zblizona do energii zuzywanej przez biologiczne neurony.
Trwato$é standow rezystywnych mierzona jest natomiast w latach.

Poréwnujac Réwnania 2.2 i 2.7 mozna zauwazy¢ podobienstwo wyjasniajace, dlaczego
macierze memrystorow moga stuzy¢ jako fizyczne implementacje sieci neuronowych. Do tej
pory pokazano ich efektywnosé m. in. w rozpoznawaniu twarzy czy rozpoznawaniu pisma
odrecznego, w ktorym osiagaja one doktadnosé 89.9%. Sieci o innej architekturze (konwo-

lucyjne sieci neuronowe) potrafig osiagna¢ uzyskaé¢ rzedu 96.9% oraz osiagaja podobnie
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duza efektywnosé¢ w rozpoznawaniu obiektow (zwierzat i maszyn) na zdjeciach. Uktady te
pozwalaja takze na duzo szybsze mnozenie macierzy i wektorow - szacuje sie, ze uktady
memrystywne moga wykonywaé te operacje na poziomie 115 TOPSW~! (TOPS — tera
operations per second, jednostka okreslajaca liczbe operacji na sekunde). Dla poréwnania,
klasyczna architektura CMOS wykonuje je na poziomie 7 TOPSW!. Dodatkowo sza-
cuje sie, ze wykonujac obliczenia w sposéb neuromorficzny, uktady memrystoréw moga

ograniczy¢ zuzycie energii nawet tysiackrotnie.

Nalezy mie¢ jednak na uwadze takze wyzwania stojace na drodze rozwoju neuromor-
ficznych uktadéw memrystywnych. Roznica parametrow memrystoréw produkowanych w
tym samym procesie,? nieliniowa zalezno$é konduktancji od impulséw napiecia i roéznica
charakterystyk przetaczania z HRS do LRS oraz w przeciwnym kierunku sa odpowie-
dzialne za nizsza doktadnos¢ predykceji sieci neuronowych. Problemy te sa adresowane
poprzez dobor waskich zakreséw napieé¢ przetaczajacych, w ktérych powyzsze procesy po-
siadaja odpowiednie (pozadane) charakterystyki oraz poprzez pomiar parametréw wszyst-
kich elementéw macierzy memrystorow tak, aby dynamika przetaczania rezystywnego
kazdego z nich mogla zosta¢ uwzgledniona w algorytmach trenowania sieci neuronowych.
Podejscia te sa jednak czasochtonne i moga stanowi¢ duze wyzwanie dla komercjalizacji

memrystywnych uktadéw neuromorficznych.

7, drugiej strony, mozliwos¢ odtworzenia przez memrystory efektéw neuromimetycz-
nych takich jak STDP i uczenie hebbowskie stwarzaja potencjal do implementacji sieci
neuronowych typu SNN (ang. spiking neural networks). Ten typ sieci wiernie nasladuje
procesy uczenia zachodzace w mozgu, przez co jest w stanie wydajnie przetwarzacé ob-
razy lub ludzka mowe. Podobnie jak w biologicznych neuronach, sygnat przekazywany
jest w formie ciggu krotkich impulséw i tylko odpowiednie sekwencje tych impulséw ak-
tywuja kolejne neurony. Zmiany wag synaptycznych oparte sa o reguty uczenia takie jak
STDP, w ktorej amplituda zmian wagi synaptycznej zalezy od odstepu czasowego po-
miedzy impulsem pre- i postsynaptycznym. Nawet sieci typu SNN o niewielkiej liczbie
synaps sa w stanie wydajnie przetwarza¢ dynamiczne wzory wizualne, pochtaniajac przy
tym niewielkie ilosci energii. Pierwsze sprzetowe sieci SNN sa juz dostepne komercyjnie,
choé¢ rozwigzania te bazuja na elektronice CMOS. Sg to m. in. superkomputer SpiNNaker,
Loihi (Intel) oraz TrueNorth (IBM).

2Warto zauwazy¢, ze z punktu widzenia zastosowania memrystoréw w uktadach PUF opisanych w

Rozdz. 2.2 jest to pozadana cecha.
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2.3.3. Podsumowanie

W czesci rozdziatu opisano wykorzystanie uktadéw memrystoréw do mnozenia wek-
torow i macierzy — operacji matematycznej lezacej u podstaw uczenia maszynowego i
trenowania sztucznych sieci neuronowych. Dzieki cechom memrystoréw procesy te moga
by¢ wykonywane znacznie efektywniej. Brak koniecznosci przesytania danych pomiedzy
ukladami elektronicznymi pozwala na zwiekszenie szybkoéci obliczen przy jednoczesnym
ograniczeniu konsumpcji energii.

Pierwsze fizyczne implementacje sztucznych sieci neuronowych na ukltadach memry-
storéw pokazuja, ze moga one z wysoka doktadnoscia klasyfikowaé wzorce wizualne. Fakt,
ze w uktadach memrystywnych moze zosta¢ zaimplementowanych wiele réznych rodzajow
sztucznych sieci neuronowych sprawia, ze sprzet na nich oparty moze znalezé zastosowanie

w wielu roznych dziedzinach sztucznej inteligencji.
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2.4. Synaptic plasticity, metaplasticity and memory
effects in hybrid organic-inorganic bismuth-based ma-

terials

2.4.1. Wstep

Przetaczanie rezystywne w memrystorach moze byé¢ konsekwencja wielu réznych me-
chanizméw. Jednym z nich jest mechanizm ztaczowy oparty o modulacje wysokosci bariery
Schottky’ego. Przetaczanie tego typu charakteryzuje sie stosunkowo niewielka réznica po-
miedzy stanami HRS i LRS, ale jego dynamika ma charakter zblizony do analogowego.
Umozliwia to kontrolowanie konduktancji urzadzenia w sposob, ktory pozwala na stop-
niowe przetaczanie miedzy stanami z wykorzystaniem wielu stanéw posrednich. Cecha ta
umozliwia bardzo doktadne odtworzenie zjawisk synaptycznych w memrystorze.

W artykule opisano wtasnosci memrystywne i neuromimetyczne jodobizmutanu mety-
loamoniowego — analogu perowskitu opartego o bizmut o wzorze (CH3NHj3);3Bi g (MA-

Bil) wraz z jego charakterystyka spektroskopowa.

2.4.2. Streszczenie

W artykule przedstawiono urzadzenie memrystywne, w ktorym warstwe aktywna sta-
nowi jodobizmutan metyloamoniowy umieszczony pomiedzy dolna elektroda z ITO i gorna
elektroda miedziang jak na Rys. 2.4(a). Artykul podzielony jest na dwie czesci: pierwsza
z nich stanowi charakterystyka materialowa MABIl wykonana z wykorzystaniem ska-
ningowej mikroskopii elektronowej, dyfrakcji promieniowania rentgenowskiego oraz spek-
troskopii absorpcyjnej roztworéw i spektroskopii transmisyjnej UV-Vis cienkich warstw.
Pomiary wykonano dla warstw o réznym stopniu zdefektowania (Rys. 2.4(b)). Druga czesé
artykutu obejmuje pomiary pradowo-napicciowe sktadajace sie na charakterystyke wta-
snosci memrystywnych oraz pomiary efektéw neuromorficznych: uczenia i zapominania,
STDP, SRDP i metaplastycznosci.

Na Rys. 2.5(a) przedstawiono petle histerezy zmierzone dla MABII zsyntetyzowanego
z roznych stosunkéw prekursorow. Obecnosé w pomiarach pradowo napieciowych (I-V)
petli histerezy przecinajacej sie przy pewnej wartosci napiecia jest jedna z cech charakte-
rystycznych memrystora. Podczas zwiekszania napiecia od 0V do 3V, przy wartosci ok.
0.5V nachylenie odpowiedzi pradowo-napieciowej ulega wyrazniej zmianie, co wynika ze
stopniowego przelaczania memrystora ze stanu HRS do LRS (ten kierunek przelaczenia
bywa nazywany procesem SET'). Podczas przemiatania od 3V do —3 'V uktad poczatkowo

pozostaje w LRS, o czym §wiadczy liniowy charakter zaleznosci pradowo-napieciowej, ale



2.4. Synaptic plasticity, metaplasticity and memory effects in hybrid organic-inorganic
68 bismuth-based materials

MABIl (367 nm)
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Rys. 2.4. (a) Schemat urzadzenia memrystywnego zbudowanego z

materiatu aktywnego MABII umieszczonego pomiedzy dwiema elektro-
dami przewodzacymi Cu i FTO. Po prawej: zdjecie SEM przekroju po-
przecznego memrystora wraz z grubosciami poszczegolnych warstw. (b)
Optyczne fotografie MABII zsyntetyzowanego z roztworéw o réznym sto-
sunku prekursoréw. Zroznicowania barwa wynika ze zdefektowania ma-

terialow.

przy wartosci ok. —2V amplituda pradu zaczyna stopniowo maleé¢, co wynika z przeta-
czenia z LRS do HRS (proces RESET). Uktad pozostaje w tym stanie podczas ostatniej
czesci przebiegu od —3V do 0V.

Petle histerezy o najwezszej charakterystyce zaobserwowano dla stosunku 3 : 2 —
jest to materiat stechiometryczny, a zatem charakteryzujacy si¢ najnizsza liczba defek-
tow, co przeklada sie na najwezsza petle histerezy. Zmieniajac zdefektowanie materiatu
poprzez odejscie od stosunku stechiometrycznego, uzyskano poszerzenie petli. Kazdy z
bardziej zdefektowanych materialow charakteryzowal sie wiekszym stosunkiem HRS do
LRS w ujemnym zakresie napieé¢, co swiadczy o lepszych wlasciwosciach memrystywnych

materialéw niestechiometrycznych.

Jedna z cech charakterystycznych dla memrystoréw jest zwezenie petli histerezy wraz
ze wzrostem szybkosci przemiatania napieciem. W perowskitach moze by¢ ono konse-
kwencja ograniczonej ruchliwoséci noénikéow tadunku wewnatrz materiatu, m. in. kationéw
metyloamoniowych i wakancji lub anionéw jodkowych [113, 114]. W memrystorze opar-
tym na MABII petla posiadata zblizony ksztalt nawet dla czestotliwo$ci przemiatania
wynoszacych 20 Vs~ (Rys. 2.5(b)), co sugeruje, ze za efekt przelaczania rezystywnego
odpowiadaja nosniki o wysokiej ruchliwosci, np. elektrony. Elektronowy mechanizm prze-
wodnictwa jest charakterystyczny dla przetaczania rezystywnego opartego o bariere Schot-

tky’ego. Za efekt memrystywny moga takze odpowiadaé¢ metal-induced gap states (MIGS)
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Rys. 2.5. (a) Petle histerezy w pomiarze I — V. Szerokos¢ petli jest
zalezna od stechiometrii roztworu prekursoréw — petla jest najwezsza
dla probki stechiometrycznej (3:2). (b) Brak widocznej zaleznosci sze-
rokosci petli histerezy od szybkosci przemiatania napieciem $wiadczy o
tym, ze proces odpowiadajacy za przelaczanie rezystywne jest stosun-
kowo szybki. Sugeruje to, ze jest zwiazany z transportem elektronéw, a
nie np. defektow struktury. (c¢) Czes¢ petli histerezy zmierzona w mem-
rystorze MABII 3:1 o charakterystyce diodowej. Przetaczenie nastepuje
przy napieciu 0.8V
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— stany powstale na ztaczu metal-potprzewodnik, ktére pojawiaja sie w obszarze prze-
rwy wzbronionej pétprzewodnika na skutek oddziatywania jego stanéw powierzchniowych
z elektronami w metalu. Kontakt metalu z potprzewodnikiem wymusza wyréwnanie po-
ziomow Fermiego, pozostawiajac puste stany elektronowe w obszarze ztacza [115, 116].
Modulacja bariery Schottky’ego nastepuje poprzez zapetianie i opréznianie tych stanéw,
co przeklada sie na obserwowang petle histerezy, a efekt pamieci jest z kolei wynikiem
stabilnosci termodynamicznej tychze stanow. Dodatnia polaryzacja elektrody metalicznej
powoduje przeptyw elektronéow z pasma walencyjnego potprzewodnika do metalu, zapel-
niajac putapki elektronowe na zlaczu i obnizajac wysoko$é¢ bariery Schottky’ego, tym
samym powodujac przejscie z HRS do LRS (por. Rys. 1.3(c) i (d)). W ujemnym zakresie
potencjaléow akceptorowe stany elektronowe sa stopniowo oprézniane wraz ze wzrostem
napiecia, przywracajac bariere Schottky’ego do pierwotnej wysokosci i powodujac przej-
Scie z LRS do HRS.

Obecnosé¢ bariery na ztaczu MABIl/Cu wyjasnia takze asymetryczny ksztalt petli
histerezy oraz jej diodows charakterystyke w stanie HRS, co przedstawia Rys. 2.5(c). Po-
wyzej napiecia 0.8 V nastepuje zmiana charakteru przewodnictwa z diodowej na ohmowe
oraz przetaczenie z HRS do LRS. Wykorzystujac teorie emisji termoelektronowej i row-
nanie diody Richardsona, na podstawie przebiegu I — V' oszacowano wysoko$¢ bariery
Schottky’ego na 0.55¢eV.

W memrystorach retencja stanéw jest zalezna od wartosci napiecia przetaczajacego —
wysokie wartosci napiecia przetaczaja memrystory do bardziej stabilnych stanéw, skutku-
jac dtuzszymi czasami retencji [117]. W memrystorze MABII zmierzono stabilnosé¢ stanow
przetaczajac uktad znajdujacy sie w HRS za pomoca napiecia o réznej amplitudzie i od-
czytujac stan uktadu 10s po przelaczeniu oraz nastepnie po 30 min (Rys. 2.6). Ujemne
napiecia nie powodowaly istotnych zmian stanu rezystywnego. Stabilne stany otrzymano
dla napie¢ 1.5V i wyzszych, podczas gdy w uktadzie przetaczonym napieciem 1V zaobser-
wowano postepujaca relaksacje z LRS do HRS. Rozne wartosci pradéw po przetaczeniu
napieciami 1.5V, 2V i 3V pokazuja, ze uktad posiada przynajmniej trzy odréznialne
i stabilne stany rezystywne, pozwalajac na przechowywanie w memrystorze wiecej niz
jednego bitu informacji. Cecha ta jest niezwykle istotna z punktu widzenia zastosowa-
nia memrystora w obliczeniowych ukladach neuromorficznych oraz do indukcji efektéw

neuromimetycznych [118].

Efekty neuromimetyczne w memrystorach indukowane sa poprzez stymulacje uktadu
impulsami napiecia. Kontrolujac przetaczanie rezystywne oraz wykorzystujac trwatosé
tych stanéw, za pomoca sekwencji napiecia o réznej amplitudzie, polaryzacji, czestotli-
wosci i1 ksztalcie impulséw mozliwe jest przetwarzanie sygnatlu w sposéb analogiczny do

plastycznosci synaptycznej. Odtworzenie synaptycznego uczenia sie i zapominania poprzez
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Rys. 2.6. Zalezno$¢ stabilnosci standéw rezystywnych memrystora MA-
Bil od amplitudy napiecia przetaczajacego. Stan uktadu odczytano mie-
rzac prad plynacy przez memrystor po przytozeniu napiecia —0.5'V przez
10s. Czarny kolor przedstawia stan uktadu przed przytozeniem napiecia
przetaczajacego. Po przetaczeniu memrystora do LRS za pomoca dodat-
niego napiecia i HRS za pomocs ujemnego, stan uktadu odczytano po

10s (kolor czerwony) i nastepnie po 30 min (kolor niebieski).

stopniowy wzrost lub obnizenie amplitudy pradu uzyskano przy uzyciu krétkich impulsow
o polaryzacji dodatniej (uczenie) i ujemnej (zapominanie). Procesy te charakteryzuja sie
zroznicowana dynamika — stala czasowa uczenia (czyli przelaczanie memrystora z HRS
do LRS) byla niemal cztery razy dluzsza niz stata czasowa zapominania (przetaczanie z
LRS do HRS). Jest to efektem charakterystyki diodowej urzadzenia — transfer nosnikow

tadunku jest tatwiejszy w kierunku przewodnictwa diody niz w kierunku zaporowym.

Najwazniejsza czes¢ artykulu stanowi charakterystyka efektu metaplastycznego w
memrystorze MABil. W badaniach neurofizjologicznych metaplastycznosé definiuje sie
jako ,plastycznosé plastycznosci synaptycznej”. Oznacza to, ze wystepowanie, kierunek i
amplituda zmian wydajnosci synaptycznej moze by¢ modyfikowana rowniez pod wplywem
innych czynnikéw, niz tylko chwilowa aktywnosé potaczenia synaptycznego. Istotny wpltyw
metaplastyczny na plastycznosé ma wezesniejsza aktywnos$é synapsy. W eksperymentach
na memrystorach miarg sily potaczenia pomiedzy neuronami jest waga synaptyczna zde-
finiowana jako wzgledny wzrost pradu przed i po eksperymencie, okreslony dla zadanego
napiecia czytajacego zgodnie z R6wnaniem 1.7. W moézgu zmiany wagi synaptycznej naste-
puja w wyniku aktywnosci sieci neuronalnych podczas proceséw uczenia. Zgodnie z teorig
Hebba, wzrost wagi jest wynikiem sytuacji, w ktoérej neuron presynaptyczny przez dany
okres w sposob powtarzalny stymuluje neuron postsynaptyczny, a jej spadek wywolywany

jest przez odwrotna kolejnosé stymulacji neuronow [86|. Spike-timing-dependent plasticity
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Rys. 2.7. Uczenie typu STDP i modulacja metaplastyczna krzywych
uczenia. (a) Antysymetryczna krzywa uczenia hebbowskiego z wyraz-
nym rozréznieniem potencjacji i depresji. (b) Gataz potencjacji krzy-
wej uczenia na probce o stechiometrii 3 : 1 z modulacja metaplastyczna
uzyskana poprzez przytozenie do uktadu napiecia o réznej amplitudzie
przed wykonaniem pomiaru STDP. CV oznacza wykonanie pelnego po-
miaru pradowo-napieciowego jako procedure modulujaca. Zmiany warto-
Sci wagi synaptycznej Aw pokazujg, ze za pomoca napiecia mozna mo-
dulowaé¢ amplitude jej zmian w galezi potencjacji. Przebieg napieciowy
do otrzymania krzywej uczenia hebbowskiego sktadat sie z bipolarnych
trojkatnych impulséow trwajacych 400 ms o amplitudzie 1.6 V. W celu
modulacji wagi synaptycznej Aw interwal czasowy pomiedzy impulsami

byl zmniejszany od 400 ms do 20 ms.

(STDP) jest jedna z form uczenia hebbowskiego. W tym eksperymencie zaréwno neuron
postsynaptyczny jak i presynaptyczny generuja potencjal czynnosciowy, a modulacja wagi

synaptycznej Aw jest zalezna w gléwnej mierze od dwoch czynnikow:

(a) kolejnosci generowania impulsoéw - jesli neuron presynaptyczny generuje sygnat przed
neuronem postsynaptycznym, dochodzi do wzmocnienia synaptycznego. W sytu-
acji odwrotnej, kiedy sygnal generowany przez neuron postsynaptyczny pojawia si¢
wczedniej niz ten od neuronu presynaptycznego, potaczenie synaptyczne ulega osta-

bieniu.

(b) interwalu czasowego - im krotszy jest czas pomiedzy generacja impulsow w obu

neuronach, tym wicksza jest amplituda zmian wagi synaptycznej.3

Ten rodzaj uczenia w memrystorze MABII odtworzono kontrolujac kolejnosé i interwat

czasowy pomiedzy impulsami napiecia dostarczanymi do elektrody Cu i ITO. Rys. 2.7(a)

3Zaleznosé ta czesto wyrazana jest fraza: Neurons that fire together, wire together. - Donald Hebb
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przedstawia antysymetryczna krzywa uczenia hebbowskiego otrzymana w pomiarze STDP
z widocznymi ostabieniem (depresja) i wzmocnieniem synaptycznym (potencjacja). Am-
plituda zmian wagi synaptycznej Aw moze zosta¢ dodatkowo wzmocniona lub ostabiona
w zaleznosci od procedury modulujacej wykonywanej przed pomiarem, co przedstawiono
na Rys. 2.7(b). Dla napiecia —1 V nie zaobserwowano istotnych zmian wagi synaptycznej
wraz ze zmniejszaniem interwatlu czasowego pomiedzy impulsami pre- i postsynaptycz-
nymi, ale dla —2V maksymalne wartosci Aw uleglty zmniejszeniu do ok. 200 % wzgledem
domyslnej procedury modulujacej, dla ktorej wynosity ok. 500 %. Zwiekszajac amplitude
napiecia do —3V uzyskano wzrost maksymalnej wartosci Aw do ok. 1200 %. Wyniki te
swiadczag o tym, ze metaplastyczna modulacja moze — w zaleznosci od procedury mo-
dulujacej zastosowanej przed pomiarem STDP — zaréwno zwicksza¢, jak i zmniejszaé

amplitude odpowiedzi synaptycznej, pozwalajac na modulacje sygnatu w obu kierunkach.

Zbadana zaleznosé¢ amplitudy zmian wagi synaptycznej Aw w zalezno$ci od stechiome-
trii roztworu prekursoréw pokazuje, ze najwieksze wzmocnienie i ostabienie synaptyczne
zaobserwowano dla probki o stechiometrii 3:1, a wiec z nadmiarem MAI w roztworze
wzgledem stechiometrycznego sktadu MABIL. Jako ze probki wykrystalizowane z roztwo-
row niestechiometrycznych charakteryzuja sie wieksza koncentracja defektow struktury
krystalicznej, sugeruje to, ze za efekty plastycznosci synaptycznej odpowiedzialne sg stany

putapkowe generowane przez te defekty.

Inne rodzaje plastycznosci synaptycznej rowniez moga by¢ modulowane metaplastycz-
nie. Do indukcji spike-rate-dependent plasticity (SRDP) wykorzystano ciag krotkich im-
pulséw napieciowych o jednakowej amplitudzie. W klasycznym pomiarze SRDP amplituda
zmian wagi synaptycznej mierzona jest jako funkcja czestotliwosci impulséow. Aby pokazaé
modulacje metaplastyczna, zachowano staly interwal czasowy At = 30 ms pomiedzy im-
pulsami o amplitudzie 1.2V. Jako procedure modulujaca wykorzystano impulsy napiecia
o roznej amplitudzie i o jednakowym czasie trwania 2s, a Aw obliczono z wykorzystaniem
Rownania 1.7 na podstawie odczytu stanu uktadu przed i po pomiarze SRDP wykonanym
przy napieciu —0.5 V. Wyniki pomiaru przedstawiono na Rys. 2.8. Dla zakresu napie¢ od
—3V do —0.5V uktad pozostawal w zakresie potencjacji, ale amplituda zmian Aw malala
wraz ze obnizaniem wartosci napiecia modulujacego. Dla napiecia —0.5V uklad znalazt

sie w zakresie depresji, o czym $wiadczy ujemna wartosé¢ Aw.

Otrzymane wyniki pokazuja, ze modulujace efekty metaplastyczne moga zapewnic¢

duza elastycznosé zmian odpowiedzi synaptycznej w pomiarach STDP i SRDP.



74

2.4.

Synaptic plasticity, metaplasticity and memory effects in hybrid organic-inorganic

bismuth-based materials

Aw [ %

200

1560

100 +

50+

potentiation

-50

-100

1 depression

T
-3

T

-2

T L T ¥ T

-1 0 1
usv

Rys. 2.8. Modulacja metaplastyczna wagi synaptycznej Aw w pomiarze

SRDP otrzymana poprzez stymulacje uktadu przed pomiarem za pomoca

napiecia o réznej amplitudzie. Dla zakresu napie¢ modulujacych od —3V

do —0.5V potaczenie synaptyczne ulega potencjacji. Wraz z obnizaniem

napiecia modulujacego obserwowany jest spadek amplitudy zmian wagi

synaptycznej, a dla —1V zaobserwowano depresje potaczenia synaptycz-

nego.



2.4. Synaptic plasticity, metaplasticity and memory effects in hybrid organic-inorganic
bismuth-based materials 75

2.4.3. Podsumowanie

W pracy pokazano memrystor oparty o analog perowskitu — jodobizmutan metylo-
amoniowy, w ktorym scharakteryzowano efekty memrystywne: petle histerezy i retencje
stanow rezystywnych oraz plastycznosci synaptycznej: uczenie Hebba w pomiarze STDP
oraz SRDP. Jako mechanizm fizyczny odpowiedzialny za przetaczanie rezystywne wska-
zano modulacje wysokosci bariery Schottky’ego na ztaczu MABIl/Cu poprzez zapetnianie
i oproznianie stanéw putapkowych w poblizu ztacza. Jako mechanizm wyjasniajacy efekty
synaptyczne opisane w artykule zaproponowano istnienie stanéw putapkowych o réznym
czasie putapkowania tadunkow.

Najwazniejszym odkryciem opisanym w artykule jest modulacja metaplastyczna od-
powiedzi synaptycznej, za pomoca ktorej, poprzez wykorzystanie odpowiedniej procedury
modulacyjnej, mozliwe jest wzmocnienie lub ostabienie wagi synaptycznej. Efekt ten moze
potencjalnie by¢ korzystny dla zastosowania memrystoréw opartych o MABII w zastoso-
waniach neuromorficznych, pozwalajgc na uzyskanie dodatkowych i rozréznialnych stanow
rezystywnych, ktoére moga zosta¢ wykorzystane do implementacji w tych urzadzeniach lo-

giki wielowartosciowej.
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scopy, electronic properties, and memristive proper-

ties

2.5.1. Wstep

W artykule przedstawiono charakterystyke materialowa i memrystywna grupy zwiaz-
kow kompleksowych bizmutu z duzymi ligandami organicznymi. Efekty neuromimetyczne
zbadano w kompleksie [Bil3(CgH5)2SO1 54, bedacym potprzewodnikiem o szerokosci prze-
rwy wzbronionej wynoszacej 2.37eV. Ksztalt i charakter petli histerezy w pomiarze wol-
tamperometrycznym I — V' $wiadczy o tym, ze mechanizm przetaczania oparty jest o
modulacje wysokosci bariery energetycznej (bariery Schottky’ego) na ztaczu kompleksu i

metalu, z ktérego wytworzona jest géorna elektroda.

W kontekscie efektéow neuromimetycznych, fragment artykutu skupia sie na powiaza-
niu wlasciwosci bariery Schottky’ego z charakterystyka STDP. W zaleznosci od metalu
wykorzystanego w roli gérnej elektrody, charakter bariery ulega zmianie, wplywajac na
charakterystyke memrystywna i neuromimetyczng urzadzen. W artykule pokazano, ze
memrystory oparte o kompleks [Bil3(CgHs)oSO1 54 z elektrodami Cu i Au wykazuja prze-
ciwne charaktery uczenia hebbowskiego w pomiarze STDP, co jest konsekwencja réznej

orientacji bariery energetycznej na ztaczu kompleks/metal.

2.5.2. Streszczenie

W ogélnym przypadku kierunek bariery Schottky’ego na zltaczu metalu i potprze-
wodnika warunkowany jest wartoscia prac wyjscia tych materiatow. Jesli praca wyjscia
metalu ¢y jest wyzsza od pracy wyjscia potprzewodnika ¢g (4 > ¢g), elektrony prze-
plywaja z metalu do potprzewodnika dopoki poziomy Fermiego ulegna wyréwnaniu. Po
osiggnieciu rownowagi, pasma potprzewodnika ulegaja wygieciu w gore, tworzac bariere
na zlaczu (Rys. 2.9(a)). W sytuacji odwrotnej, kiedy ¢s > ¢y, pasma ulegaja wygieciu
w przeciwna strone, poniewaz elektrony ptyna woéwczas od metalu do pétprzewodnika. W

efekcie powstaje bariera o przeciwnej orientacji (Rys. 2.9(c)).

Przeprowadzone pomiary woltamperometryczne réznig sie jednak znaczaco charakte-
rem odpowiedzi, co sugeruje, ze bariery w urzadzeniach z elektroda Cu i Au maja prze-
ciwne orientacje. Prace wyjscia Au (5.2eV), Cu (4.6eV) i [Bil3(CgH;)2SO1 5]4 (5.24¢€V)
wykazuja jednak dosyé zblizone wartosci, co sugeruje, ze na orientacje bariery Schot-

tky’ego wplyw musza mie¢ takze inne efekty:.
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Pierwszym z nich mogg by¢ defekty struktury krystalicznej, w szczegdlnosci stany po-
wierzchniowe. Stanami powierzchniowymi okresla sie lokalne poziomy energetyczne znaj-
dujace sie na powierzchni materiatu, ale energetycznie lezace w obszarze przerwy wzbro-
nionej. W poélprzewodnikach typu n stany powierzchniowe naladowane sa ujemnie, po-
wodujac wygiecie pasm do gory; w polprzewodnikach typu p pasma wygiete sa w dot z

powodu dodatniego tadunku na powierzchni.

Kolejnym waznym w przypadku zwiazku |Bil3(CgHs)SO; 5|4 czynnikiem wplywaja-
cym na barier¢ jest tworzenie wigzan chemicznych pomiedzy kompleksem a elektroda Cu.
Powstanie wigzan [-—Cu wprowadza dodatkowy ujemny tadunek na ztaczu. Sumaryczny
tadunek w obrebie ztacza definiuje wysokosé bariery Schottky’ego i w zaleznosci od znaku,

moze on takze wplynaé na jej orientacje.

Ostatnim z czynnikéw sa metal-induced gap states opisane szerzej w rozdziale 2.4.
Jesli ¢y > ¢g, to podcezas tworzenia zlacza elektrony ptynace z potprzewodnika do me-
talu zostaja sputapkowane w stanach MIGS, polaryzujac ztacze ujemnie. W przypadku

przeciwnym, kiedy ¢g > ¢, sumaryczny tadunek zlacza jest dodatni.

Poszczegolne wkitady w charakter bariery energetycznej na ztaczu sa bardzo trudne
do oszacowania, ale sumaryczny charakter bariery jest mozliwy do okreslenia podstawie
pomiaréw I — V. W dodatnim zakresie napie¢ memrystor [Bil3(CgHs)2SO, 5], (bedacy
potprzewodnikiem typu p) z elektroda Au przelacza sie ze stanu LRS do HRS. Jesli
przy braku zewnetrznego napiecia sumaryczny tadunek na ztaczu jest dodatni, to dodat-
nia polaryzacja elektrody powoduje przeptyw elektronéw z poétprzewodnika do metalu i
tym samym zwiekszenie sumarycznego dodatniego tadunku na ztaczu. Wéwcezas bariera
Schottky’ego rosnie, powodujac przejscie z LRS do HRS. Ujemna polaryzacja powoduje
przeptyw elektronéw do poélprzewodnika, ktore zapelniajg stany putapkowe i obnizaja

wysokos¢ bariery.

W tym samym materiale z elektroda Cu w pomiarach I — V kierunek przelacza-
nia rezystywnego jest przeciwny: w dodatnim zakresie napie¢ nastepuje przejscie z HRS
do LRS. Sugeruje to, ze sumaryczny tadunek na zlaczu jest ujemny — jesli przy przy
dodatniej polaryzacji Cu bariera Schottky’ego ulega obnizeniu, to §wiadczy to o oproz-
nianiu obsadzonych pulapek elektronowych. W efekcie memrystor przetacza sie¢ z HRS
do LRS. Na podstawie tych pomiaréw mozna stwierdzi¢, ze przelaczanie memrystora
[Bil3(CgHj)2S0; 5]4/Cu warunkowane jest zmianami wysokosci bariery przedstawionymi
na Rys. 2.9(a) i (b), a uktadu [Bil3(CgHj5)2S01 5]4/Au na Rys. 2.9(c) i (d).

W efekcie, w zaleznosci od metalu elektrody, przetaczanie w memrystorze
[Bil3(CgHj)2S0; 5)4 nastepowalo w kierunku zgodnym (dla Cu) lub przeciwnym (dla Au)

z ruchem wskazowek zegara, zgodnie z procesami opisanymi na panelach Rys. 2.9. Oprocz
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Rys. 2.9. Zaleznos¢ orientacji i wysokosci bariery na ztaczu metal /pot-

przewodnik w zaleznosci od tadunku powierzchniowego i zewnetrznego

napiecia. (a) Bariera na zlaczu metalu i pétprzewodnika o ujemnym ta-

dunku powierzchniowym ulega obnizeniu przy dodatniej polaryzacji me-

talu wskutek oprézniania stanéw putapkowych (b). (¢) W przypadku ba-

riery powstalej na zlaczu metalu i potprzewodnika o dodatnim tadunku

powierzchniowym, dodatnia polaryzacja metalu powoduje zapelnianie

dostepnych stanéw putapkowych i zwigkszenie wysokosci bariery (d).
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Rys. 2.10. Roézne rodzaje STDP zmierzone w memrystorze
[Bilg(CgHs)2S0 5|4 z elektroda gorna Cu (a) i Au (b). Charakter uczenia
Hebba zmienia sie w zaleznosci od metalu elektrody — dla Cu zaobser-

wowano uczenie hebbowskie, a dla Au uczenie antyhebbowskie.

wlasnosci memrystywnych, maja one takze wplyw na efekty neuromimetyczne w materiale

— wyniki pomiaréw STDP przedstawiono na Rys. 2.10.

W memrystorze z elektroda Cu zmierzono krzywa uczenia hebbowskiego (Rys.
2.10(a)). Wzrost wagi synaptycznej Aw nastepowal wtedy, kiedy impuls elektryczny do-
cieral najpierw do elektrody presynaptycznej (ktéra w tym przypadku stanowit tlenek
cyny domieszkowany fluorem, FTO), a nastepnie do elektrody postsynaptycznej. Jesli
kolejnos¢ ta ulega odwrdceniu i impuls dociera najpierw do elektrody postsynaptycznej,
a pozniej do presynaptycznej, nastepowata potencjacja. W obu rodzajach plastycznodci,
wraz ze zmniejszaniem interwatu czasowego pomiedzy impulsami rosnie amplituda zmian

Aw.
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Charakter uczenia ulegl zmianie dla elektrody Au (Rys. 2.10(b)). W tym memrystorze
nastepowalo wzmocnienie, jesli impuls aplikowany jest najpierw do elektrody postsynap-
tycznej, a nastepnie presynaptycznej. Analogiczna zmiana zachodzi dla depresji, ktora
w tym urzadzeniu ma miejsce przy stymulacji elektrody presynaptycznej przed elektroda
postsynaptyczna. Zmiana elektrody z Cu na Au spowodowala wiec odwrocenie charakteru
uczenia, ktory znany jest jako uczenie antyhebbowskie.

Zmiana uczenia z hebbowskiego na antyhebbowskie jest wynikiem tych samych proce-
sow, ktore wpltywaja na kierunek przetaczania rezystywnego. Jako, ze waga synaptyczna
Aw jest wzgledna roznicg amplitud pradow przed i po przyltozeniu sekwencji impulsow
przetaczajacych (zgodnie z Rown. 1.7), to kierunek przelaczania pomiedzy stanami re-
zystywnymi warunkuje jej znak. Przelaczenie HRS — LRS odpowiada wzmocnieniu, a
LRS — HRS ostabieniu. Odwrocenie charakteru uczenia jest zatem wynikiem zmiany kie-
runku przetaczania rezystywnego wywotanego réznym charakterem barier Schottky’ego

na ztaczu kompleksu z Au i Cu.

2.5.3. Podsumowanie

We fragmencie artykulu pokazano wplyw orientacji bariery Schottky’ego na
efekty neuromorficzne w memrystorze opartym o zwigzek kompleksowy o wzorze
[Bil3(CgHs)2SO 5]4. Pokazano, ze zmieniajac jedynie metal elektrody, charakter krzywe;
uczenia w pomiarze STDP ulega zmianie z hebbowskiego na antyhebbowski, co jest kon-
sekwencja przeciwnej orientacji bariery Schottky’ego na ztaczu poélprzewodnika z Cu i
Au.

Mozliwosé uzyskania dwoch przeciwnych rodzajow krzywych uczenia wydaje sie by¢
obiecujaca w kontekscie ich wykorzystania w sieciach neuronowych SNN. Neurony o dwoch
przeciwnych regutach uczenia — hebbowskiej i antyhebbowskiej — moga zostaé¢ wykorzy-
stane w niektorych algorytmach trenowania sieci SNN, pozwalajac na uzyskanie doktadno-
$ci rozpoznawania odrecznie pisanych cyfr ze zbioru MNIST (Modified National Institute

of Standards and Technology) na poziomie zblizonym do ludzkich mozliwosci [119].
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2.6. Light-Induced Synaptic Effects Controlled by In-
corporation of Charge-Trapping Layer into Hybrid Pe-

rovskite Memristor

2.6.1. Wstep

Unikalne wtasnosci optoelektroniczne hybrydowych perowskitow otowiowych, ktore
czynig je wydajnymi ogniwami fotowoltaicznymi, moga zostac¢ takze wykorzystane do in-
dukowania efektéw neuromorficznych w memrystorze za pomoca swiatta. Wysoki wspot-
czynnik absorpcji perowskitow i niska energia dysocjacji ekscytonéw oraz diuga droga
swobodna nosnikéw tadunku pozwalaja na wydajna generacje pradu w wyniku absorpcji
fotonu. Efekty memrystywne sa natomiast wynikiem modulacji bariery Schottky’ego na
ztaczu perowskitu i metalu. Potaczenie tych cech czyni perowskity potencjalnie interesu-
jacymi kandydatami do zastosowan w optoelektronice przetwarzajacej sygnaly w sposob
neuromorficzny.

W artykule opisano sztuczna synapse zbudowana z metyloamoniowego jodku olowiu,
w ktorej wykorzystano dodatkowa warstwe nanoczastek niestechiometrycznej formy poli-
merycznej azotku wegla C3N, (CN-NPs), ktorej obecnosé w strukturze urzadzenia pozwo-
lita na zmiane odpowiedzi synaptycznej indukowanej s§wiattem. Jest to wynikiem zdolno-
Sci azotkow wegla do pultapkowania tadunku na dtugi czas siegajacy nawet kilku godzin
[120]. Motywacja do wykorzystania azotkow wegla byta weryfikacja hipotezy czy putap-
kowanie tadunku przez te zwiazki wptynie na odpowiedZ memrystywna i synaptyczna

memrystora perowskitowego poprzez modyfikacje bariery na ztaczu perowskit/CN-NPs
lub CN-NPs/ITO.

2.6.2. Streszczenie

W artykule przedstawiono poréwnanie dwoch memrystoréw, ktorych strukture mozna

przedstawi¢ nastepujaco:

1. ITO/OIP/Au
2. ITO/CN-NPs/OIP/Au,

gdzie ITO — tlenek indu domieszkowany cyna (elektroda dolna), OIP (skrot z ang.
organic-inorganic perovskite) — metyloamoniowy perowskit jodkowo-olowiowy o wzo-
rze CH3NH3Pbl3 pelniacy role warstwy aktywnej, CN-NPs — nanoczastki azotku wegla
C3Ny stanowiace warstwe putapkujaca tadunek, Au — napylona warstwa ztota (elektroda

gorna). Schematy urzadzen przedstawiono na Rys. 2.11(d).
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Rys. 2.11. Petle histerezy memrystora (a) OIP/Au i (b) CN-
NPs/OIP/Au wskazujace na memrystywny charakter urzadzen. (c) Brak

zmian petli histerezy podczas pomiaru w $wietle i w ciemnosei. (d) Sche-

matyczne przedstawienie budowy memrystoréow. (e, f) Uczenie hebbow-

skie w pomiarze STDP zmierzone w memrystorze (e) bez oraz (f) z war-

stwa CN-NPs. Oba urzadzenia wykazuja antysymetryczny przebieg krzy-

wej uczenia, ale amplituda zmian wagi synaptycznej Aw jest wielokrotnie

wyzsza w urzadzeniu z warstwa CN-NPs.



2.6. Light-Induced Synaptic Effects Controlled by Incorporation of Charge-Trapping Layer into
Hybrid Perovskite Memristor 85

OIP/Au

W
—

photocurrent / pA

0 40 ) 120
time /s

b) CN-NPs/OIP/Au

photocurrent / pA
5]

time/s

Rys. 2.12. Zmiana dynamiki generowania fotopradéw w memrystorze
bez oraz z warstwa pulapkujaca CN-NPs. (a) Amplituda fotopradow w
memrystorze ITO/OIP/Au rosnie nieliniowo az to osiagniecia plateau,
nasladujac krotkotrwate wzmocnienie synaptyczne (ang. short-term fa-
cilitation, STF). (b) Fotoprady w memrystorze ITO/CN-NPs/OIP/Au
po gwaltownym wzroscie zaczynaja maleé¢ analogicznie do dhugotrwalego

ostabienia synaptycznego (ang. long-term depression, LTD).

Oba badane urzadzenia posiadaty zblizong charakterystyke pradowo-napieciowa I — V'
w zakresie w zakresie 1.5V o stosunkowo waskiej petli histerezy oraz bipolarnym prze-
taczaniu rezystywnym (Rys. 2.11(a) i (b)). W urzadzeniu z warstwa CN-NPs nie zaobser-
wowano zmian w charakterystyce I — V' w ciemno$ci ani podczas ciaglego naswietlania
memrystora swiattem o dtugosci fali 465 nm.

Oba urzadzenia wykazywaly takze antysymetryczna krzywa uczenia hebbowskiego w
pomiarze STDP, przy czym amplituda zmian wagi synaptycznej byta ponad szesciokrotnie
wyzsza w urzadzeniu z warstwa CN-NPs (por. Rys. 2.11(e) i (f)). Warstwa putapkujaca
tadunek nie wywotala zatem jakosciowej zmiany charakteru odpowiedzi synaptycznej.
Uzyskano ja natomiast, kiedy do indukcji efektow neuromorficznych zamiast napiecia
wykorzystano impulsy $wiatta i zmierzono dynamike zmian generowanego fotopradu.

Memrystory naswietlano od strony przezroczystej elektrody dolnej impulsami $wiatta
o czestotliwosei 5 Hz, dlugosei fali 465 nm i mocy 60 mW cm™2. Oba urzadzenia wykazy-

waly znaczaco r6zna dynamike generacji fotopradow, ktora przedstawiono na Rys. 2.12. W
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Rys. 2.13. Zaleznos¢ amplitudy fotopradéw od stanu rezystywnego w
memrystorze CN-NPs/OIP/Au. Fotoprady w stanie HRS maja wyzsza
amplitude od stanu LRS przy zachowaniu takiej samej dynamiki gene-

racji fotopradow.

memrystorze OIP/Au zaobserwowano stopniowy wzrost amplitudy fotopradow, ktory po
ok. 45 s osiagnal warto$¢ maksymalna. Efekt ten jest odpowiada krotkotrwatemu wzmoc-
nieniu synaptycznemu w neuronach (ang. short-term facilitation, STF), bedacego forma
plastycznosci synaptycznej.

W memrystorze CN-NPs/OIP/Au (Rys. 2.12b)), po szybkim wzroscie fotopradow
trwajacym ok. 2's, nastapito stopniowe zmniejszenie ich amplitudy, co stanowi efekt analo-
giczny do dtugotrwatej depresji synaptycznej (long-term depression, LTD), zachodzacej w
biologicznych uktadach w warunkach obnizenia poziomu neurotransmiteréw, ktére prze-
noszg sygnaly pomiedzy neuronami. Efekty te sklasyfikowano odpowiednio jako krotko- i
dhugotrwate formy plastycznosci synaptycznej na podstawie wyznaczonych statych czaso-

wych.

Amplituda fotopradéw jest takze zalezna od stanu rezystywnego memrystora. Rys.
2.13 przedstawia fotoprady zmierzone w memrystorze CN-NPs/OIP/Au w dwoch roz-
nych stanach rezystywnych. Fotoprady zmierzone w stanie HRS charakteryzowaty sie
kilkukrotnie wyzsza amplituda niz fotoprady w LRS, ale dynamika odpowiedzi uktadu
pozostata taka sama dla obu stanéw. Efekt ten mozna zatem wykorzysta¢ do odczytu
stanu memrystora za pomoca $wiatta. Korzyécia ptynaca z optycznego czytania stanu
jest fakt, iz wielokrotny odczyt za pomoca napiecia moze doprowadzi¢ do zmiany stanu
uktadu. Z kolei odczyt §wiattem, generujacy prady o ok. 1000-krotnie nizszej amplitudzie,

minimalizuje to ryzyko, pozwalajac na wieksza liczbe cykli odczytow stanu uktadu.
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2.6.3. Podsumowanie

W artykule przedstawiono wplyw dodania warstwy warstwy putapkujacej tadunek
do memrystora opartego o perowskit otowiowo-jodkowy na jego odpowiedZ pradows i
fotopradowa. Obecnos$¢ warstwy nie zmienita charakteru odpowiedzi pradowej, ale zna-
czaco wplyneta na dynamike generacji fotopradéw, prowadzac do zmiany typu odpowiedzi
synaptycznej. Oba urzgdzenia wykazywaly zblizong jakosciowo odpowiedZz w pomiarach
STDP, ale w pomiarach z wykorzystaniem impulséw $wiatta dla memrystora bez warstwy
putapkujacej uzyskano wzmocnienie synaptyczne, ktore ulegto przejéciu w ostabienie sy-
naptyczne w memrystorze z warstwa CN-NPs. Pokazano ponadto, ze stan rezystywny
moze zosta¢ odczytany za pomocg Swiatta, co potencjalnie pozwoli na zwickszenie liczby
cykli odezytu bez wplywania na stan memrystora.

W artykule zaproponowano prawdopodobny mechanizm wyjasniajacy zaobserwowane
efekty. Jednoczesna obecnosé dwoch réznych rodzajow plastycznosci synaptycznej — in-
dukowanej napieciem i indukowanej §wiattem — jest wynikiem putapkowania tadunkow
na ztaczu Au/OIP oraz oraz w warstwie CN-NPs. Zapemhianie stanow putapkowych na
ztaczu OIP /Au powoduje stopniowe obnizenie bariery Schottky’ego, prowadzac do wzro-
stu amplitudy fotopradéw. Z kolei putapkowanie tadunku w CN-NPs skutkuje modulacja
wysokosci bariery na ztaczach OIP/CN-NPs; obnizajac amplitude fotopradow.



2.6. Light-Induced Synaptic Effects Controlled by Incorporation of Charge-Trapping Layer into
88 Hybrid Perovskite Memristor




2.7. Leaky integrate-and-fire model and short-term synaptic plasticity emulated in a novel
bismuth-based diffusive memristor 89

2.7. Leaky integrate-and-fire model and short-term sy-
naptic plasticity emulated in a novel bismuth-based

diffusive memristor

2.7.1. Wstep

Memrystory, ze wzgledu na czas retencji informacji w nich zapisanych, mozna podzieli¢
na dwie grupy: nieulotne i ulotne. Pierwsze z nich po wytaczeniu napiecia potrafig utrzy-
ma¢ stan rezystywny przez dtugi czas, siegajacy od minut do miesiecy, pozwalajac na ich
wykorzystanie jako pamieci. W memrystorach z pamiecia ulotna, wytaczenie napiecie po-
woduje spontaniczny powr6t do HRS w krotkim czasie (od nanosekund do sekund). Cho¢
nie przechowuja informacji w sposéb trwaty, ulotnosé ich pamieci moze by¢ wykorzystana

do emulacji zachowania neuronéow.

Komunikacja pomiedzy neuronami odbywa sie poprzez wysylanie i odbieranie krétkich
impulséw elektrycznych. Impuls ten powoduje uwolnienie czgsteczek neurotransmitera do
szczeliny synaptycznej, ktore — docierajac do neuronu postsynaptycznego — wywoluja
ciag reakcji prowadzacych do dyfuzji kationow Na' z pltynu zewnatrzkomorkowego do
wnetrza neuronu. Jesli naptyw tych jonéw jest odpowiednio duzy, btona komérkowa ulega
depolaryzacji i, po przekroczeniu progu pobudliwosci, neuron generuje potencjal czynno-

sciowy. Nastepnie potencjal blony powraca do swojej wartosci spoczynkowej.

Jednym z modeli opisujacych dynamike zmian potencjatu btony komoérkowej neuronu
jest model leaky integrate-and-fire (LIF). Opisuje on powr6t potencjalu membrany do war-
tosci spoczynkowej niezaleznie od tego, czy impuls zostal wygenerowany czy nie (np. przez
zbyt mata dyfuzje Na' i nieosiagniecie przez blong neuronu wartosci progowej). Uwzgled-
nia takze fakt, ze wytworzenie potencjalu czynnosciowego jest tym bardziej prawdopo-
dobne, im czesciej neuron otrzymuje impulsy od innego neuronu. Prawdopodobienstwo to

spada natomiast, jesli czas pomiedzy impulsami staje sie dtuzszy.

W memrystorach ulotnych analogia relaksacji potencjatu btony komoérkowej jest spon-
taniczny powr6ot z LRS do HRS. Niniejszy artykul przedstawia charakterystyke mate-
rialowa oraz memrystywna i neuromorficzng memrystora opartego o nowy typ zwiazku:
jodobizmutan butyloamoniowy (BABI). Mechanizm przetaczania rezystywnego w tym
memrystorze opiera sie o utworzenie filamentu przewodzacego powodujacego przejscie z
HRS do LRS. Po wytaczeniu napiecia filament spontanicznie zanika, powodujac powrét do
HRS. W artykule pokazano, ze zachowanie to pozwala na odtworzenie niektoérych funkeji

synaptycznych opisywanych przez model LIF.



2.7. Leaky integrate-and-fire model and short-term synaptic plasticity emulated in a novel

90 bismuth-based diffusive memristor
a) b)
2 3:1 2 3:2

05 % 0.8 g

a4 2 06 =

8 &

= 03 ® e ~ 04 o

z | - c E : =
© 400 500 600 700 © 00 500 60O 7CO
wavelength / nm wavelength / nm

__’/2.25 eV Jz 308V
15 20 25 30 35 15 20 25 3.0 35

energy / eV energy / eV

Rys. 2.14. Wykresy Tauca cienkich warstw BABI zsyntetyzowanych
z roztworu o stosunku BAI:Bilz 3:1 (a) i 3:2 (b). Mniejsze wykresy
przedstawiaja odpowiednie widma absorpcyjne. Nadmiar Bils powoduje

wzrost optycznej przerwy wzbronionej z 2.25eV do 2.30eV.

2.7.2. Streszczenie

Jodobizmutan butyloamoniowy (BABI) jest zwiazkiem o sktadzie zblizonym do jodo-
mizbutanu metyloamoniowego (MABII), ktory krystalizuje w strukturze zblizonej do pe-
rowskitu. Poprzez analogie z MABII zaktadano, ze stechiometria zwigzku bedzie opisana
wzorem A3Biylg, gdzie A jest kationem alkiloamoniowym. Pomiary dyfrakcji rentgenow-
skiej wykazalty jednak, ze BABI jest krysztalem jonowym o stechiometrii A3Bilg i wzorze
sumarycznym (CH3NH;)3Bilg, krystalizujacym w rombowym uktadzie krystalograficznym.
Zwiazek ten, pomimo podobienistwa substratéw, nie jest zatem perowskitem.

Przeprowadzono pomiary spektroskopii refleksyjnej na dwoch cienkich warstwach
BABI: pierwszej zsyntetyzowanej z roztworu stechiometrycznego i drugiej wykrystalizo-
wanej z roztworu niestechiometrycznego o stosunku jodku butyloamoniowego do jodku
bizmutu(IIl) wynoszacym 3:2. Nadmiar Bil; wykorzystano, aby wprowadzi¢ do mate-
riatu dodatkowe defekty struktury krystalicznej. Widma absorpcyjne przedstawiono na
wstawkach na Rys. 2.14. Do oszacowania szerokosci przerw wzbronionych wykorzystano
wykresy Tauca przy zalozeniu prostej przerwy energetycznej. W niestechiometrycznej
probce przerwa wzbroniona wzrosta z 2.25eV do 2.30eV, co moze by¢ wyjasnione efek-
tem Bursteina-Mossa. Efektem zaburzenia stechiometrii zwigzku jest wzrost koncentracji
domieszek, ktore zapetniaja dostepne stany w poblizu dolnej krawedzi pasma przewod-
nictwa. Stany te w efekcie przestaja by¢ dostepne dla elektronéw wzbudzanych poprzez
absorpcje fotonu, ktére wymagaja wyzszych energii do wzbudzenia do pasma przewod-
nictwa. W konsekwencji powoduje to wzrost optycznej przerwy wzbronionej. Obserwacja
ta jest takze posrednim dowodem na wzrost koncentracji defektow struktury krystalogra-

ficznej materiatu wykrystalizowanego z niestechiometrycznego roztworu. Widma uzyskane
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Rys. 2.15. (a) Budowa memrystora BABI. (b) Zdjecie przekroju
poprzecznego memrystora wykonane technika skaningowej mikroskopii
elektronowej z zaznaczonymi warstwami. (c) 10 kolejnych pomiaréw I —V
ze strzatkami pokazujacymi kierunek zmian napiecia. Wstawka przedsta-
wia strukture elektronowa memrystora. (d) Pomiary I — V' jedynie w
zakresie ujemnych napie¢ pokazujace, ze stan LRS nie jest utrzymywany

pomiedzy kolejnymi pomiarami.

w pomiarach spektroskopii fotoelektronéw w zakresie ultrafioletu wskazuja, ze defektami
tymi sa wakancje jodkowe. Liczne badania perowskitow halogenkowych wskazuja, ze wa-
kancje jodkowe migrowaé¢ w gradiencie pola elektrycznego, tworzac przewodzace filamenty

i powodowaé zmiany stanu rezystywnego memrystorow.

Memrystor zbudowano z warstwy aktywnej BABI osadzonej na przewodzacym pod-
tozu tlenku cynowo-indowego (ITO). Jako elektrode gorna wykorzystano Ag. Aby zapobiec
reakcji Ag z BABI, wykorzystano cienka warstwe polimetakrylanu metylu (PMMA). Sche-
mat budowy przedstawiono na Rys. 2.15(a), a zdjecie przekroju poprzecznego urzadzenia

wykonane technika skaningowej mikroskopii elektronowej na Rys. 2.15(b).

Memrystor BABI charakteryzuje sie petla histerezy w pomiarze pradowo-napieciowym
I —V widoczna jedynie w ujemnym zakresie napie¢ (Rys. 2.15(c)). Przejscie z HRS do
LRS zachodzi przy niskim napieciu ok. —0.23 V i ma skokowy charakter, co jest charak-

terystyczne dla mechanizmu przelaczania rezystywnego opartego o tworzenie filamentow
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przewodzacych. Zmiana polaryzacji napiecia w pomiarze I — V' pokazuje jednak, ze fila-
ment ten jest nietrwaly — w dodatnim zakresie napie¢ memrystor powraca do HRS, o
czym S$wiadczg niskie prady i brak petli histerezy. W niektorych przebiegach zaobserwo-
wano moment zaniku filamentu przy niskich dodatnich napieciach, co zaznaczono poma-
ranczowa strzatka na Rys. 2.15(c). Pomiary I — V przeprowadzone wylacznie w ujemnym
zakresie napieé¢ (Rys. 2.15(d)) pokazuja, ze stan LRS nie jest utrzymywany pomiedzy kolej-
nymi pomiarami, co $wiadczy o zaniku filamentu. Niskie napiecia, przy ktorych zachodzi
przetaczanie sugeruja takze niska energie aktywacji defektéow za nie odpowiedzialnych.
Wykonujac pomiary woltamperometryczne w szerokim zakresie temperatur oszacowano,
ze wynosi ona ok. 0.1eV — wartos¢ ta odpowiada warto$ciom energii aktywacji dla mi-

gracji wakancji jodkowych w perowskitach.

Niestabilnos¢ filamentu i spontaniczny powrét z LRS do HRS pozwala na odtworze-
nie efektéw opisanych przez model LIF. Na Rys. 2.16(a) przedstawiono prad wywolany
krotkimi impulsami napiecia trwajacymi 100 ms. Napiecie —300mV nie wywolalo zad-
nego impulsu pradowego, ale wraz ze wzrostem jego amplitudy do —500 mV, —800 mV
i —1000mV widoczny jest wzrost liczby impulséw pradowych. Napiecie —1500mV po-
woduje przepltyw pradu przez memrystor niemal przy kazdym impulsie napiecia. Rys.
2.16(b) pokazuje prawdopodobieristwo zmierzenia impulsu pradowego w funkeji napiecia.
Im wyzsze napiecie, tym wyzsze prawdopodobienistwo zaobserwowania impulsu prado-
wego. W neuronach opisanych przez model LIF, aby neuron wygenerowal potencjal czyn-
nos$ciowy, zmiana potencjatu btony neuronu musi byé¢ odpowiednio duza. Dopiero po jej
przekroczeniu powstaje impuls przekazywany do kolejnego neuronu. Réwniez w memry-
storze BABI dopiero napiecie o amplitudzie wyzszej niz —1000 mV powoduje powstanie
impulséw pradowych.

Model LIF opisuje takze, ze wraz ze wzrostem czestotliwosci stymulacji neuronu rosnie
prawdopodobienistwo wygenerowania potencjatu czynnosciowego. Ten rodzaj plastyczno-
Sci synaptycznej — wzmocnienie czestotliwosciowe (ang. frequency facilitation) — od-
tworzono w memrystorze BABI poprzez przylozenie do urzadzenia impulsoéw napiecia o
rosnacej czestotliwosci (Rys. 2.17). Przy czestotliwosei 200 Hz generowane sa impulsy o
amplitudzie nieprzekraczajacej 100 pA; przy 2000 Hz amplituda wiekszosci impulséw jest
prawie czterokrotnie wyzsza.

W artykule przedstawiono takze symulacje sieci neuronowej, ktérej parametry we-
ztow wyznaczono na podstawie charakterystyk pradowo-napieciowych memrystora BABI
(Rys. 2.18). Sztuczna sie¢ sktadata sie z warstwy wejsciowej zawierajacej 400 neuronéw,
warstwy ukrytej (100 neuronow) i warstwy wyjsciowej (10 neuronow) (Rys. 2.18). Do
trenowania sieci wykorzystano zbior MNIST zawierajacy 10 000 zdje¢ odrecznie pisanych

cyfr, a do oszacowania dokltadnosci klasyfikacji wykorzystano zbiér zawierajacy 60000
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Rys. 2.17. Wzmocnienie synaptyczne przedstawione jako wzrost ampli-

tudy pradu plynacego przez memrystor wraz ze wzrostem czestotliwosci

impulséw napieciowych.

obrazow. Sztuczna sie¢ neuronowa o zaprezentowanej architekturze byta zdolna do rozpo-
znania cyfr z doktadnoscia ok. 94% osiagnieta w jedynie 20 cyklach trenowania. Wynik
ten pokazuje, ze sieci neuronowe oparte o memrystory maja duzy potencjal w szeroko

pojetych zastosowaniach zwiazanych ze sztuczng inteligencja.

2.7.3. Podsumowanie

W artykule przedstawiono memrystor o ulotnej pamieci oparty o nowy typ zwiazku:
jodobizmutan butyloamoniowy. Przetaczanie w tym materiale oparte jest o migracje wa-
kancji jodkowych w polu elektrycznym, ktére tworza przewodzacy filament powodujacy
przejscie z HRS do LRS. Nietrwalosé tego filamentu powoduje spontaniczny powrét do
HRS i odpowiada za ulotng pamie¢ urzadzenia.

Efekt ulotnosci pamieci wykorzystano do odtworzenia w memrystorze BABI funkcji
neuronu opisywanego przez model LIF. Pokazano, ze impulsy pradowe generowane sg tylko
przez napiecie o odpowiedniej wartosci, a amplituda impulsow zalezy od czestotliwosci
stymulacji memrystora. Analogiczne efekty w neuronach opisywane sa w modelu LIF.

Przeprowadzona symulacja sieci neuronowej, w ktorej wykorzystano charakterystyke
przetaczania rezystywnego BABI, osiagneta dokladnosé klasyfikacji odrecznie pisanych
cyfr na poziomie 94%. Tak wysoki wynik sugeruje, ze w macierze memrystoroéw BABI

moga z powodzeniem stuzy¢ do implementacji modeli sztucznych sieci neuronowych.
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Rys. 2.18. (a) Zmiana konduktancji w funkcji liczby impulséw. Obie

wielkosci zostaly znormalizowane. (b) Schemat budowy sztucznej sieci

neuronowej wykorzystanej w symulacji. (¢) Doktadnosé klasyfikacji od-

recznie pisanych liczb osigga poziom 94% w ok. dwudziestu cyklach tre-

nowania.
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ROZDZIAL 3

Podsumowanie

Badania opisane w niniejszej rozprawie doktorskiej skupiajg sie na efektach neuro-
mimetycznych w memrystorach opartych o materiaty o strukturze perowskitu oraz ma-
teriatach analogicznych. Rozdziaty 2.1, 2.2 i 2.3 stanowia wprowadzenie teoretyczne do
tematyki doktoratu. Pierwszy z nich poswiecony jest wtasciwosciom optoelektronicznym
perowskitow oraz ich zwiazkowi ze budowa tych materialow. Dwa kolejne rozdziaty sku-
piaja sie na potencjalnym zastosowaniu memrystoréw w uktadach stuzacych do prze-
twarzania informacji. W rozdziatach od 2.4 do 2.7 streszczono prace eksperymentalne,
w ktorych przedstawiono wlasciwosci memrystywne i neuromimetyczne materiatow pe-
rowskitowych, analogicznych i pokrewnych oraz opisano mechanizmy fizyczne lezace u

podstaw tych efektow.

Fragment artykutu przegladowego streszczony w rozdziale 2.1 opisuje wlasnosci opto-
elektroniczne materialéw o strukturze perowskitu, szczegélnie w kontekscie oddziatywa-
nia tych materiatow ze $wiattem. Przedstawiono w nim takze zaleznosé¢ szerokosci prze-
rwy wzbronionej od sktadu perowskitow oraz mozliwos$é jej modulowania za pomoca do-
mieszkowania badz catkowitego podstawienia poszczegdlnych sktadnikéow struktury. Na
przyktadzie perowskitow 2D, quasi-2D i 3D opisano zwigzek zredukowanej wymiarowo-
Sci materiatu z jego wtasciwosciami optoelektronicznymi, przedstawiajac takze przyktady

zastosowan tych materiatow.

W rozdziale 2.2 przyblizono zastosowanie elementow memrystywnych w uktadach elek-
tronicznych stuzgcych do uwierzytelnienia tozsamosci uzytkownika — fizycznie nieklono-
walnych funkcjach. Nawet jesli memrystory zostaly wyprodukowane w tym samym pro-
cesie, posiadaja pewng wariancje parametréow fizycznych, prowadzacych do niejednakowe;j
odpowiedzi elektrycznej. Przedstawiono wykorzystanie tej cechy do budowy uktadow o

unikalnej i niemozliwej do sklonowania odpowiedzi.
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Rozdzial 2.3 kontynuuje opis zastosowania memrystorow w uktadach macierzowych,
ale w zastosowaniu do wykonywania obliczeii na wektorach i macierzach. Duza efektyw-
no$¢ memrystorow w wykonywaniu tych operacji sprawia, ze moga one przetwarza¢ duze
struktury danych wydajniej niz procesory. Opisano, w jaki spos6b mnozenie wektorow
i macierzy jest realizowane w macierzach memrystoréw oraz w jaki sposoéb operacje te
wykorzystywane sa do implementacji sieci neuronowych w fizycznych uktadach memry-
stywnych.

W artykule naukowym opisanym w rozdziale 2.4 opisano efekty memrystywne oraz
efekty plastycznosci synaptycznej w memrystorze opartym o perowskit bizmutowy. Poka-
zano, ze przetaczanie rezystywne wywolane jest modulacja wysokosci bariery energetycz-
nej na ztaczu elektrody metalicznej oraz perowskitu. Najistotniejsza czesé pracy stanowi
charakterystyka efektéw neuromimetycznych, ktérych nie zbadano wcze$niej w perow-
skicie bizmutowym. Oproécz plastycznosci synaptycznych STDP i SRDP pokazano, ze
amplituda zmian odpowiedzi memrystora w tych pomiarach moze by¢ kontrolowana za

pomocg napiecia, co pozwolito na odtworzenie efektu metaplastycznego.

Artykut streszczony w rozdziale 2.5 zawiera bardziej szczegbétowy opis wptywu charak-
terystyki bariery Schottky’ego na ztaczu potprzewodnika i metalu na wtasciwosci memry-
stywne i neuromimetyczne. Modyfikacje parametréow ztacza prowadzaca do réznej charak-
terystyki bariery Schottky’ego uzyskano poprzez zmiane metalu elektrody. W zaleznosci
od orientacji bariery, w pomiarze STDP otrzymano — w zaleznosci od uzytego materiatu
— uczenie Hebba lub anty-Hebba, w ktorych potencjalizacja i depresja wystepuja przy
odwrotnej kolejnosci impulséw pre- i postsynaptycznych.

W streszczeniu w rozdziale 2.6 pokazano, ze efekty plastycznosci synaptycznej oprocz
napiecia moga by¢ indukowane takze za pomoca swiatta. Dzieki silnemu oddziatywaniu ze
swiattem perowskit jodkowo-otowiowy moze wydajnie generowaé fotoprady, ktorych dy-
namika pozwala na odtworzenie efektow neuromorficznych. Wprowadzajac do struktury
memrystora material zdolny do putapkowania tadunku doprowadzono do zmiany charak-
teru odpowiedzi synaptycznej. W memrystorze bez warstwy putapkujacej impulsy swiatta
powodowaly wzmocnienie synaptyczne, ktore ulegato przejéciu w ostabienie w memrysto-
rze z wprowadzona warstwa. Pokazano ponadto, ze za pomoca $wiatta mozna odczytywaé

stan rezystywny memrystora zapisany za pomocg napiecia.

Rozdzial 2.7 zawiera charakterystyke neuromimetyczng memrystora o pamieci ulotnej
opartym o jodobizmutan butyloamoniowy (BABI). W memrystorze tym za przetaczanie
rezystywne odpowiedzialne jest tworzenie filamentu przewodzacego zbudowanego z wa-
kancji jodkowych, a przyczyna nietrwatosci stanéw rezystywnych jest jego spontaniczny
zanik. Dynamika tego typu przetaczania pozwolita na odtworzenie w memrystorze efektow

opisanych modelem neuronu leaky integrate-and-fire. Potencjal zastosowania memrystora
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BABI w uktadach neuromorficznych zbadano przeprowadzajac symulacje sztucznej sieci
neuronowej, parametry ktorej oparto na charakterystyce przetaczania rezystywnego mem-
rystora. Sie¢ osiagneta wysoka doktadno$é w rozpoznawaniu odrecznie pisanych cyfr na
poziomie 94%.

Badania zaprezentowane w niniejszej rozprawie sa skoncentrowane na charakterystyce
efektéw neuromorficznych. Niektore z nich, takie jak efekt metaplastyczny, indukowana
Swiatlem plastycznos¢ synaptyczna i przetwarzanie sygnatu w analogii do neuronéw opisa-
nych modelem leaky integrate-and-fire zostaty scharakteryzowane w tych materiatach po
raz pierwszy. Przedstawione w rozprawie badania sg badaniami podstawowymi — zrozu-
mienie fizycznych podstaw efektéw neuromorficznych stanowi konieczny krok do rozwoju

uktadow memrystywnych sktadajacych si¢ z wiekszej liczby elementow.
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1. Introduction

Energy and information are the two main ‘fuels’ powering mod-
ern society [1]. In an information-driven world, its effective acqui-
sition, processing, and storage is a matter of utmost importance.
Fast information processing and storage, however, is extremely
energy-demanding. In 2016, data centers were estimated to have
consumed over 416 TWh of electric energy, more than the United
Kingdom during the same period (300 TWh) [2]. It is also estimated
that energy consumption related to information storage and pro-
cessing accounts for 3.2% of the total anthropogenic carbon dioxide
emissions [2]. The amount of energy used by data centers contin-
ues to double every four years, meaning that they have the
fastest-growing carbon footprint of any area within the informa-
tion technology (IT) sector [2].

A human brain (cerebrum) contains approximately 10-20 bil-
lion neurons, with around 55-70 billion in the cerebellum [3,4].
Each neuron forms approximately 10* connections, which alto-
gether yields about 100 trillion (1 x 10'#) synaptic connections
within an average human brain [5]. This impressive network is
dense as each cubic millimeter of neural tissue contains up to
10° synaptic junctions. While the brain typically constitutes only
2% of the body mass, it consumes 20% of the energy demand at rest.
Despite the tremendous energetic efficiencies of neural systems,
which remain in striking contrast with computer systems, the
brain is still the most energy-demanding organ in a human body
[6].

Existing computer technologies are largely based on semicon-
ductor materials, and their development is an example of an
extraordinarily successful history [7]. However, despite their
unprecedented achievements, current classical computational
paradigms encompass only a small subset of all computational
possibilities [8]. There is a very broad class of computational sub-
strates and paradigms, which utilize dynamic physical systems
and can be successfully exploited as computing media [9].

Through billions of years of evolution, Nature has created vari-
ous miraculous structures of unprecedented performance. All liv-
ing organisms are enormously complex structures capable of
energy harvesting and information processing. These processes
have various manifestations in different domains and kingdoms
of life. From all the energetic transformations, photosynthesis
may not be the most ubiquitous (due to the abundance of fungi
and bacteria), but it is likely to be one of the most efficient and
important processes of energy harvesting [10]. All living creatures
(and also viruses, which are excluded from the tree of life [11]) use
nucleic acids as the principal information carrier. Among all living
entities, animals have developed the most advanced information-
related structure - the neural system that finally yielded con-
sciousness, creativity, and technological developments. Therefore,
Nature can be considered as an unlimited source of inspiration
for all branches of science and technology.

Bioinspiration can originate from various levels of organization
and functionalities of biological structures: macrostructures,
microstructures, and molecules/nanostructures. The structural fea-
tures that modulate the colors of insects, gecko’s feet, and lotus
leaves are some of the best known natural smart materials that
have been the source of inspiration for various functional materi-
als, some of which are already commercialized. For these exam-
ples, the natural structure serves as an inspiration for a novel
material with the performance related to the original. Artificial

enzymes are another category of bioinspired molecules. In this
case, the functionality and principle of operation are copied from
a natural system, but the structure of the artificial enzyme may
not be related to the natural counterpart at all, although some
crude structural analogies can still be found [12]. This research
was stimulated by the superior catalytic performance of enzymes
over other catalytic systems, the high cost and low stability of nat-
ural enzymes, as well as the difficulty in their recycling. Initially,
the artificial enzymes were based on various receptor structures
(e.g. cyclodextrins, cyclophanes) equipped with active site mimics
[12,13]. Years of intense research in that field resulted in myriads
of new supramolecular assemblies with catalytic activities. Further
development of artificial enzymes resulted in the incorporation of
catalytically active metal centers into supramolecular scaffolds of
artificial enzymes [14,15]. These structures combine the advan-
tages of transition metal catalysis with the structural flexibility
and specific binding of both natural enzymes and various
supramolecular receptors. The newest trend in the development
of artificial enzymes encompasses the application of naturally
developed peptide scaffolds (thus benefitting from millennia of
evolution and genetic memory) with artificial metal centers. This
approach resembles bionics, in which hybrid systems and devices
are being developed [16,17].

The next step in this biomimetic track is the development of
nanozymes - artificial nanostructures with enzyme-like catalytic
activities [18]. They are usually based on various nanoparticles,
sometimes encapsulated in appropriate shells. The next step
involves the integration of several nanocomponents into a single
‘shell’, which can sometimes be natural proteins devoid of any cat-
alytic properties or just an artificial polymer scaffold [19]. Despite
the intense research in this field, there is a lot of work needed to
overcome some challenges such as the possibility of a wide range
of catalyzed reactions, mimicking of the protein scaffold, optimiza-
tion according to the Sabatier principle [20], multifunctionality,
and a wide range of practical applications [21-23]. The final con-
cept in biomimetic catalytic systems encompasses the combina-
tion of the nanoenzyme concept with single-atom catalysis [24].

Some of the ‘killer applications’ of biomimetic catalytic pro-
cesses are artificial photosynthesis and other bioinspired energy
harvesting technologies [25]. It is a response to the increasing
demand for cheap and clean energy and fuels. It should be the
cleanest source of fuels, and if appropriate catalysts are developed.
Furthermore, it may be the cheapest one. Natural photosynthesis
involves several subsequent steps, each of which involves highly-
specialized molecular assemblies: light antennae harvesting the
sunlight, charge separation systems, and redox centers capable of
water oxidation, and protomotoric-force-powered ATP synthase
[25-27]. Photosynthesis is powered by visible photons and the
light-harvesting antennae are tuned to the available light. Elec-
tronic excitation in the antenna migrates from chromophore to
chromophore and ultimately to the reaction center, where is con-
verted into the chemical energy in a multi-step redox reaction.
Thus, reconstruction of the photosynthesis in an artificial system
requires the reproduction of the same functionalities. Numerous
approaches, involving various chromophores like porphyrins and
phthalocyanines, ruthenium-bipyridine dendrimers, and other
species (molecular and supramolecular) were commonly applied
as light-harvesting antennae. Quinones, (like those in a natural
photosynthetic system), fullerenes, ferrocene derivatives, and
other electrochemically active inorganic species are also used in
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artificial charge separation systems. Catalytic centers in artificial
photosynthetic systems usually contain metal complexes that
can catalyze water oxidation and carbon dioxide reduction. The
substrates in artificial photosynthesis, in a broad sense of this term,
do not need to be limited to water and carbon dioxide, since other
forms of easily accessible substrates can be used. The same princi-
ple applies to the final product - in artificial systems, hydrogen gas,
carbon monoxide, formic acid, and methanol are usually consid-
ered as the final products, but hydrocarbons have also been
obtained [28,29]. For instance, the fabrication of biomass (includ-
ing carbohydrates) in an artificial photosynthetic system was
recently achieved with the support of hydrogen consuming bacte-
ria in a device called the Bionic Leaf [30].

Bioinspiration in information processing is embodied in artifi-
cial neural networks, and machine learning approaches towards
artificial intelligence, genetic algorithms, and unconventional com-
putational platforms [31]. Neural networks are usually software
implementations of learning and pattern recognition or classifica-
tion algorithms based on the architecture principles of the opera-
tion of neural systems, hardware implementations are also
possible, although they have been relatively rare up to now.
Whereas neural networks require laborious training, the machine
learning approach provides systems with the ability to automati-
cally learn and improve from experience without being explicitly
programmed. In the simplest approach, developed already in the
1980s century, the neural network is composed of nodes connected
via weighted synaptic links. The structure containing at least two
layers of software-implemented neurons is referred to as a percep-
tron [32]. Neural networks mimic the topology of neural tissue.
Software neurons are connected with software synapses, and the
coupling strength (or so-called synaptic weight) is optimized dur-
ing the training phase to achieve the desired result. Whereas soft-
ware implementations of neural networks are common and pretty
advanced, there are only a few hardware implementations that
have been developed by the largest players in the field: Hewlett-
Packard, IBM, Intel Corporation, and the Samsung Group [33-35].
All these implementations are based on classical silicon-based
electronics, but hybrid solutions with memristors and analog or
digital components are also available [36-38]. The next step should
involve a closer look at the structures and functions of nervous sys-
tems at the cellular and molecular levels, and finding synthetic
structures that can imitate some information-related functionali-
ties of neurons and synapses, followed by their incorporation into
complex circuitry - also with a certain dose of randomness. Ran-
domness and stochasticity in the brain may be the source of cre-
ativity. In artificial systems, they seem to be the key ingredients
in fault-resistant information processing systems [39-41].

Memristive elements, with an ideal memristor, which is postu-
lated to be the fourth passive primitive electronic element [42,43],
are usually considered as a Holy Grail of electronics and modern
information technologies [44-48]. Memristors are nonlinear elec-
tronic elements exhibiting the notably high dynamic variance of
its properties in response to external stimuli, such as voltage or
charge. Therefore, the state of a memristor can be drastically chan-
ged with a small input stimulus, which also may lead to chaotic
behavior. Memristors usually show a negative differential resis-
tance (NDR), which accelerates the response speed up to the chao-
tic level [49]. This makes them even more similar to neurons and
synapses.: L. Chua, the pioneer of memristor science, has recently
stated that biological neurons are “poised at the edge of chaos”,
[50,51] and they should respond to minute perturbations of the
input. Such behavior was recently observed in memristive devices
(vide infra). Memristors are usually considered as novel memory
components [52], but numerous memristive elements, which does
not exhibit electrical properties suitable for memory applications
(such as fast and energy-efficient switching between states with

high ON/OFF ratios) can be applied in various signal and informa-
tion processing systems with great success. These prototypical
constructs are domains of the vigorously developing field of in-
materio computing: science at the edge of information sciences,
chemistry, and physics [9,53,54].

Serendipitously, the main working horse of photovoltaics - lead
halide perovskites [55,56] — proved to be useful for two important
biomimetic technologies: artificial photosynthesis and neu-
romimetic information processing. These materials also present
extremely interesting spectral and structural properties and can
significantly contribute to the development of various fields of
chemistry and physics.

This review focuses on two biomimetic processes: artificial pho-
tosynthesis and artificial neural networks. Interestingly, both pro-
cesses can be realized with very similar coordination chemistry
systems - lead iodide perovskites and related materials. This
review briefly introduces the structures and properties of iodide-
based semiconductors, their photocatalytic and photovoltaic prop-
erties, and their applications in artificial photosynthesis and the
construction of memristors, which are inanimate equivalents of
synapses [57,58]. All these applications are consequences of the
unique crystal and electronic structure of heavy p-block element
coordination polymers with iodide ligands.

2. Introducing the heroes - why iodine-based semiconductors

Silver and copper halides were the first binary halide semicon-
ductors that were studied in detail. The metal ions are either
tetracoordinate, forming a diamond-like structure (e.g. CuF, CuCl,
CuBr, Cul, and Agl) or hexacoordinate, forming a rock salt lattice
(e.g. AgF, AgCl, and AgBr) [59]. Recently, the semiconducting
properties of tin, lead, and bismuth halides have also been
explored. Among all halide-based semiconductors, the iodine
compounds are characterized by the smallest bandgap energies,
but also the lowest stabilities, especially due to hydrolysis. The
hexacoordinate units present in the structures of Pbl, and Bils
can be also be found in perovskites and other iodoplumbate
and iodobismuthate compounds, the diversity of which is remark-
able [60-63].

Furthermore, iodine, and to a lower extent, bromine, are halo-
gens with the most intriguing reactivity, which leads to the forma-
tion of amazing structures, like large polyatomic anions such as
polybromides [64] and polyiodides [65], which also can serve as
ligands [66]. Among the polyiodide species, materials with semi-
conducting properties can be also be found [67-70]. The main
application of triiodide salts, however, is the redox mediator in
dye-sensitized solar cells [71-73]. The formation of halogen-
bonded structures [74-78] and hypervalent compounds [79,80]
further increases the diversity of iodine-based compounds and
supramolecular structures.

Heavy crystallogen (group IV) and pnictogen (group V) halides
tend to prefer lower oxidation state [81] and adopt a variety of
crystal structures ranging from ionic crystals, e.g. SnF, [82], PbF,
[83], PbCl, [84], and BiFs [85], to two-dimensional (2D) layered
structures, e.g. SnCl, [86], SnBr, [87], Snl, [88], PbCl, [89], PbBr;
[90], Pbl, [91], SbF; [92], BiCl; [93], BiBr3 [94], and Bil; [95], to
molecular or quasimolecular solid crystals, e.g. SbCl3 [96], SbBr;
[97], and Sbl; [98].

The source of crystallographic diversity and common polymor-
phism comes from the high variability of the coordination numbers
of heavy metals [81,99,100]. These structures are often character-
ized by stereochemical distortions caused by the nonbonding
valence electrons of the metal atom, ns2. The stability of the higher
oxidation states (Sn*4, Pb**, Sb*>, Bi*®) decreases down the groups
and, for a given metal, strongly decreases from the fluoride (ionic
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character) to the iodide (covalent character). The general rule is a
trend towards lower M-X bond strengths with increasing atomic
numbers, destabilized by electronegative substituents, which is
further enhanced by the relativistic effects [101]. The band gap
for these semiconductors ranges from ~5 eV to 1.2 eV and
decreases from the fluoride to the iodide for a given metal [102].
The electronic structure is typical for materials containing post-
transition metals with a ns? electronic configuration and is charac-
terized by the hybridized anti-bonding metal s-orbitals with halo-
gen p-orbitals at the top of the valence band, and extended p-states
at the bottom of the conduction band [102-113].

An interest in iodide-based semiconductors has greatly
increased upon the rediscovery of lead halide perovskites
[114,115] and pnictogen chalcohalides [116,117] as materials for
photovoltaics, photocatalysis, and optoelectronics. Later on, the
search for more friendly substitutes of lead halide perovskites
has focused researchers’ attention on elpasolites, also known as
double perovskites, a family of materials with much larger tai-
lorability and flexibility [118-120].

The term perovskite is a general name for a series of cubic face-
centered crystalline phases with ABX3 stoichiometry, where A and
B are cations (usually inorganic, but numerous organic derivatives
are also known) and X is an anion (usually oxide or halide, but
other possibilities are also known). To attain a neutral charge,
the charges of the ions that constitute the structure must obey a
rule (1):

qa+ 45 = —3qx (1)

Phases of other lattice types (hexagonal, monoclinic,
orthorhombic, tetragonal and trigonal) are also known. Frequently
found combinations, include, but are not limited to:

ax 1, (qa,q5) = (1,2), for example, CsPbls;
qx = —2, (g4, qp) = (1,5), for example, NaNbOs;
dx = —2, (qa,qg) = (2,4), for example, BaTiOs3;
qx = =3, (g, qp) = (4,5), for example, ThTaNs.

The importance of perovskites was recognized for the first
time upon the discovery of the dielectric and ferroelectric proper-
ties of barium titanate (BaTiOs) [121], and later on by the discov-
ery of high-T. cuprate superconductors [122]. The idealized
structure of perovskite is based on corner-sharing octahedra, with
one of the cations (B) located within the octahedron, while the
other (A) occupies the void and has cuboctahedral coordination
(Fig. 1).

Several variations on the main perovskite structure are possible,
but the local coordination environment around the cation B
remains unchanged. However, the placement of the cations A
and the way the octahedra are arranged and connected may vary
to a great extent, leading to structures of numerous dimensionali-
ties, even with the same cationic charges. Adjustments of the size
of cation A is a common tool for control of the dimensionality. They
are formed according to two different reactions, depending on the
cation size. For small cations, Asman, the most common process fol-
lows the reaction (2):

AsmullX + BXZ = AsmallBX3 (2)

Voluminous cations (Agrge), like decylammonium, or p-
methylbenzylammonium yield phases of different compositions
for the 2D structures (3):

2 AlargeX + BX2 = (Alarge) ,BX4 (3)

In the case of a mixture of cations, layered structures can be
formed according to (4):

(n - l)AsmallBX3 + (Alarge)zBX4 = (Asmall)nq (Alarge)anX3n+1 (4)

Fig. 1. The idealized perovskite structure of SrTiOs: (a) the atom positions with Sr2*
at the cell origin; (b) a TiOs octahedral coordination polyhedron; (c) the atom
positions with Ti** at the cell origin; (d) a TiOg octahedral polyhedron framework
with Sr?* at the cell center, and (e) a cuboctahedral cage site. Reproduced from Ref.
[121] with permission. Copyright Wiley & Sons, Ltd. 2016.

All these variations, and also the substitutions at the B and X
positions, are possible as long as the perovskite lattice remains
stable. The perovskite lattice is rigid because the unit cell does
not have any adjustable atomic position parameters. Therefore,
any change in the composition must be reflected in a change of a
lattice parameter. This parameter is a sum of the cation-anion
bond length and the cubic cell edge a is equal to the double bond
length dp_x (5):

a= 2dB—X (5)

The width of a cubooctahedral cage, a x 2, is equal to the dou-
bled bond length A-X (6):

av2 =2d; x (6)

The ratio of these two terms (7):

da-x
t=—" 7
V2ds x 7
expressed also using ionic radii (8):
A+ 71X
t=———"— 8
V2(rg +1x) ®

is called the Goldschmidt tolerance factor (7) or the empirical
Goldschmidt tolerance factor (8). This factor is equal to unity in
the case of an ideal perovskite structure. Nonetheless, the Gold-
schmidt tolerance factor itself does not yield unambiguous predic-
tions of the crystal structure of a compound in question. Therefore,
another factor called the octahedral factor (u) was introduced (9):

_Te
H=p ©)
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Fig. 2. Structure-field map of the octahedral factor u versus the tolerance factor t
for ABX; halide phases. Reproduced from Ref. [121] with permission. Copyright
Wiley & Sons, Ltd. 2016.

These two parameters together allow the generation of struc-
ture stability maps that can be used to design new materials of per-
ovskite structure (Fig. 2) [121].

One of the most important classes of perovskite materials, from
this paper’s perspective, are organic-inorganic lead halide per-
ovskites and structural variations of them. It should be noted that
despite the common misconception, they are not organometallic
compounds since there are no direct bonds between carbon and
metal atoms. The lattice can be described as a three-dimensional
(3D) heteropolar network (with mixed ionic and covalent interac-
tions) combined with a zero-dimensional (molecular) organic com-
ponent. There are purely electrostatic interactions between these
two components. Strong hybridization, i.e. orbital overlap within
the octahedral framework, is responsible for the low effective
masses of the charge carriers, namely 0.15 m, for the electron
and 0.12 m, for the hole [123]. This allows a high mobility band
transport, which (along with the low and easily tunable bandgap
energy) makes them materials of choice for photovoltaic applica-
tions. The high atomic numbers of both components of the
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network (i.e. lead and iodine) suggest significant contributions
from relativistic effects [124].

Organic cations (e.g. methylammonium) within the perovskite
lattice are ca. 6 A apart. Their large permanent dipole moment of
2.29 D and their proximity yield dipole-dipole interaction energies
of 25 meV, which is comparable to thermal energy at room tem-
perature. Therefore, this class of perovskite materials has shown
complex ferroelectric behavior. This results in the formation of a
local structure containing domains of low and high electrostatic
potential. The inner topology of these materials (even monocrys-
tals) resembles those of bulk heterojunctions [125].

Moreover, iodine redox chemistry contributes to the extraordi-
nary properties of the lead halide perovskites. Usually, vacancies,
interstitials, and other defects have a detrimental influence on
the solar cell performance due to charge carrier trapping, which
limits the cell voltage or charge carrier recombination, and also
the cell current. Interestingly, metal halide perovskites are very
defect-tolerant. It was recently reported that depending on the
condition, detrimental traps could be easily induced during the
synthesis of perovskites (via hydrolysis and acid-catalyzed oxida-
tion of iodide) or these traps can be deactivated by post-
synthetic treatment with mild oxidizing agents. The post-
synthesis exposure to mild oxidizing agents can transform the
harmful hole traps into kinetically inactive electron traps. Further-
more, it explains why layers prepared with a slight deficiency of
iodide have better optoelectronic performance [126].

All the features mentioned above, together with the low cost
and abundance of the precursors and the relative simplicity of fab-
rication [127], make iodine-based semiconductors: perovskites
and elpasolites especially, materials of choice for various emerging
technologies.

3. Crystal and electronic structure of perovskite
semiconductors

Perovskites of the type ABX; possess crystal structures consist-
ing of an inorganic octahedral network of the unit BX3 with A-site
cations contained within the voids of this framework, see (Fig. 3).

Chemical flexibility of
I-II~VI3 perovskites

A site:
organic cation or
inorganic cation
. *Size
X site (lodine) *Shape
Forms upper * Polarisation

valence band
B site:

inorganic cation

inactive

Perovskite-structured hybrid halide

CHSN H;Pbl,

\ /B ite (Leac
. Forms lower

conduction band

*Size
* Redox

X site:
inorganic anion
or polyanion
*Size

*Shape
* Redox

Fig. 3. Schematic of the perovskite structure ABX3 indicating the A, B, and X lattice sites. Note that for larger molecular A cations, layered perovskites are formed. Beyond the
halide perovskites, a wider range of stoichiometries and superstructures are known, e.g., the Ruddlesden-Popper, Aurivillius, and Dion-Jacobson phases. Reproduced from

Ref. [125] with the permission of the American Chemical Society.
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For this crystal system class, materials databases with structures
and properties of new compounds are available [128]. The corners
of the octahedra are occupied by halide anions (X =Cl~, Br—,I7) and
the center position by divalent metal cations (Sn?*, Pb*). The pair-
wise substitution, i.e. replacing two divalent metal cations with
one trivalent and one monovalent cations, leads to double per-
ovskites with the general formula A,BCXg (B = Bi’*, Sb3*; C = Cs*,
Ag") [129-132]. According to the tolerance factor for the three-
dimensional (3D) halide perovskites [133], the A-site cation is lim-
ited to a small number of ions including CH3NH3, HC(NH,)5, Cs",
and Rb". Incorporating larger cations results in lower dimensional-
ity structures due to the disruption of the 3D octahedral
framework.

3.1. 3D perovskites

The common characteristic of perovskites is the structural and
compositional flexibility with accessible cubic, tetragonal,
orthorhombic, trigonal, and monoclinic polymorphs depending

(@

on the tilt and rotation of the BXg polyhedra in the lattice (Fig. 4)
[134]. The phase transitions are reversible and can be stimulated
by temperature, pressure, or an electric field. For example, the
crystal phase of the hybrid lead halide perovskite MAPbl; (MA =
methylammonium) [135] changes from a lower symmetry at low
temperature to higher symmetry with increasing temperatures,
see (Fig. 5). MAPbI; features an orthorhombic (Pnma) to tetragonal
(I4/mcm) phase change at 162 K, and subsequently a to cubic
(Pm3m) phase change at 328 K [136-139]. The origin of these
phase changes is the orientational disorder of the molecular sub-
lattice, CH3NH3, in the case of MAPDI3 (C3, symmetry), which
increases with higher temperatures. Thus, the molecular cation
appears ordered in the orthorhombic phase, becomes 2D disor-
dered in the tetragonal phase, and then becomes isotropically 3D
disordered - with free rotation with the inorganic tilts in the cubic
phase [140]. Fig. 6 shows the geometrical structures of the
orthorhombic and tetragonal phases of MAPbDI3, illustrating the
variety of methylammonium orientations. To add to the structural
complexity of perovskites, some of them, e.g. HC(NH,;),Pbls (FAPI)

(b)

Fig. 4. Geometrical structures of CH3NH3SnCl; in the (a)-(b) cubic phase, (c)-(d) monoclinic phase, and (e)-(f) triclinic phase. The left panel shows the side views, and the right
panel shows the structure in polyhedron diagrams (grey: tin; green: chlorine; blue: carbon; brown: nitrogen; pink: hydrogen). Reproduced from Ref. [142] with the

permission of the Royal Chemical Society.
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Fig. 5. Temperature-dependent (100-352 K) powder neutron diffraction patterns of CH;NH;Pbls, illustrating the low to high-temperature phase transitions. Reproduced
from Ref. Ref. [140]with the permission of the Copyright American Chemical Society.

Fig. 6. Geometrical structures of MAPbI; in the (a) tetragonal phase with a parallel distribution of the methylammonium cations, (b) tetragonal phase with a vertical
distribution of the methylammonium cations, and (c¢) orthorhombic phase. The left panel is a top view, the middle panel is a side view, and the right panel shows the structure

in polyhedron graphs (dark gray: lead; purple: iodine; brown: carbon; blue: nitrogen; pink: hydrogen). Reproduced from Ref. [156] with the permission of the American
Chemical Society.
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and CsSnls, exhibit the phase competition between corner-sharing
octahedra and the edge-sharing octahedral molecular crystals
[141]. This means that the perovskites exist in a general disordered
state with coherent structural domains of the nanoscale length
[139].

This dynamic physical softness [143] means that the bond
lengths, angles, and the atomic orbital overlaps change with tem-
perature, which further means that the electronic structures are
also temperature-sensitive [144-149]. Therefore, it should be
noted that studying the electronic structure of hybrid perovskites
presents a challenge in materials modeling, which has been dis-
cussed in recent reviews [150,151]. However, the organic cation
was shown to play an indirect role in the electronic properties as
the frontier orbitals have contributions only from the inorganic
framework [152,153]. Thus, the basic electronic structure is mar-
ginally affected by random [146,154] or collective [155,156]
methylammonium orientation [157]. In a more detailed study, it
was demonstrated that at room temperature, a variety of apolar
(antiferroelectric) as well as polar (ferroelectric) methylammo-
nium dipole configurations are accessible, where the latter gives
rise to a strong band bending [158]. The molecular and lattice
polarization of hybrid perovskites, the ferroelectric effect, can be
tuned by the choice of the asymmetric organic cation [159].

Although the local and semi-local exchange-correlation func-
tionals fortuitously deliver the bandgap energy of bulk MAPbI;
[155,160,161], to properly describe the complex nature of a halide
perovskite, with its subtle electronic structure, it is necessary to
consider relativistic effects of spin-orbit coupling (SOC), many-
body effects, and van der Waals interactions [123,142,162-169].
In the case of MAPDIs, the valance band is mainly contributed by
Pb-s and I-p orbitals, while the conduction band is derived from
the Pb-p states. For perovskites structures that lack centers of
inversion symmetry, the relativistic spin splittings of bands are
observed - the Rashba-Dresselhaus effect (Fig. 7) [123,170]. The
band gaps of hybrid perovskites increase with increasing cell vol-
ume and decreasing pressure [171]. For smaller molecular cations,
lower bandgap energies should be observed [125]. However, Amat
et al. showed that replacing methylammonium with formamidini-
uminduced a bandgap reduction, which was rationalized by the
modulation of the Pb-I bond character due to the size effects and
the enhanced hydrogen bonding between the molecular and the
inorganic network [172]. In contrast, the bandgap changes due to
the X-site substitution are influenced by the electronic states of
the anion, similarly as in the binary halides. Thus, the bandgap
energy decreases from Cl to Br to I. The band gaps for MAPbCl;
and MAPDbI; differs by as much as 0.6 eV [173]; the bandgap energy
of FAPbBr3 decreases from 2.23 eV to 1.48 eV for FAPbI; [174]; the
band gaps of MASnl3, FASnls;, and CsSnl; are nearly the same [171].
The B-site substitution of Pb by Sn is promising, resulting in a
decreased bandgap (1.1 eV) and a reduced effective mass of holes
[175], but is diminished by the poor stability against oxidation
[176]. The effective masses of the carriers decrease from chlorine
to iodine, as demonstrated for MASnX; [142,177] and CsPbXs
[178] and are anisotropic, which is an effect of the different octahe-
dral rotations [179].

3.2. Low-dimensional perovskites

In the low dimensional perovskites the 3D inorganic framework
is broken into sheets (2D), wires (1D) or isolated BXg octahedra
(OD), as illustrated in Fig. 8 [180-182]. The two-dimensional per-
ovskites consist of single or multiple inorganic layers separated
by organic molecules and have the general formula RyA,,_1B.X3p+1,
where R is the alkylammonium cation acting as a spacer and n
denotes the number of inorganic layers [183]. The common arbi-
trary classification includes 2D (n = 1), quasi-2D (n = 2-5) and
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Fig. 7. The electronic band structure for CH3NH3Pbls (left) and NH4PbIsz (right)
obtained from the quasiparticle self-consistent GW theory. The relativistic Rashba-
Dresselhaus splitting of the lower conduction band is visible due to the presence of
CH5NH3 in the hybrid perovskite resulting in a non-centrosymmetric crystal. The
zero on the energy scale denotes the valence band maximum. The bands are colored
according to their orbital character: green depicts I 5p, red depicts Pb 6p, and blue
depicts Pb 6s. The light-gray dashed lines show the corresponding bands obtained
from local density approximation (LDA) DFT. Reproduced from Ref. [123] with the
permission of the American Physical Society.
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Fig. 8. Standard-perovskites (3D), 2D perovskites with different types of layers (2D,
(100), (110), (11 1)), chains of octahedra in 1D perovskites, discrete octahedra
separated by organic cations (0D) and perovskite-like halides with moieties of
edge- and face-sharing octahedra. Reproduced from Ref. [204] with permission of
the Royal Chemical Society.

quasi-3D (n > 5) perovskites, which further converge to 3D struc-
tures for large (i.e. approaching infinity) values of n [184]. Accord-
ing to the different octahedral connectivity and the stacking
orientation of inorganic layers with respect to the cubic primary
structure, the 2D architectures can be divided into three structural
types: (1) the (1 0 O)-oriented - the Ruddlesden-Popper phase
[185,186], the Dion-Jacobson phase [187], alternating cation in
the interlayer space (ACI) phases [188] and the special case of
double perovskites forming mono- and bilayer nanosheets, e.g.
(BA)4AgBiBrg (BA = butylammonium) and (BA),CsAgBiBr; [189];
(2) the (1 1 O)-oriented - corrugated perovskites [190-193];
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(3) the (1 1 1)-oriented defective perovskites [194]. These struc-
tural variations are presented in Fig. 8. The (1 0 0)-oriented phases
represent the largest 2D perovskite family. The one-dimensional
perovskites form nanowires (linear or zig-zag) from corner-
sharing, edge-sharing, or face-sharing octahedral units, which are
surrounded by organic cations. The zero-dimensional perovskites
are essentially molecular solids with isolated octahedral anions
or clusters surrounded by the organic cations. Similar to the 3-D
perovskites, the physical properties of these compounds can be
tuned through suiting of the organic cation, halide and metal com-
ponents [195]. The reduction in dimensionality allows for a
plethora of organic cations that can be intercalated to obtain
desired properties and yields a remarkable degree of structural
versatility and complexity [196], as discussed in many recent
review papers [197-201,202,203].

The organic cations act as insulating barriers that confine the
charge carriers in the directions depending on the dimensionality
reduction. Thus, with direct consequences on the electronic prop-
erties, 2D structures feature behavior of quantum well, 1D per-
ovskites are characterized by quantum wire and 0D perovskites
by quantum dots, as highlighted in Fig. 9 [205]. Quantum confine-
ment leads to the band narrowing and band edge shifts, resulting
in decreased width of bands and effective masses and the increased
bandgap energy. For layered structures, the systematic increase of
the bandgap energy with decreasing thickness (n-value) of the per-
ovskite layer along with the decreased number of sub-bands in the
band structure is observed [185,186,206-208]. At the origin of
such trends, dictated by the dimensionality reduction, is the struc-
ture deprivation of the hydrogen or halogen bonding at the
organic-inorganic interface, resulting in less disperse valence band
maximum and thus increased bandgap [209,210]. The organic
cation energetic levels can be tuned by changing the electron-
withdrawing/donating character which leads to the formation of
localized states, either in the organic or the inorganic part
[211,212]. The electronic properties can be further altered by the
connectivity modes formed in the inorganic networks [213]. As a
general trend, the bandgap energy follows the increasing trend
“corner-sharing < edge-sharing < face-sharing”, due to the increas-
ing lone pair stabilization in these structures. These lone pairs, that
localize deep within the valence band, while the energy of the bot-
tom of the conduction band increases [214-216]. The band disper-
sion also depends on the distance between the octahedral layers,

3D bulk

2D quantum well

thus on the thickness of the organic spacer, highlighting the impor-
tance of the long-range Coulombic interactions. For instance, in
case of (BdA),Pbly,, (HdA),Pbl, and (OdA),Pbl, (BdA = butyldiammo
nium, HdA = hexyldiammonium, OdA = octyldiammonium) series
of perovskites which differ in the length of alkyl chains, the
reported limit of interaction between the inorganic planes was less
than 6 A [217]. This limit was inferred from the observation of the
dispersion that became flatter in the order of the increased length
of the spacer BdA > HdA > OdA. In 0-D structures, the isolation of
the metal halide octahedra by the wide-band-gap organic ligands
reaches the maximum and completely deters the metal-halogen
interactions, resulting in the distinct electronic band structures
that involve localized orbitals centered at the metal halide octahe-
dral units, as exemplified for (C4N;H{4X)4SnXg [181,215] or
Cs4PbBrg [218].

Further consequences of quantum confinement involve crystal
properties becoming highly anisotropic, very sensitive to the struc-
tural features, and significantly different from those of 3D struc-
tures. The band dispersion is sizable in the direction of reciprocal
space corresponding to the stacking axis of octahedral motifs, thus
reducing the effect of quantum confinement [187,188]. The direc-
tional dependence of the effective masses was also observed. The
charge carrier effective masses are smaller for the in-plane direc-
tions within the inorganic planes and are much larger perpendicu-
lar to the inorganic plane, that is, a direction between two
inorganic planes separated by the organic molecules
[183,217,219]. The Rashba-Dresselhaus spin-splitting is expected
to occur along one of the in-plane axes [220,221].

4. Interactions with light
4.1. 3D perovskite structures

Among iodide-based materials, the lead halide perovskites
gained tremendous attention from researchers because of their
strong interactions with light. Since the landmarking papers that
described the first application of halide perovskites (HaPs) as sen-
sitizers in TiO,-based solar cells, and the later research using these
materials as active layers in solar cells, the field of photovoltaics
(PVs) has witnessed a tremendous growth of interest for inexpen-
sive and solution-processable solar cells [222,223]. Nowadays,

1D quantumwire 0D quantum dot
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Fig. 9. Schematic representation of a three-dimensional (3D) bulk semiconductor and the related two-dimensional (2D), one-dimensional (1D), and zero-dimensional (0D)
quantum nanostructures. The joint density of states D(E) between the conduction band (CB) and the valence band (VB) is represented as a function of the energy, assuming
infinite confinement potentials and an effective mass model for both the CB and the VB. The quantum confinement also results in increased bandgap energy when compared
to the bulk material. The 3D density of states (DOS) can be reconstructed by merging 2D DOS related to electronic sub-bands in both the CB and VB. Reproduced from Ref.

[205] with permission of the American Chemical Society.
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hybrid organic-inorganic perovskites (HOIPs) remain one of the
most intensively studied materials for light-harvesting applica-
tions, owing to the rapid and tremendous advance in the photon-
to-electron conversion of HOIP-based solar cells. In less than
10 years of research, the power conversion efficiencies (PCEs) of
perovskite solar cells (PSCs) increased from 9.7% [224] in 2012 to
22.7% in 2018 [225]. Currently, the highest PCE values were
obtained for solar cells based on single-crystal perovskites [226]
and mixed perovskites with complex stoichiometry, such as
(FAPDI3)0.95(MAPDBrI3)0,05 (22.7%) [227,228], Cs5(MAg.17FA0.83)0.95-
Pb(Ipg3Bro.17)3 (21.1%) [229], the efficiency of which can be even
further enhanced to excess 23% with charge transport layers engi-
neering [230]. Even higher values of PCE equal to 25.2% were
obtained for perovskite/silicon tandem systems [231]. With such
rapid progress, it is presumed that PSCs are on the good pathway
towards reaching their theoretical efficiency limit of 31%, which
is nearly equal to that achievable by gallium arsenide (GaAs) solar
cells [232] and closely approaches the Shockley-Queisser limit for
single-junction solar cells [233]. These exceptionally high-
efficiency values originate primarily from the high absorption coef-
ficients, long charge carrier lifetimes, long diffusion lengths, and
low exciton binding energies.

Within a solar cell, the HaP layer is usually sandwiched in a
vertical configuration between carrier-selective transport lay-
ers. The popular choices for electron-transporting layers (ETLs)
are: TiO,, and SnO, , and the commonly used materials for
hole-transporting layers (HTLs) are: N2?N2N% N?%N’N’N”,
N”’-octakis(4-methoxyphenyl)-9,9'-spirobi[9H-fluorene]-2,2',7,7'-
tetramine (spiro-OMeTAD) and poly(triarylamine) (PTAA). Careful
selection of these layers helps to improve the electronic structure
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of a solar cell via effective extraction of the photogenerated charge
carriers at the interfaces and facilitates the transport of electrons
and holes through the ETL and HTL, respectively [230]. Upon
absorption of a photon of sufficient energy (i.e. higher than the
bandgap width), the generated excitons or free charge carriers
are further split or collected with the corresponding transporting
layer. The absorption coefficient determines how far the incident
photon can penetrate the material before it is absorbed. With the
absorption coefficients on the order of 10%-10° cm~! [234] and very
steep absorption edges [235] (Fig. 10a), the perovskite layers can
absorb up to 90% of the incident light within 300-500 nm [236].
The steep absorption onsets with low Urbach energies indicates
the lack of trapping sites within the bandgap of the perovskites.
Along with the photoluminescence (PL) peak, these features often
serve as benchmarks for determining the crystallinity and quality
of the material [237,238].

The other feature responsible for the extraordinarily high PCEs
is the direct generation of free carriers instead of excitons upon
photon absorption. The exciton binding energy in 3D HaPs was ini-
tially determined to fall within the range of 2-55 meV, but recently
it has been directly measured to be as low as 16 meV [239]. More-
over, it has been shown that binding energy decreases with
increasing temperatures and can be as low as 5-6 meV
[240,241]. With binding energies significantly lower than
kT ~ 26 meV at room temperature (298 K), upon the photon
absorption, free carriers are generated rather than excitons,
strongly facilitating the separation of electron and hole [242].
The photogenerated free carriers need to be transported to the
electrodes before the recombination processes occur. The
electron-hole diffusion length in MAPbI; HaP exceeds 100 nm
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Fig. 10. Bandgap engineering of lead iodide perovskite with component mixing. (a) The bandgap of MAPDI; falls within a range of 1.5-1.6 eV, and the sharp absorption onset
is at ~786-794 nm. (b) Incorporation of Br~ into the structure blue-shifts the absorption onset to ~ 550 nm, corresponding to a bandgap of ~2.2 eV. (c) Substitution of
methylammonium with formamidiniumin the A-site of the perovskite ABX; structure results in a red-shift of the absorption edge of ~20 nm and (d) replacing the Pb®* with
Sn?* in the B-site decreases the bandgap to 1.3 eV. Panel (a) has been reproduced from Ref. [237] with permission of the American Chemical Society, panel (b) has been
reproduced from Ref. [247], CC BY-NC 3.0, panel (c) has been reproduced from Ref. [250] with the permission of Wiley and panel (d) has been reproduced from Ref. [252] with

permission of the American Chemical Society.
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[243], while the one for the mixed Pb-Cl HaP exceeds 1 pum [244].
In single-crystalline FAPbI; and FAPbBr3;, the diffusion length can
reach values even as high as 6.6 pm and 19 pm, respectively. In
polycrystalline FAPbI;, the determined diffusion length is 3.1 pm
[244,24521]. These values are significantly higher than (or, in the
case of MAPDIs, at least comparable with) the absorption depth.
This means that photogenerated electrons and holes can be effi-
ciently collected before they recombine with the ETL and HTL,
respectively.

In recent years, a significant number of studies were devoted to
investigating the optoelectronic properties of perovskite solid solu-
tions. The incorporation of ions of different sizes affects the size of
the unit cell, which further affects the optoelectronic structure. In
this manner, mixing and substitution of components in the per-
ovskite structure enable tuning of the bandgap over a wide range
spanning from the near-infrared to the near-ultraviolet
wavelengths.

The exchange of halide anions in the X-site shifts the absorption
onset towards higher energies (Fig. 10b). The bandgap of pure
MAPDI; is reported to be between 1.5 and 1.6 eV [151,237,246].
The addition of smaller Br atoms to the structure in MAPb(I;_,Bry)3
results in the widening of the bandgap due to electronic effects
[116] and the contraction of the perovskite unit cell. The absorp-
tion onset shifts hypsochromically from ~786-794 nm (1.56-
1.58 eV) for pure iodide-based perovskites to ~544-556 nm
(2.23-2.28 eV) for bromide-rich mixed structures and the onsets
become more steep with increasing Br content (Fig. 10b)
[247,248]. The substitution of chlorine for bromine shifts the
absorption further towards shorter wavelengths, resulting in onset
at ~420 nm for pure MAPbCl; [249].

However, in terms of applications in PV, it is more desirable to
extend the absorption onset into the red region to enhance solar
light harvesting. The absorption edge redshift can be obtained via
substitution of the methylammonium cation with a more volumi-
nous FA, which will cause an expansion of the perovskite structure.
Incorporation of formamidinium into MAPbI; results in a batho-
chromic absorption onset shift of ca. 20 nm [250] (Fig. 10c) and
improves the stability of the FAPbI; phase. Similar effects have
been shown in the more complex mixed (FAPbIz);_(MAPDbBI3),
structures as well [251].

Finally, the bandgap tuning can be achieved with B-site inor-
ganic cation substitution as well. Replacing Pb with Sn results in
a narrowing of the bandgap from 1.55 eV for MAPDI; to 1.30 eV
in MASnl; [252] (Fig. 10d). Interestingly, the dependence of the
bandgap on the Sn molar fraction is not subjected to the linear
Vegard’s law, but changes in an anomalous, non-linear fashion.
After an initial decrease from ~1.57 for pure MAPbI; to 1.17-
1.24 eV for mixed MA(Sn,Pb; ,)I5, the bandgap then increases
again to 1.30 for MASnIsz. This nonlinear behavior can be better
approximated by a parabola according to the van Vechten-
Bergstresser rule, which states that the bandgap of solid solutions
of two semiconductors can be described with a quadratic function
of the molar fractions of the components [253]. A similar quadratic
dependence was observed for the mixed halide perovskite MAPb
(Bryly_x)I3 [248]. The nonlinear relationship between the bandgap
and the structural composition is relatively common for mixed
perovskites and was observed in many other compositions
(Fig. 11) [247,252,254]. The possibility of precisely tuning the
bandgap has proven to be of particular importance for solar cell
research. The currently best-performing perovskite-based solar
cells include both cation (MA, FA) and halide (I, Br) mixtures
[227,229].

Even though the solar cell efficiency record is held by the hybrid
perovskites, the inorganic perovskites have been extensively inves-
tigated for solar cell applications as well. Despite that the fact that
the A-site organic cation can be replaced with a smaller Cs* while
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Fig. 11. The dependence of the bandgap value on the composition of the perovskite
for selected compounds. Bandgap values were taken from Refs. [73,247,252,255-
257].

still maintaining the perovskite structure (t = 0.8), the introduced
lattice distortion significantly affects the structural stability. Up
to when this review was written, the best performing solar cell
based on CsPbl; has achieved a PCE of more than 15% PCE [258].
The bandgaps of these materials can be tuned by replacement of
the halide anion or inorganic cation. In the first case, swapping I~
with Br~ widens the bandgap from 1.73 eV for CsPbl; to ~2.26 eV
for CsPbBr; [259]. Substitution of Pb?* with Sn?* brings the band-
gap to 1.30 eV [260], while incorporation of Cs* to MAPbI3 results
in an increase of Ep; to 2.05 eV (Fig. 11). In contrast to the hybrid
HaPs, the bandgap tuning via halide mixing usually follows the lin-
ear Vegard’s law [259,261], however, with some exceptions [257].

Furthermore, due to the strong and complex interactions with
light, many other interesting photo-induced phenomena occur in
lead halide perovskites. A particularly interesting one is the light-
induced ion migration. Upon illumination, many of the photogen-
erated electrons are become trapped at near-surface vacancies.
This perturbation gives rise to a photoinduced intrinsic electric
field, which induces iodide species migration and results in a net
reduction in the vacancy densities in pure MAPbI; [262,263]. Nota-
bly, the phenomenon of light-dependent iodide vacancy migration
phenomena may be responsible for the hysteretic behavior of lead
halide perovskites [264], and it may be utilized to mimic the
behavior of biological synapses [257].

The migration of ions under the illumination becomes a more
complex phenomenon in the case of mixed-anion perovskites.
However, despite being the most efficient method for bandgap
tuning, halide mixing introduces instabilities in the material for
some compositions, which further leads to light-induced phase
segregation [265]. For example, in mixed MAPb(Br,l;_,); per-
ovskites, under illumination, bromide and iodide anions under illu-
mination diffuse through the lattice into high-bandgap Br-rich and
low-bandgap I-rich domains, resulting in the creation of charge
traps near the band edges [265,266]. They observed that the sub-
bandgap absorption increased and the photoluminescence shifted
towards the red region. The trap creation was found to be fully
reversible and after relaxation in the dark, the photogenerated car-
riers relax back into lower energy states. In general, ion migration
is an undesirable phenomenon, since it can introduce temporal
changes in solar cell efficiency. Moreover, it was reported that
ion migration induced by constant illumination, and may lead to
faster degradation of the perovskite structure [267,268]. Interest-
ingly, the light-induced halide segregation can be counteracted
with A-site cation mixing [269].

Another example of perovskite-light interaction is lattice
expansion under constant illumination. It has been found that light
soaking causes the perovskite lattice to expand in a uniform
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fashion, which leads to relaxation of the local lattice strains, there-
fore improving the PCE [270]. It has also been shown that light illu-
mination accelerates the formation of the perovskite structure,
affecting the endmost crystal density and influencing the PCE [271].

Apart from solar cells, HaPs have been extensively investigated
for light-emitting applications as well. To this day, red- [272],
green- [273], and blue-emitting [274]| perovskite-based LEDs
(PeLEDs) with external quantum efficiencies (EQEs) reaching
~20% have been reported, approaching the efficiencies of the
best-performing organic LEDs [275].

4.2. Low-dimensional perovskites

Control of the crystal structure dimensionality has been proven
to be a powerful technique to tune and modify the optoelectronic
properties of perovskites. Recently, low-dimensional perovskites
gained huge amounts of researchers’ attention due to the improved
stability over canonical 3D structures. For this reason, they were
first used as an encapsulating top layer for conventional 3D PSCs.
However, their structural flexibility and considerably different
optoelectronic properties from their 3D analogs made them attrac-
tive materials for light-emitting applications and PSCs, especially
in mixed 2D/3D systems for PSCs [276]. Low-dimensional per-
ovskites consist of single (2D) or multiple (quasi-2D) inorganic lay-
ers separated by organic molecules and have the general formula
R,A;_1B;X3,+1, Where R is an alkylammonium cation acting as a
spacer and n denotes the number of inorganic layers (Fig. 12a).
The common arbitrary classification includes 2D (n = 1), quasi-2D
(n =2-5) and quasi-3D (n > 5) perovskites, which further converge
to 3D structures for large (i.e. approaching infinity) values of n.

The bandgap of low-dimensional perovskites can be tuned to
cover the entire visible range. The bandgap engineering can be per-
formed in a twofold manner: by increasing the number of layers n
and by the replacement of structural components. In (C4HgNH3),-
MA,,_1Pb,l3,+1, the absorption edge moves towards higher energies
with decreasing n, shifting progressively from 1.50 eV for 3D
(n = c0), through 1.91 eV (n = 4), 2.03 eV (n = 3), 2.17 eV (n = 2),
to 2.43 eV for n = 1 [185]. When the inorganic Pb®* cation is
replaced with Sn?*, the bandgap can be tuned in range from
1.20eV (n=00)to 1.83 eV (n=1)[277] (Fig. 12b). The substitution
of the organic spacer with phenylethylammonium cation (PEA) in
PEA;MA,,_1Pb,l3,+1 produces bandgaps of 1.94 eV and 2.36 eV for
n =1 and n = 3, respectively [278]. The structural flexibility of
the low-dimensional perovskites and the plethora of possible com-
positional modifications allow for very broad, but yet precise tun-
ing of the optoelectronic properties.

Due to the discrepancy between the dielectric constants of the
inorganic and spacer layer or quantum confinement in the case of
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for n < 2, low-dimensional perovskites exhibit strong excitonic
behavior. Unlike in 3D perovskites, stable excitons with binding
energies approaching a few hundreds of meV can be formed.
The increasing number of layers and therefore increasing the
thickness of the 2D perovskites scale this energy value down.
However, even for big n values, it is predicted that the exciton
binding energy will be dozens of times higher than that of 3D
perovskites [219]. The distinct excitonic peaks were observed in
lead-based perovskites up to 4 layers. Interestingly, for Sn-based
compounds, the excitonic peak is visible only for n = 1, which
is presumably due to the lower dielectric constant of Sn
[185,277]. The control over excitonic behavior is highly
demanded in the LED application, as the photoluminescence
quantum yield is correlated with the binding energy of the exci-
ton. So far, 2D perovskite LEDs with external quantum efficiencies
(EQEs) reaching 18.2% and broad spectral emission have been
presented [275]. Recently, several PeLEDs with white-light emis-
sion were reported, owing to their broad luminescence spectra
to defect-assisted radiative recombination [279].

Beyond LEDs, 2D perovskites have been utilized to achieve low-
threshold lasing and amplified spontaneous emission at room tem-
perature [280]. The population inversion is facilitated by ultrafast
energy transfer processes between quantum wells with different
n values. An energy cascade is formed spontaneously during the
synthesis, making these materials very desirable in the field of
on-chip integrated nanophotonics.

Another feasible application of low-dimensional perovskites is
their use in photodetectors. It is presumed that large organic
cations suppress defect formation, which translates to low elec-
tronic noise and an extraordinary detectivity reaching 10'> Jones
[281]. Notably, recent research showed that the linear dichroism
that emerged from the optical anisotropy of 2D perovskites
enabled polarization-sensitive detection at multiple wavelengths,
opening up a promising avenue for applications in polarized opto-
electronics [282].

The unique properties in low-dimensional perovskites include
the tunable giant Rashba splitting, which strongly enhances the
spin-to-charge conversion efficiency, and makes these materials
extensively investigated for applications in spintronics [220]. The
Rashba splitting occurs due to the lack of the inversion symmetry,
which originates from spin-orbital coupling caused by the dis-
placement of the bonds between the heavy elements (Pb, I)
[260]. The splitting results in the removal of spin-degeneration of
the bands, giving rise to two branches with the opposite spin-
aligned electronic states [220]. The possibility of modulating this
effect by manipulation of the 2D structure provides control over
the Rashba splitting, making low-dimensional HaPs promising can-
didates for spintronic devices [283,284].
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Fig. 12. Bandgap tuning of low-dimensional perovskites. (a) Schematic representation of the perovskite unit cell dimensionality, evolving from 2D (n = 1) to 3D structures
(n = 00). (b) The bandgap of Sn-based 2D perovskites increases from 1.20 eV (MASnl3, n = oo) to 1.83 eV ((BA),Snl4, n = 1) as the dimensionality is reduced (a) [276]. A distinct
excitonic peak is visible for the material with n = 1, suggesting significantly lower exciton binding energies than their Pb-based analogs. Panel (b) has been reproduced from

Ref. [277] with the permission of the American Chemical Society.
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5. Photocatalysis

Photocatalysis can be described as the light-to-energy com-
bined with substrate-to-product conversions. There are several
prerequisites for these phenomena to happen in chemical systems
and the concomitant chemical reaction to occur. First and fore-
most, the photocatalytic material electronic band structures, and
thus their energies, must be aligned in proper ways to overcome
the first energy barriers of the processes. A photon of sufficient
energy generates an electron-hole pair. After that, the material
electronic structure should additionally sustain and support this
process in two dimensions: time and space. Both entities can then
remain separated and further transported throughout the struc-
ture, usually allowing for desired oxidations or reductions, among
other reactions.

Historically, photocatalysis was considered very unselective
because of the involvement of (very reactive) radical species. In
the previous decade, this landscape changed, and thus, most of
the scientific efforts nowadays are set towards highly selective
photocatalysis [285]. Other crucial parameters to be enhanced in
the course of research are conversion rates and yield. Halide-
based materials are being investigated in these contexts. Among
the most popular photocatalytic materials, iodides are not top
choices. TiO, is still considered to be one of the most common can-
didates for most photocatalytic processes. Nevertheless, several
interesting systems with iodides can be found in the literature -
with both theoretical and experimental studies. Photocatalytic
theories, concepts, and realization strategies, along with their
thorough understanding, are cornerstones to another of the
main topics of this review: artificial photosynthesis applications.

5.1. Bandgap and band alignment modifications in BiOX (X = F, Cl, Br
or I) and their hybrids - a photoacatalytic approach

Historically, pure TiO, or modified TiO, were widely employed
as photocatalysts, yet during the last decade, bismuth oxyhalides
(BiOX, X = CI, Br, I) have been tested numerous photocatalytic
applications, including CO, conversion, water splitting, or organic
pollutant abatement via redox processes. Among them, one of
the most commonly researched is BiOI - considered as non-toxic
and also a low-cost alternative to lead-based organic-inorganic
perovskites (OIP) [286] with an electronic structure being also
defect-tolerant (see the electronic structure section or another
review of our group [116]). To date, most of the reports concerning
BiOX photocatalysts are focused on the decomposition of organic
pollutants. Good and thorough reviews on this subject have been
published recently [116,117,287,288]. Thus, we will just underline
the most interesting, new, or omitted articles contributing to the
topic of BiOX photocatalysis here.

Each of the halides (Cl, Br, I) play a significant role in the elec-
tron structure composition in the compound and influences the
bandgap: BiOCI (~3.2 eV), BiOBr (~2.7 eV), and BiOI (~1.7 eV). These
numbers slightly differ, depending on the modifications made to
materials. For example, hierarchical nanoplate microspheres of
BiOX (X = Cl, Br, I) have bandgaps of 3.2 eV, 2.64, and 1.77 eV,
respectively [289]. This is an example of the structure-property
correlation. In general, the bulk material properties, especially
photocatalytic ones, can be changed. And for the electronic band
constitution, they can be fine-tuned by several modification
strategies.

From the group of bismuth oxyhalides BiOX, BiOI has an opti-
mal width of the bandgap for visible light absorption and a suffi-
cient absorption coefficient for these wavelengths. The band
positions and gaps for BiOX are presented in Fig. 13 relative to
the potentials of water splitting (pH = 0) [290,291]. Within the

scope of this review, most of the described photocatalytic tests will
be based on the degradation of organic compounds, since these
show potential for both industrial and ecological applications.

The first and most common method of tuning the photocatalytic
activity of bismuth oxyhalides is the modulation of the microstruc-
ture. This approach has been used for some time, firstly with the
synthesis of micron-sized structures, such as the BiOBr micro-
spheres reported in 2009 for the photooxidation of NO in the gas
phase [292]. They were effective photocatalysts mostly due to
changes in the bandgap of 2.5 eV and also due to the hierarchical
structure.

Structural changes can go down to nanometric sizes. These
nanomaterials possess unique quantum chemical properties. For
photocatalysis, one of the most significant property is the increase
in their active surface. Nanomaterials can be of several dimensions,
including OD (nanoparticles), 1D (fibers, rods, and wires), 2D
(plates and sheets), and 3D (hierarchical ordering). Just recently,
a series of BiOCl catalyst nanoparticles have been synthesized
[293]. The reported method allows for precise control of the sur-
face termination, bandgap, and photocatalytic activity for Rho-
damine B decomposition.

A second modification method of BiOX is heterologous
hybridization. This method is widely used for any type of photocat-
alysts since single component catalysts usually do not reach the
application stage, often due to photocorrosion or because their
bandgap energy is too large. This is why multi-component materi-
als are used by the addition of metals, semiconductors, and co-
catalysts. Most synthetic methods for BiOX produce p-type semi-
conductors [294], with some exceptions for thin films [295] or bulk
[296] BiOL. For the p-type semiconductors, the metal nanoparticles
can act as electron reservoirs, accelerating the charge transport of
electrons from the BiOX VB to metal nanoparticles, while the pho-
togenerated holes stay in the CB of BiOX [297]. Due to more effi-
cient separation of electron-hole pairs, superoxide radical and
singlet oxygen were produced, which can be used for bisphenol
A removal. The same type of improved interfacial charge transfer
was also reported for Bi nanoparticles deposited on BiOBryl;_y
[298].

There have been cases of metallic Au and Ag doping on BiOX
connected with surface plasmon resonance (SPR)-related effects.
The oscillating free electrons in the metal can be transferred to
the CB of BiOX, leaving holes in the metal nanoparticles. This is a
competitive process to the BiOX-to-metal electron transfer, and
both can happen simultaneously.

Some of these photocatalytic systems can be used for water
purification systems, such as the Ag/BiOl and Ag/Agl/BiOl pre-
sented by Lin et al. [299]. One of the benefits of these materials
is their usually straightforward method of synthesis by (photo)re-
duction or solvothermal processing.

Various semiconductors have been used to make hybrid mate-
rials with BiOX. Depending on the relative alignment of the VB/
CB, there are three types of planar heterojunctions as presented
in Fig. 14a. A similar analysis can be done for core-shell semicon-
ductor nanoparticles (Fig. 14b). Among the planar heterojunctions
and the straddling gaps (type 1), staggered gaps (type II), and bro-
ken gaps (type III), type II heterojunctions are considered to be the
most effective hybrid. The VB/CB bands are aligned with each
other, thus allowing efficient charge carrier transfer: electrons
from the higher to lower CB, and holes from the lower to higher
VB. Furthermore, in the case of core/shell nanoparticles, various
types of heterojunctions are responsible for the diversity of charge
carrier confinement schemes [300].

A specific type II heterojunction has been named a Z scheme.
For a thorough description, we suggest reading a review from
2016 by H. Li [303] and in 2017 by ]. Low [304]. Briefly, Z-
scheme systems mimic the charge separation mechanism from
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natural photosynthesis, and semiconductors can act as analogous
photosystems I and II, conjugated by a cascade of redox mediators
(Fig. 15a). Some of the oxyhalides are used in Z-scheme applica-
tions. Hybrids made of g-C3N4/BiOCl [305] were described to be
photocatalytically active for rhodamine B degradation, without
any charge mediators, just like the direct Z-scheme system

presented in Fig. 15c. For the same photocatalytic reaction, the
AgBr/BiOBr connected through Ag nanoparticles [306] have been
utilized in a solid-state electron mediator scheme (Fig. 15b).
With proper band alignment, the heterojunctions can be used
for the effective narrowing of the bandgaps for photocatalysts.
The wide-bandgap semiconductor (e.g. BiOCI) can act as an actual
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catalyst for such systems, possessing the strong oxidation/reduc-
tion ability, while the necessary electron-hole pairs are created
due to the presence of the narrow-band gap semiconductor. By
the introduction of n-type wide bandgap semiconductors such as
(TiO, [307], ZnO, and Bi;03 [308,309]) one can design hybrids with
BiOI (bandgap energy < 1.8 eV) acting as an efficient photosensi-
tizer. These are examples of creating p-n junction photocatalysts
with enhanced charge separation and transfer properties.

Several authors report that it is not only the relative band posi-
tions which influence the photocatalytic activity. For Bi/BiOBr
[310] and BiOI/BiOCI heterojunctions [311] crystal facets at the
interface can regulate photogenerated electron diffusion distances.
All these factors, in turn, can tune the performance for direct water
splitting [291]. Based on theoretical calculation other BiOX!/BiOX?
should facilitate enough charge carrier generation, separation, and
flow to sustain both water splitting redox processes, i.e. H" reduc-
tion to H, and H,0 oxidation to O, (cf. Fig. 13b).

In nanostructured Agl/BiOl composites [312] band alignment
supports photogenerated electrons and holes localized on BiOI
and Agl, respectively. This improves material photostability and
increases the amounts of reactive oxygen species generated, which
results in better reactivity compared to organic dye degradation
processes [313].

Photosensitization of BiOX can be achieved with the use of car-
bon materials such as graphene [314,315] or carbon nanotubes
[316]. Thin films of BiOI on graphene (GR) can be prepared with
nanoflake morphologies [317]. The graphene in this system has
anti-reflectance and light-trapping properties. Also, the graphene
addition has been found to increase the number of separated
charge carriers, which in turn increased the rate of methylene blue
photodegradation.

Lately, more sophisticated hybrids have been made, and
example of which is graphitic carbon nitride (g-C3N4), a new
metal-free semiconductor, immobilized with BiOI on flexible
supports [318]. The resulting material has enhanced photocur-
rent densities and was tested for the degradation of rhodamine
B and also the reduction of Cr(VI), with good reusability in each
example. The g-C3N4/BiOl heterojunction has another positive
effect on photocatalytic properties because of the high recombi-
nation rate and low charge mobility rate of the photogenerated
electron-hole pairs on g-C3N,4 are circumvented. The presence of
g-C3N4 also extended the visible light absorption form 500 nm
to 650 nm and enhanced the charge separation properties.
The electrons are transported into the more positive conduction
band of BiOl due to the internal electric field gradient
[319,320].
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One more approach for material modification is based on the
doping of metal or non-metal ions directly into the BiOX crystal
structure. Owing to the similarities in ionic radii, Bi** can be
exchanged with Mn®*, Zn?*, Cu?*, or Fe**. These dopants improve
the photocatalytic activity by the introduction of additional elec-
tronic states in the bandgap region. Sometimes, the metal ions
can also inhibit the recombination rate of the electron-hole pairs.
Another variation of the structural design is by vacancy generation.
For example, BiOl with oxygen defects exhibits better photodegra-
dation activity for formaldehyde [321]. The vacancies acted in
favor of the separation and transport of generated charge carriers.

The BiOX mixed halides can also be doped to introduce isolated
energy states below the CB or above the VB of the starting BiOX
material, which allows for continuous bandgap tuning. This was
reported for a BiOBr,l;_x solid-solution comprising two-
dimensional nanoplates. When the percentage of iodide increased,
a significant decrease in the bandgap energy occurred (2.87 eV-1.
89 eV), yielding in greater efficiency towards rhodamine B degra-
dation and higher stability during the photocatalysis [322].

By using a heavy doping strategy, Shang et al. modified BiOBr to
become Bi,403,Br;o. The changes of the stoichiometric ratios of Bi
to O to Br influenced the orbital hybridization and raised the con-
duction band level [323]. This resulted in enhanced photocatalytic
water splitting with dramatically increased H, production.

Since 2014, there have been many other examples of graphene/
BiOX nanocomposites that utilize at least two of the modification
strategies described before. One of the reported ideas involves a
heterojunction of non-stoichiometric BiOF, and non-
stochiometric BiOI supported on graphene oxide (GO) [324]. The
photocatalytic tests on the degradation of organic pollutants sug-
gested that the composites performed superior to each of the indi-
vidual constituting compounds. Ag nanoparticle/BiOl junctions
with graphene derivative supports were also presented with
increased photon absorption and inhibited recombination of
charge carriers [325]. The photocatalytic degradation of rhodamine
B could reach 99% in 2 h for this system. A parallel system used
reduced graphene oxide (rGO) as the support to become Ag/BiOl/
rGO. Similar to the GO supported analog, the charge separation
and photocurrent density increased, making Ag/BiOI/rGO even bet-
ter for diclofenac degradation [326,327]. Further improvements to
these photocatalytic systems include the use of carbon nanofibers
for supporting the AgBr/BiOBr heterojunctions, which resulted in
an open-porous structure with heterojunction/support effects that
accelerated rhodamine B degradation [327].

Another way to functionalize BiOX catalysts, apart from the
above-mentioned modifications, is the surface engineering, by
the introduction of more hydroxyl termination groups as one of
the examples. The materials were synthesized as nanosheets, and
the surface termination was enhanced, which induced greater pho-
toreactivity towards organic pollutant decomposition [328].

5.2. Other halide-based photocatalytic systems

Apart from BiOX and halide perovskites, there are still several
underexplored systems. Among the alternatives, antimony sulfoio-
dide (SbSI) has been proposed as a promising material for the pho-
tocatalytic degradation of organic dyes [329]. Despite its low
surface area, the photodegradation activity of SbSI for methyl
orange decomposition is high, due to the reactive surfaces of the
1D nanorods organized inside 3D urchin shapes. SbSI can also be
modified with carbon nanotubes (CNTs) to enhance the stability
and rate of photocatalytic dye degradation [330]. Another sulfoio-
dide material that has been described is a BiSI/MoS2 hydrother-
mally synthesized nanocomposite [331] which exhibited higher
stability and activity than both constituents alone.

6. Artificial photosynthesis in perovskite systems

Metal halide perovskites, especially the ones containing small
organic ammonium cations, have undergone a renaissance and
received intensive attention over the past decade for photovoltaic
and other optoelectronic applications [55,115,332-334]. As men-
tioned before, there have already been multiple reviews on the
use of the traditional 3D perovskites [115,332-334] and the lower
dimensional Ruddlesden-Popper phases in solar cells [55,335].
Notably, despite the reported successes of halide perovskites for
these device purposes, there has been a relative scarcity of their
introduction in artificial photosynthesis, despite the desirable opti-
cal properties common to all these functions.

To understand how and why metal halide perovskites can be
beneficial in the context of artificial photosynthesis (AP), one needs
to understand what AP entails and the desirable aspects of per-
ovskites in fulfilling the requirements. Fundamentally, photosyn-
thesis is the use of light (gr. pdog = light) to assemble products
(gr. ovvtiOnu = to put together). Natural photosynthesis by green
plants can be distilled into the following equation:

CO, + 6H,0 — CgH1206 (glUCOSE) + 60, (10)

Essentially, green plants harvest sunlight as the energy source
to split water in the light-dependent reactions and subsequently
channel the reducing equivalents (nicotinamide adenine dinu-
cleotide phosphate, NADPH) for carbon-carbon bond formation
reactions using CO,. AP is thus an attempt to achieve the same
objectives of collecting solar energy to prepare chemicals with
manmade technology. With the inspiration and lessons learned
from studying natural photosynthesis, AP has become synonymous
with specific reactions such as water splitting or CO, reduction.
However, we will adopt the more general and basic definition of
photosynthesis described above, which is the use of light to pro-
duce chemicals, with the following caveats to distinguish photo-
synthesis from photocatalysis [336]. Photocatalysis is a kinetic
concept where light is needed mainly to overcome an activation
barrier for an otherwise thermodynamically favorable reaction,
whereas photosynthesis utilizes light to facilitate reactions that
are thermodynamically uphill and not spontaneous [336]. AP is
thus a way to harness solar energy for chemical processes that will
store the energy across two half-reactions in fungible chemicals
that can be fuels or feedstocks for other reactions.

To operate effectively for AP, the ideal material should possess
the following properties:

(i) Panchromatic or substantial visible light absorption to col-
lect as much of the solar spectrum as feasible;

(ii) high quantum yields for charge separation so that the
absorbed photons are utilized for chemical reactions;

(iii) suitable band levels to mediate the desired catalytic
processes;

(iv) high thermal, photochemical, oxidative, and aqueous stabil-
ity to function for extended periods under illumination in
the air;

(v) affordable and composed of earth-abundant elements to be
economically viable;

(vi) non- or minimally-toxic to be used in large scales without
creating end-of-life pollution problems.

In light of these requirements, numerous materials have been
explored for AP, including metal chalcogenides [337,338], pnic-
tides [339], halides and their mixed ion forms [340]. No single
material has emerged as the leading candidate that can fulfill all
the desired properties, but there are now fairly established insights
about the different classes of materials. For instance, metal oxides
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tend to be oxidatively and hydrolytically stable within certain pH
conditions [337], but exhibit limited visible absorption capabilities
since the valence bands predominantly consist of contributions by
the low-lying O 2p orbitals. Conversely, metal oxynitrides
[341,342] and oxyhalides [340] usually harvest larger portions of
the solar spectrum, but are susceptible to hydrolysis, especially
at high pH. Consequently, the search for suitable photocatalytic
materials for AP is still ongoing.

In this context, metal halide perovskites have demonstrated
characteristics that are commonly appealing to optoelectronic
devices and AP. Over the past decade, perovskites such as methy-
lammonium lead iodide (MAPbI;), formamidinium lead iodide
(FAPbI3), and other mixed ion variants have been (re)discovered
and found to be panchromatic, and display longlived photoexcited
states, high photoconductivity, and efficient charge extraction
behavior. Moreover, the constituents are relatively affordable main
group elements. Owing to the hydrolytic and oxidative instability
of the perovskites containing the small organic ammonium or
alkali metal cations in the 3D perovskites, lower-dimensional 2D
and 1D Ruddlesden-Popper phases with more hydrophobic inter-
layers have been increasingly popular in photovoltaic applications
[335]. Besides, although lead is patently toxic and unsuitable for
large-scale implementation, lead-free and less toxic alternatives
containing Bi, Sb and Sn have been explored for various devices.

Thus, it is apparent that the initial hurdles in extrapolating
metal halide perovskites into the realm of AP, including the solvent
stability and lead toxicity, will likely be overcome eventually by
the parallel progresses made to solve the same problems in opto-
electronic devices. The following sections discuss the evolution of
three approaches in the past decade by which perovskites were
used for AP. Initially, 3D perovskites, especially MAPbIs, operated
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generated photocurrents were directed toward simple water
splitting or CO, reduction devices. As the encapsulation and nanos-
tructuring technologies improved, MAPbI; could be protectively
isolated from solvents, so the perovskite could be incorporated into
tandem light-absorbing photoelectrochemical cells, even for water
splitting reactions. Lately, more oxidatively and hydrolytically
stable 3D and lower dimensional perovskites, as well as lead-free
variants [343], have been directly introduced for AP, paving the
way for another frontier in perovskite applications.

6.1. Indirect methods I: perovskite photovoltaics for artificial
photosynthesis

After the rapid rise in solar-to-electric power conversion effi-
ciencies (PCEs) from 3.8 to 17.9% in less than five years
[222,335], it was evident that perovskite photovoltaics could chal-
lenge the dominance of semiconductors such as Si and CdTe and
could potentially be employed as light-harvesting materials for
AP [55,115,332-335]. The most popular perovskite that kickstarted
this renaissance was MAPDI;, which exists in a black, tetragonal
perovskite phase at room temperature [335]. Its crystal structure
consists of corner-shared Pblg octahedra in a 3D cubic lattice, with
almost uniform Pb-I bond lengths of 3.17 A for the axial iodides
and 3.11 A for the equatorial iodides [344]. The respectable PCEs
partly arose from the high current densities above 20 mA cm™2
that were achievable for mixed ion variants of MAPbI3 upon illumi-
nation under AM 1.5G conditions [345]. In turn, the high photocur-
rents that could be generated were then exploited as early as 2014
for solar-driven water splitting [345].

As illustrated in Fig. 16a, two state-of-the-art MAPbI; per-
ovskite solar cells were connected in tandem to separately power
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reduction to H, respectively [345]. Each perovskite photovoltaic
cell was capable of harvesting light up to 800 nm and providing
a photocurrent density of 21.3 mA cm~2 and an open-circuit volt-
age of 1.06 V, which resulted in PCEs of 17.3% [345]. Since the ther-
modynamic potential for water splitting is 1.23 V, at least two of
the perovskite solar cells were necessary to provide the potentials
for the individual half-reactions. To overcome the unfavorable
kinetics of the water-splitting catalytic processes, chemically resis-
tant nickel (Ni) foam deposited with nickel and iron layered double
hydroxides (NiFe-LDH) were introduced as the actual catalysts in
1 M NaOH solutions [345]. Remarkably, this tandem perovskite
photovoltaic water splitting device could achieve the standard
photocurrent of 10 mA cm~2, which would translate to a solar-
to-H, conversion efficiency of 12.3% (Fig. 16b), among the highest
efficiencies even now and at levels that could potentially become
economically viable [345]. The water-splitting device would be
operating at close to its maximum power point of 9.61 mA cm~2
at 1.63 V, with a PCE of 15.7% (Fig. 16b) [345]. This simple, pioneer-
ing demonstration of highly efficient water splitting by perovskite
photovoltaics already underscored the value of perovskites in
steering AP research.

Following this early work, the same team led by Gritzel and
other coworkers at Nanyang Technological University, Singapore,
created a different variant of a tandem perovskite-Fe,03 water
splitting device [346]. Instead of using two high-efficiency per-
ovskite photovoltaic cells to supply the necessary energy, a Mn-
doped hematite (Fe,03) photoanode was coated with cobalt phos-
phate (Co-Pi) and employed as the water oxidation catalyst [346].
By assembling these tandem light absorbers in series and introduc-
ing Pt as the H, evolution catalyst, they were able to attain overall
unassisted water splitting with photopotential of up to 1.87 V and
solar-to-H, conversion efficiency of 2.4% [346]. Several advances in
this system include the higher affordability and robustness of the
Fe,0; photoanode over a second perovskite photovoltaic cell,
although 1 M NaOH still had to be used and the H, production effi-
ciency was lower. In a similar conceptual design, Kamat and
coworkers developed a tandem MAPbI3-BiVO, water splitting
device, where a BiVO, photoanode coated with CoPi as well, was
the O, evolution catalyst (Fig. 16¢) [347]. This system could oper-
ate in neutral pH conditions and accomplished a solar-to-H, con-
version efficiency of 2.5% under AM 1.5G illumination [347],
similar in performance to the one with Fe,03 as the photoanode.
A major drawback of this tandem water-splitting cell was that
the Faradaic efficiency of H, evolution declined over time
(Fig. 16d), which was attributed to side-reactions when sacrificial
reagents were introduced [347]. Both these examples illustrate
the feasibility of combining perovskite photovoltaics for tandem
light absorption with more affordable, traditional semiconductor
photoanodes in water splitting AP systems.

In a related approach, Ko, Lee, and their coworkers combined a
MAPDI; photovoltaic cell in tandem with a ZnO@ZnTe@CdTe core-
shell nanorod array as the photocathode (Fig. 16e), underlining the
versatility of the perovskite solar cells [348]. Analogous to the pho-
toanode cells described previously, the ZnO@ZnTe@CdTe semicon-
ductor photocathode harvests the higher energy wavelengths
below 580 nm, while MAPbI; collects the remaining photons up
to around 800 nm [348]. After depositing Au nanoparticles on
the photocathode as co-catalysts, a MAPbI; solar cell with an
open-circuit voltage of 1.04 V and a short-circuit current density
of 20.86 mA cm~2 (PCE of 16.31%) was stacked in tandem [348].
The cell was then operated under unbiased conditions with a
cobalt bicarbonate (Co-Ci) anode on Ni foam for O, evolution in
CO,-saturated KHCOs; aqueous solutions under the standard AM
1.5 G conditions [348]. As shown in Fig. 16f, respectable Faradaic
efficiencies of up to 81.9% and CO selectivity over H, of at least
74.9% were obtained [348].

As mentioned previously, it was believed that 3D metal halide
perovskites such as MAPbI3;, while exhibiting remarkable light
absorption and charge separation behavior as well as high PCEs
as photovoltaics, were inherently too hydrolytically, oxidatively,
and photochemically unstable to be directly exposed to solvents
for AP purposes [335]. The activation barrier for the decomposi-
tion of MAPbI; is merely 80 k] mol~!, while its enthalpy of forma-
tion is only —404 k] mol~!, suggesting that it can readily degrade
to its constituents under mild heating [349]. Moreover, the typi-
cal open-circuit voltage of around 1.1 V and below for perovskites
meant that the valence and conduction band levels were probably
unsuitable for directly mediating some of the thermodynamically
challenging reactions such as water oxidation to O,. These early
examples highlight how perovskite photovoltaics could still be
utilized for driving AP reactions by isolating them from the cat-
alytic processes and exclusively exploiting them only as efficient
light harvesters. Furthermore, by combining in tandem with
another perovskite solar cell or other semiconductor photoelec-
trodes, the necessary potentials for reactions such as water split-
ting and CO, reduction reactions could be acquired, thus paving
the way for subsequent improvements in perovskite optoelec-
tronic technologies to be incorporated into the design of AP
systems.

6.2. Indirect methods II: encapsulated perovskites for artificial
photosynthesis

Since it became evident that metal halide perovskites were
effective chromophores for AP, there had been growing interest
in their incorporation into photoelectrodes in wired or wireless
systems to serve as catalysts for water splitting. In an advance over
Kamat'’s earlier design, Lee and coworkers incorporated MAPbDI;
directly into a photoanode with tandem light absorption by 3%
Mo-doped BiVO4 [350]. To ensure the photochemical stability of
the MAPDI; after exposure to aqueous environments, the per-
ovskite was first sandwiched between TiO, (as the electron trans-
port layer) and a poly(triarylamine) (PTAA as the hole transport
layer), before a 70 nm Au electrode was deposited on the PTAA
by thermal evaporation (Fig. 17a) [350]. This Au layer was then
sealed with a cover glass and epoxy to become water-proof
[350]. The tandem light absorber was then attached using Ag paste
to connect with the Co-Ci coated Mo-doped BiVO,4 film that had
been deposited on FTO plates to create the photoanode for water
oxidation to O, [350].

The key differences over the previous system by Kamat and
coworkers are that the BiVO,4 had undergone additional treatment
by hydrogenation and doping with Mo, and there is a direct inter-
face between the BiVO, and MAPbI;. The former is crucial in
improving the charge extraction behavior over BiVO, alone, as
observed by the high photocurrent densities of 3.5 mA cm?
(Fig. 17b), and a corresponding higher average solar-to-H, conver-
sion efficiency of 4.3% (c.f. to 2.5% above) in a wired system [350].
The latter is attractive in that a completely wireless, monolithic
“artificial leaf” could be created by integrating the tandem MAPbI3-
BiVO, photoanode with Pt, which resulted in a device that oper-
ated with a respectable average solar-to-H, conversion efficiency
of 3.0% [350]. Although the performance of the standalone artificial
leaf architecture was poorer, likely due to higher Ohmic resistance
at the interfaces of the device [350], these wireless systems are
appealing for certain applications such as portable, distributed
solar fuel devices, which can be used in remote places with poor
electrical infrastructure.

Besides tandem light-absorbing unbiased devices, MAPbI; has
also been incorporated into a single junction photoanode and pas-
sivated with a thin Ni layer for photoelectrochemical water oxida-
tion [351]. As illustrated in Fig. 17c, the bandgap energy of MAPbI;
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Fig. 17. (a) Energy level diagram of a CH3NH;5Pbl; light harvester integrated into a wireless photoelectrochemical system with Mo-doped BiVO,4 as a photoanode. The
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light harvester sealed in a photoanode with a Ni coating for photoelectrochemical water oxidation. (d) Comparison of the photocurrent densities showing the dramatic
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Chemical Society.

is around 1.53 V [351], which exceeds the thermodynamic require-
ment of 1.23 V needed for water splitting. In principle, MAPbI3
alone should be capable of functioning as the light harvester in
AP without the need for another tandem chromophore. Zheng
and coworkers created a photoanode by sandwiching MAPbDI;
between a compact, electron-transporting TiO, layer and spiro-
MeOTAD as a hole-transporting layer, the latter of which was
coated with Au as the electrode [351]. To ensure that the per-
ovskite was physically protected from the aqueous environment
and also facilitate water oxidation, an 8 nm thin Ni layer was
deposited by magnetron sputtering [351]. Remarkably, in the pres-
ence of 0.1 M Na,S as a sacrificial electron donor in a pH 12.8 alka-
line solution, the Ni coated photoanode showed a dramatic
increase in photocurrent density over the photoanode without
Ni, achieving above the 10 mA cm2 standard at 0 V vs AgCl/Ag
(Fig. 17d) [351]. This encapsulated MAPbI; photoanode was then
connected with a Pt cathode, and the photoelectrochemical cell
was irradiated under one sun with no external bias to achieve
overall water splitting [351].

Although this example verified that MAPbI3;, when suitably
encapsulated, could function without a tandem light absorber for
AP reactions like water splitting, the long-term performance was
still not ideal. The high initial photocurrent density decreased dra-
matically and plateaued around 2 mA cm~2 after only 15 min
owing to deterioration of the device by electrolyte penetration
through the Ni and Au layers [351]. Patently, although MAPDI; is
an effective light harvester for photovoltaics and AP, there are lim-
itations to how much engineering can overcome in terms of the
stability of the 3D perovskites when exposed to solvents. Alterna-
tive metal halide perovskites that are inherently more photochem-
ically and hydrolytically stable would be vital for further

applications in AP, some recent examples of which will be dis-
cussed in the next section.

6.3. Direct artificial photosynthesis with robust perovskites: beyond
photofuel production

Although it was known that MAPbI3 was hydrolytically unstable
when exposed to moisture, Nam and coworkers demonstrated that
judicious management of the coordination chemistry of Pb?*, I,
and H* ions in water could counterintuitively stabilize the black
tetragonal perovskite phase at room temperature. Pbl;, has low sol-
ubility in water (K, = 4.4 x 1072 at 20 °C) [352] but is known to
dissolve as the I~ concentration increases to form Pbl; and PbI5~
ions [353]. Nam and coworkers astutely hypothesized that main-
taining high concentrations of H* would increase the hydrogen
bonding interactions among water molecules and reduce the like-
lihood of water intercalation into the crystal structure of MAPbI3 in
water [354]. Moreover, high concentrations of I~ would promote
the formation of Pbls ions [353]. Thus, a combined high concentra-
tion of HI should then be favorable for the stabilization and precip-
itation of the black tetragonal MAPbI; perovskite phase, instead of
the formation of the almost colorless monohydrate (MAPbI3-H,0)
or the yellow dihydrate (MA4Pbls-2H,0) [354].

Remarkably, when the excess precipitates in the presence of
increasing [HI] from 0.1 M to 6.06 M were examined by powder
X-ray diffraction, there was a gradual but clear transition from
Pbl, to MAPbI3-H,0 and finally to MAPbI3 once the HI concentra-
tion was above 3.16 M (Fig. 18a) [354]. A detailed phase mapping
was conducted by using different concentrations of HClIO4 and KiI,
which confirmed that elevated concentrations of both H* and I~
were necessary for the precipitate to be predominantly perovskite
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MAPDI; (Fig. 18b) [354]. Interestingly, even in 6.06 M HI, MAPbI;
was still somewhat soluble, dissolving to give MA* and Pbls ions,
until the solution became saturated and MAPbI; was stable and
could be precipitated above 0.7 M (Fig. 18c) [354]. The identity
of the perovskite was verified with other techniques such as optical
absorption and UV photoelectron spectroscopy [354].

Having shown that MAPbI; was stable in concentrated HI solu-
tions, Park et al. demonstrated that independently synthesized
perovskite could be employed in AP to split HI into H, and I3 upon
visible light (>475 nm) irradiation [354]. Under their reaction

conditions, MAPbI; impressively functioned as heterogeneous H,
evolution photocatalysts from HI for a least 160 h [354]. They also
found that special thermal annealing of MAPbI; films under polar
solvents such as DMSO, and the introduction of Pt as a co-
catalyst dramatically improved the H, evolution activity
(Fig. 18d) to reach a solar-to-H, efficiency of 0.81% [354]. Goddard
and coworkers subsequently used aqueous quantum mechanics
calculations to propose a Pb-activated, amine-assisted reaction
mechanism for this H, evolution reaction [355]. The most feasible
predicted pathway involves protonation by MA* of surface Pb with
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empty coordination sites to form Pb-H intermediates after visible
light irradiation to overcome a 1.08 eV activation barrier
(Fig. 18e) [355]. In the subsequent step, another MA" cation reacts
with the hydridic Pb-H to form H,, with a low barrier of only
0.08 eV (Fig. 18e) [355]. Owing to the high HI concentration, a
Grotthus chain mechanism from H30" in solution rapidly replen-
ishes the MA" cations in both steps [355]. In summary, the teams
of Nam and Goddard have shown that a perceptive understanding
of the coordination chemistry of MAPbI3, by manipulating the ionic
strengths of its constituents, enabled the groundbreaking demon-
stration of the popular 3D perovskite in H, evolution for AP from
aqueous conditions.

Besides MAPbI3, another 3D perovskite that has recently found
applications in AP is the orthorhombic CsPbBr;. CsPbBr; possesses
several advantages over MAPbIs, namely (i) Cs* is not thermally
volatile and labile like MA™; (ii) the Pb-Br bond dissociation energy
is higher than that of the Pb-I bond, so CsPbBr; is thermodynami-
cally more stable and less soluble; (iii) the Br~ ion has a higher
redox potential than the I~ ion, so CsPbBr3 will be oxidatively more
stable and should have a more positive valence band level (+1.2 V
vs. SCE) [356]. Conversely, the more positive valence band level of
CsPbBr; is associated with larger bandgap energy (2.4 eV) than
MAPDI; (1.5 eV) and hence diminished light-harvesting capabilities
[356]. With these properties in view, the enhanced solvent stability
of CsPbBr3 nanocrystals for oxidative photocatalysis was exploited
for some of the first demonstrations of perovskites for pollutant
degradation and organic synthesis [356-358].

Wu and coworkers reported that CsPbBr; nanocubes with
around 10 nm edges were found to catalyze the oxidative dimer-
ization of thiophenol to diphenyl disulfide in dichloromethane
under ambient atmospheric conditions and white LED illumination
(Fig. 19a) [356]. They observed an external quantum yield of 3.6%
at room temperature and expanded the substrate scope to produce
12 disulfide compounds by homo- and hetero-coupling of aromatic
and aliphatic thiols [356]. The same CsPbBr; nanocubes were then
used for C-H activation of tertiary amines followed by oxidative
coupling with phosphite esters in toluene, also under ambient air
and white light (Fig. 19b) [356]. Likewise, a reasonable substrate

(a)

CsPbX4 perovskite (1 mol%)

scope of 13 products was shown, emphasizing the general applica-
bility of the nanocrystals [356]. During detailed studies on the
mechanism of the thiol coupling, Wu et al. observed a hyp-
sochromic shift in the absorbance edge, which was attributed to
anion exchange of the Br~ in CsPbBr; with Cl from the dichloro-
methane solvent [356]. Lead halide perovskites are reputed to
undergo facile and even topotactic anion exchange owing to the
relatively weak lead-halide bonds and the unusually high ion
mobilities [335]. Most interestingly, the authors mentioned that
when both photocatalytic reactions were conducted in the absence
of air, H, evolution was observed, although conversions and yields
were lower [356]. Nonetheless, this simultaneous production of
value-added organic products like disulfides and phosphites by
oxidative photocatalysis, while a fuel like H, is generated, is an
instance of the more general form of AP one of our team has been
promoting [336].

Shortly after Wu’'s work was reported, Yan and coworkers
reported the introduction of MAPbBr; and CsPbBr; nanocrystals
of sizes between 2 and 100 nm for photocatalysis [359]. Likewise,
they found that CsPbBr; was chemically more stable under their
reaction conditions [359], likely because Cs* would not be affected
by the base added and the 3D perovskite nanocrystals would
remain intact, whereas MA* would be deprotonated and become
volatilized as methylamine. They used the CsPbBr; nanocrystals
to effect reductive C-C bond formation between a-bromoketones
and aldehydes (Fig. 19¢) in the presence of secondary amines as
both the co-catalyst and base [359]. The photoexcited CsPbBr;
was proposed to reduce the o -bromoketone to generate a nucle-
ophilic radical, while the secondary amine and aldehyde would
convert to an enamine in a dark reaction [359]. Subsequently,
the enamine would get oxidized by holes from the photoexcited
CsPbBr3 and combine with the nucleophilic radical to eventually
produce o -alkylated aldehydes [359]. A modest substrate scope
was demonstrated with 12 products, including a derivative of
cholesterol, and turnover numbers of up to 52,000 were recorded
[359], suggesting that CsPbBrs; could indeed be employed in a
range of promising AP reactions. Nonetheless, although the
CsPbBr3 was reused for at least four cycles, Zhu et al. reported that
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aliquots of water completely deactivated and dissolved the per-
ovskites [359], which will be ruinous for the broader utility of
these 3D perovskites for AP in aqueous media.

Although it appeared that CsPbBr; nanocrystals could be
directly used for AP, there had also been attempts to improve their
catalytic activity by integrating 6 nm CsPbBr; quantum dots (QDs)
with graphene oxide (GO) to form a composite (Fig. 20a) [360].
Both the CsPbBr3 QDs and the CsPbBr; QD/GO composite were then
employed for photocatalytic CO, reduction in ethyl acetate as a sol-
vent and sacrificial electron donor [360]. As illustrated in Fig. 20b,
there was a >99% selectivity for CO, reduction in the absence of
water, with CO and CH,4 being the most and second most abundant
products respectively [360]. It also appeared that the GO was ben-
eficial in giving higher yields of the CO, reduction products and
higher external quantum efficiencies than just the QDs alone
[360]. Through electrochemical impedance and time-resolved pho-
toluminescence spectroscopic measurements, the authors pro-
posed that GO served not only to improve the stability of
CsPbBr3 but also facilitated more effective charge extraction from
the perovskite [360]|. However, the sacrificial oxidation of ethyl
acetate and the hydrolytic instability remain undesirable in the
use of CsPbBr; in AP, thus motivating the development of more
sustainable perovskite alternatives.

Since the re-emergence of lead halide perovskites for photo-
voltaics, there have been parallel developments in the search for
more oxidatively and hydrolytically robust, as well as less toxic
alternatives. In this context, Karunadasa and coworkers have
reported several groundbreaking results in the development of
lead-free double perovskites containing Bi**, Ag*, and Cs* instead

[129-132]. These double perovskites retain the same 3D metal-
halide lattice but have general formulae of A3B*C3*Xg (A = alkali
metal or MA, B = Ag or Tl, C = Bi or Sb) instead of the ABX3 for 3D
lead halide perovskites [129-132]. The double perovskites, an exam-
ple of which is Cs,AgBiBrg, possess several coordination chemistry
advantages over the lead halide perovskite, namely (i) they are
lead-free and comprise much less toxic elements; (ii) the higher
charge of the C cation (e.g. Bi®*) results in stronger metal-halide
bond strengths, higher thermodynamic stability, and lower solubil-
ity; and (iii) the larger number of components offers greater substi-
tutional variability in the choice of ions that can fulfill the
Goldschmidt tolerance factor to form stable perovskites. Nonethe-
less, the light-harvesting and charge extraction efficiencies of the
double perovskites have so far underperformed those of the lead
halide perovskites, thus limiting their wider adoption in optoelec-
tronic devices.

Despite these shortcomings, double perovskites have been suc-
cessfully applied for AP recently. Kuang and coworkers prepared
9.5 nm Cs,AgBiBrg nanocubes with bandgaps of around 2.52 eV,
corresponding to a hypsochromic shift due to quantum confine-
ment effects compared to the 1.95 eV of the bulk form [361]. The
structure of this double perovskite consists of corner-bridged alter-
nating octahedra of BiBrg and AgBrg in a 3D cubic lattice, with Cs*
ions in the interstitial spacing [361]. The nanocrystals were found
to be stable for over three weeks in non-coordinating solvents such
as chloroform and octane, and at least five days in ethyl acetate.
Cs,AgBiBrg has an indirect bandgap and the nanocrystals have
average photoluminescence lifetimes of 7.5 ns, which is longer
than diffusion control [361]. Based on the band levels obtained
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by photoelectron spectroscopy in the air (PESA) and optical mea-
surements (Fig. 20c), the conduction band electrons should have
sufficient potential for multielectron CO, reduction to several
products [129,361]. Accordingly, the authors used the Cs,AgBiBrg
nanocrystals for photocatalytic CO, reduction in ethyl acetate as
a solvent and sacrificial electron donor under AM 1.5G solar simu-
lation and observed CO and CH4 as the predominant products
(Fig. 20d) [361]. They also discovered that after rinsing away the
excess surfactants which could interfere with charge extraction,
there was a 6.5 times increase in the electrons consumed
(Fig. 20d), corresponding to an external quantum efficiency of
0.028% at 398 nm [361]. Most impressively, the Cs,AgBiBrg
nanocrystals could retain their structure and phase uniformity at
55% relative humidity for 90 days, light soaking under 70 mW cm 2
for 500 h, or heating at 100 °C for 300 h [361]. However, the
nanocrystals were still susceptible to ligand detachment and even-
tual degradation in protic solvents such as isobutanol [361].
Given the poor hydrolytic stability of double perovskites, differ-
ent strategies to achieve hydrophobic and more robust perovskites
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will be beneficial. Karunadasa and coworkers demonstrated that
lowering the dimensionality of the 3D Cs,AgBiBrg to the 2D
Ruddlesden-Popper phases for (BA)4AgBiBrg and (BA),CsAgBiBr;
(BA = butylammonium) resulted in mono- and bilayer metal halide
nanosheets with tetragonal distortions in the Ag-Br octahedral
[189]. The axial Ag-Br bonds contracted to 2.6-2.7 A, whereas
the equatorial Ag-Br bonds expanded to 3.0-3.1 A, which was
attributed to a pseudo-Jahn-Teller effect from mixing of the filled
4d orbitals and the empty 5 s orbitals [189]. These lower-
dimensional perovskites have even more substitutional versatility
and electronic diversity and have been found to be favorable for
photovoltaics [335], alluding to similar advantages for applications
in AP.

In light of these benefits, one of our team had recently reported
hydrophobic lead and tin 2D perovskites intercalated by C;g long
hexadecylammonium (HDA) cation as water-resistant materials
for photoredox catalysis and AP [362]. The structures of the
(HDA),Pbl, and (HDA),Snl, perovskites were studied by powder
(Fig. 21a) and single crystal (Fig. 21b) X-ray diffraction, with the
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Fig. 21. (a) Comparison of the powder XRD patterns (HDA),Pbl, and its precursors. (b) Solid-state structures of (HDA),Pbl, and (HDA),Snl, obtained by single-crystal XRD. (c)
Powder XRD patterns of (HDA),Pbl, highlighting its stability after stirring in water for at least 30 min. (d) PL data of (HDA),Pbl, after photoexcitation at 350 nm in water,
demonstrating that the optical properties are retained. (e) Examples of the photocatalytic decarboxylation and dehydrogenation reactions mediated by the Pb and Sn 2D
perovskites. Reproduced from [362] with the permission of Wiley-VCH Verlag GmbH & Co. KGaA.
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latter confirming the remarkably stacked C;s hydrophobic
chains intercalated between corner-shared Mlg (M = Pb or Sn)
octahedra in 2D nanosheets [362]. Unlike the (BA),AgBiBrg and
(BA),CsAgBiBr; double perovskites, which had tetragonal distor-
tion for the Ag-Br octahedral, the metal-halide bond lengths for
both the Pb and Sn perovskites were fairly uniform at 3.1-3.2 A,
with bond angles close to 90° at each metal center (Fig. 21b)
[362]. Presumably, the main group Pb and Sn nuclei do not experi-
ence the same pseudo-Jahn-Teller effect as Ag since the former
have s? electronic configurations, whereas the latter has empty s
orbitals. As anticipated, owing to the extremely hydrophobic
HDA cation, (HDA),Pbl, was structurally unchanged even after
suspension in water for 30 min (Fig. 21c) and was even
photoluminescent (Fig. 21d) at room temperature. Contact angle
measurements gave an average of 98.4°, verifying the hydropho-
bicity of this 2D perovskite [362].

Although (HDA),Pbl; and (HDA),Snl; were isolated and fully
characterized, the Sn perovskite was still vulnerable to air oxida-
tion from Sn" to Sn', thus limiting its broader applications [362].
(HDA),Pbl, was further characterized by variable temperature,
steady-state, and ultrafast time-resolved optical spectroscopy, as
well as PESA [362]. The valence band maximum has been esti-
mated to be +1.2 V versus the normal hydrogen electrode, and
the bandgap energy is 2.3 eV, while the photoluminescence life-
time is up to 3.0 ns, suggesting that (HDA),Pbl, may be suitable
as heterogeneous photocatalysts for oxidative reactions [362].
Accordingly, both (HDA),Pbl, and (HDA),Snl, were found to be
suitable for the photooxidation of indoline-2-carboxylic acid in
dichloromethane under 48 W LED illumination at room tempera-
ture. In the absence of air, decarboxylation occurred to give indo-
line in an overall redox neutral process, whereas a further
dehydrogenation to indole took place when the reaction was per-
formed in the air (Fig. 21e) [362]. The reaction showed tolerance
to electron-donating and electron-withdrawing functional groups,
including halide substituents that could be further derivatized.
Although (HDA),Snl, was not oxidatively stable, it was still shown
to be viable for the photocatalysis, albeit with lower yields. This
was a crucial demonstration that Pb-free variants were also feasi-
ble for AP reactions. (HDA),Pbl, could be recovered by centrifuga-
tion and reused in the photocatalysis, while the compositional
integrity was verified by both powder X-ray diffraction and X-ray
photoelectron spectroscopy [362].

As illustrated in the examples covered above, metal halide per-
ovskites have been shown to be functional heterogeneous photo-
catalysts for many AP reactions. The initial concerns about the
solvent stability had been overcome on several pathways, includ-
ing managing the ionic strengths in solution [354], utilizing struc-
tures that possessed stronger metal halide bonds [356,359,360],
employing double perovskites with higher bond strengths [361],
and lowering the dimensionality with hydrophobic organic cations
[362]. Unfortunately, the most widely used perovskites still con-
tain highly toxic elements such as Pb and TI, but the recent results
with double perovskites have expanded the compositional diver-
sity to include eco-friendlier materials. We anticipate that the
combination of double perovskites and lower dimensionality
[189,335,362] will pave the way forward in the development of
metal halide perovskites that can fulfill most, if not all the desired
criteria for materials which will be applied in AP in the near future.

7. Let’s count on iodide-based semiconductors -
implementations of unconventional computational techniques

A neuromorphic approach is one of the most influential trends
in information processing nowadays [362] and memristors (and
other memristive and memfractive elements) and considered as

the main building blocks of such systems. There is a plethora of
original papers and reviews on the synaptic properties of memris-
tors, as well as simple neural networks built thereon. Many of the
most important findings have been compiled in a series of special-
ized books [52,363-368]. Here, we will focus on more complex
aspects of information processing by utilizing the dynamics of
memristive elements. The dynamic aspects of the neuromorphic
approach toward computation can be summarized in Latin as rep-
etitio est mater studiorum, which means “repetition is the mother of
learning”. This phrase has been adopted by scholars since the mid-
dle ages, and is a simple recipe for learning: any information
repeated several times has a greater chance to be remembered
than a single event. It must be noted; however, that continuous
repetition of false information may lead to self-generated misinfor-
mation [369] or purposeful deception [370], well-documented
sociological phenomena [371], which according to some opinions,
may have happened in the case of research on memristors [372]. In
the brain, repetitive training rule is realized twofold: a signal might
appears several times, and as a result, a specific synaptic connec-
tions form, or the signal appears once, and it circulates between
the brain structures due to the presence of feedback loop
[373,374]. In order to mimic such a neural system, one needs a
synaptic-like device to store the information/signal, preferably as
a value somewhere between 0 and 1. Memristors have such func-
tions, which is, and it is one of several reasons why they attract
special attention in the field of neuromorphic computing [375-
377]. Furthermore, such an artificial system, in order to process
information efficiently, needs to show a complex internal
dynamics.

The memristor is a two-terminal passive device that has mem-
ory. Namely, it has at least two different resistive states at the
same potential, and the state depends on the history of the device.
The device was postulated in the 1970s by Leon Chua on the basis
of theoretical symmetry relations between differential equations
describing a resistor (current vs voltage), a capacitor (voltage vs
charge), and an inductor (current vs magnetic flux) [42]. Originally,
the memristor was supposed to associate the voltage with mag-
netic flux. Due to the relation of units, a new element should also
be described by resistance, which, in contrast to resistors, should
be a function of electric charge. This theoretical circuit element
was named memristor - a combination of memory and resistor.
Interestingly, application of other symmetry rules yields the same
analytical description of the memristor [378]. The physical realiza-
tion of a memristor was announced in 2008 by researchers from HP
Labs [379]. This report, being a source of exasperation for some
researchers, has initiated a long discussion on the existence of
memristors as physical devices, especially in the context of funda-
mental circuit element [380-382]. It also initiated the ‘memristor
rush’, which led to thousands of theoretical and experimental
papers published in following years [383]. Recently the existence
of ideal memristors was invalidated on experimental grounds
[384,385]. Interestingly, at the same time, a first report on a mem-
ristive element operating on magnetic flux was published [386].
The most important fingerprint of a memristor is a characteristic
pinched loop in the current-voltage plane [48,387]. Various circuit
elements bearing this feature have been reported much earlier
than the idea of a memristor itself [43,388].

The founding father of the idea has no problem with the use of
the term memristor, but several more cautious authors prefer to
use the term memristive device, which is more general (and also
refers to three and more-terminal devices having synaptic-like
behaviour) but creates additional confusion. Introduction of a more
generalized concept of memfractance makes the whole story even
more complex [389-391]. The fundamental issues on the existence
of memristors are, of course, not purely semantical disputes. Read-
ers interested in this vivid discussion are encouraged to follow the
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vigorous exchanges within the original papers [378,380-382,384—
386,392]. Controversies aside, passive nonlinear memory elements
do exist [393], some of which have pinched hysteresis loops, while
others are without it. These devices, called memristors or memris-
tive elements for the sake of simplicity, have bright futures not
only as storage information units but also for information
processing. The observation of a pinched hysteresis loop in the
current-voltage characteristics of the device is the simplest way
to determine the presence of memory-like features in the passive,
two-terminal memristive devices that exhibit nonvolatile (and
sometimes also volatile) memory. The mechanisms behind the
memristive hysteresis loops are diverse. The change from a high
to a low resistive state can be a result of the formation of conduc-
tive filaments [394-396|, modulation of the Schottky barrier
height [397,398], ion or dopant migration [399], or a combination
of these processes (Fig. 22) [400].

In the case of memristors, different synaptic features were
demonstrated: long-term potentiation and depression (LTP,
LTD), short-time potentiation and depression (STP, STD), spike-
timing-dependent potentiation (STDP), spike-rate dependent
potentiation (SRDP), pulse pair facilitation (PPF), measurement
of excitatory postsynaptic current (EPSC), and different forms of
metaplasticity [376,401]. Most publications describe the perfor-
mance of a single device, but recently more and more often, chips
built as arrays of memristors are designed for use for a particular
application or a generalized approach towards IA implementation
[376]. In contrast to inorganic oxide or chalcogenide-based mem-
ristors, the incorporation of the halogen-containing memristive
device in a larger system to perform a certain task is uncommon
[33,397].

One of the crucial parameters here is the variable resistance
that can be used for information storage. Metal oxide-based

memristors are the most intensively studied devices due to their
usually large ON/OFF ratios [402]. It is a result of the filamentary
mechanism. The abrupt changes of resistance typical for most
memristors are not ideal in analog applications [403]. These
applications require devices with continuous resistivity change,
even with very limited ON/OFF switching ratios. The brain is
an analog device, and the synaptic weights in our brain are
not represented with 0’s and 1’s, but rather as various values
somewhere in between. Such criteria fit the definitions of mem-
ristors, where mechanisms are based on the Schottky barrier
height modulation.

Memristors can be utilized as synaptic devices in various hard-
ware implementations of artificial neural networks (e.g. percep-
trons) and in digital electronics using a so-called MAGIC
(memristor-aided logic) approach [404]. Memristors based on
interfacial switching (cf. Fig. 22a-c) are not very well suited for
these kinds of applications, but they paradoxically offer much
more. Due to the ‘soft’ switching characteristics, they are perfectly
suited for the processing of analog signals in dynamic systems.
Such an approach is usually referred to as reservoir computing. In
general terms, the reservoir is a dynamical system with fading
memory that echoes the state property. The state of the system
is a function of its history, and the input signal influences the evo-
lution of a dynamic system in real-time. Memristive elements can
be easily transformed into reservoir computing systems, especially
into single node echo state machines, which are systems where
delayed feedback loops provide the internal dynamics of the sys-
tem and fading memory features. Details on the theory, construc-
tion, and properties of reservoir systems can be found elsewhere
in numerous specialized papers and are out of the scope of this
review [405-409]. In the presented examples, the role of the reser-
voir node is played by a single memristor.
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Fig. 22. Two of the most common mechanisms of resistive switching: the modulation of the Schottky barrier value (a,b) and the conductive filament formation (e,d), with the
corresponding idealized hysteresis curves (c, f); the dashed lines correspond to zero current and voltage values.
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Thorough review articles about memristors and memristive (or
even photomemristive) devices have already been presented
[376,402,410-413]. Here, we explore the lead halides, tin iodide
complexes, and lead and tin halide perovskites as the materials
used in the memristive devices, described in this chapter because
some of our team have taken a steps towards the application of
the memristive device in a specific task, which involves a different
type of recurrent signals in the synaptic experiments.

Lead halides and a molecular complex of tin tetraiodide
were recently described in terms of their synaptic properties,
as central layers of ITO/PbX;/metal and FTO/[Snl4{(CsHs)3S0},]/
Cu devices [397,398]. These memristors have layered structures
and were prepared by spin-coating solutions of the compounds
on the fluorine-doped tin oxide (FTO) or indium tin oxide (ITO)
surfaces. In the case of lead halides, the second electrodes
were composed of various metals (e.g. Cu, Ag, Au, Al), while
the device based on the organic-inorganic complex has a piece
of copper as the second contact. The layer structure of the
device is presented in Fig. 22c. Fig. 22d shows that the surface
of FTO/[Snl4{(CsH5)3SO},] is polycrystalline. The devices have,
to some extent, similar current-voltage (IV) hysteresis loops
with the anticlockwise directions of propagation and gradual
changes from high resistive to a low resistive state. The latter
is an important property of the device in terms of analog com-
puting [403].

The long-term memory of both ITO/Pbl,/Cu [397] and FTO/
[Snl4{(CsH5)3S0},]/Cu [398] devices were used to perform classi-
fication tasks. For this purpose, an individual memristor was
incorporated into the system, according to Fig. 23a. The signal

(@ &

I/ ma

ITO/glass

500 nm

is then introduced to the system as the voltage difference
between the electrodes of the memristor. The sourcemeter,
amplifier, and the delay line create a feedback loop in which sig-
nals can circulate. Such a system is called a Single Node Echo
State Machine and is a type of recurrent neural network or reser-
voir system.Fig. 24.

To understand how the signal processing in such a system
works, one should focus on the IV characteristics of the memris-
tors. First of all, the presented devices have unsymmetrical, recti-
fying characteristics (Fig. 23a, b). As a result, the initially
introduced symmetrical signal is reduced to its upper (positive)
half after several cycles. The more cycles there are, the higher
the deformation of the input signal. A second important feature
of the IV pattern is the threshold potential above which the cur-
rent starts to grow significantly. In the ITO/Pbl,/Cu memristor, it
is about 0.5 V-0.7 V. In the classification experiment, a set of
sinusoidal signals of amplitude in the 1.0 Vpp to 2.2 Vpp range
were introduced to the system one by one. The signals with the
amplitudes lower than 1.85 Vpp vanished after several cycles,
while signals of higher (or equal to 1.85 Vpp) amplitudes per-
sisted in the system infinitely. This is a simple example of signal
classification according to its amplitude. What is important to
notice is the threshold value of 1.8 Vpp, which corresponds well
with the threshold value from the IV characteristic (1.8
Vpp/2 = 0.9 V). In the classification process, the threshold value
can be modulated in a reasonable range with the amplifier incor-
porated in the feedback loop.

As an additional result of the classification experiment, the
device changed its state from a high resistance state (HRS) to a

(b) 404
304

204

I/ mA

Fig. 23. The current-voltage characteristics of (a) ITO/Pbl,/Cu recorded with a 100 mV/s scan rate, and (b) FTO/[Snl4{(CeHs)3S0},]/Cu recorded with 100 mV/s scan rate. (¢) A
cross-section of the Pbl,/ITO/glass structure. (d) An AFM image of the spin-coated layer of [Snl4{(C¢Hs)3S0},]. Adapted from Refs. [397] and [398] with the permission from

the American Chemical Society.
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Fig. 25. A summary of the classification experiment: The maximum and minimum amplitudes of the current signals recorded in seven cycles for signals of amplitudes in the
1.0 to 2.2 Vpp potential range. The initial state of the memristor is the HRS (a) and LRS (b). Adapted from Ref. [397] with the permission of the American Chemical Society.

low resistance state (LRS) (Fig. 25a, b). It is a consequence of the
above-mentioned rectifying properties of the presented memris-
tor. The initial signal was symmetrical and sinusoidal, but every
time it went through the nonlinear memristor node, it became
more and more asymmetrical and only the upper, positive part of
the initial input survived in the system. As a result, the positive
part of the signal changes the state of the device, and we can say
that the system learns the information.

A similar approach was taken in a recent publication that
reported the properties of an FTO/[Snl4{(CsHs)3SO},]/Cu compos-
ite; however, the signals have a pulse shape and duration of
10 ms or 100 ms (Fig. 26). Shorter pulses were insufficient to

perform clear classification of the signals but allowed the observa-
tion of the stochastic behavior of the system, which is a type of
behavior typical for biological systems (Fig. 27). Sometimes the sig-
nal to sustain itself in the loop lasted 20 s, whereas sometimes, the
signal vanished after less than 5 s.

In another approach, the fading memory of perovskite synapses
(MAPDBTr3, FAPbBr3, CsPbBr3) synapses was used to perform simple
learning of certain patterns [414]. John et al. divided their investi-
gations into short and long-term memory experiments, but the
retention of the conductance state was less than 20 min. In some
applications, especially in the field of reservoir computing, this
property is not a disadvantage but a very desired feature: fading
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memory is a key feature of reservoir computing systems [407]. A
large group of memristive devices is memristors based on
organic-inorganic halide perovskites [411].

The device under the test was prepared by spin-coating a
100 nm layer of the halide perovskite on the PEDOT:PSS covered
ITO-coated glass [414]. The second contact was obtained by evap-
oration of 4,7-diphenyl-1,10-phenanthroline (Bphen), calcium, and
aluminum. The plasticity of presented synapses is attributed to the
ionic movements in those materials. The 4x4 array of perovskite
synapses was trained to remember the letter N with 5 V (10 s)
pulses (Fig. 28). Due to the diffusive character of the perovskite,
5 min after the initial training, 80% of the conductance state was
retained, which decreased to 50% after 10 min, and further down

to 30% after 15 min. When the array was left for 20 min, the pat-
tern was completely forgotten. Voltage impulses shorter than the
training one were sufficient to restore the initial weights of the pix-
els after the loss of 50% of the conductance, by applying an impulse
of 5V for a duration of only 2 s.

The presented device has some tolerance for noise. An input
that contains pulses (5 V, 10 s) coding the letter ‘N’, but also spu-
rious and random 10 s impulses of 1.5 V, was also delivered to
the device in order to test the robustness against a non-ideal input
(Fig. 29). The pixels that received the 5 V signals responded with
increased conductance, while the random signals with a smaller
amplitude of 1.5 V did not change the state of the device; therefore,
the noise was ignored. John et al. utilized the knowledge about the
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Fig. 28. A halide perovskite memory array of memristive synapses. The device has the following architecture: ITO/PEDOT:PSS/MAPbBr3/Bphen/Ca/Al. Adapted from Ref. [414]

with the permission of Wiley.
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Fig. 29. Fault tolerance of the halide perovskite memory array based on an ITO/PEDOT:PSS/MAPbBr3/Bphen/Ca/Al device. The random impulses of 1.5 V (brown arrows) do
not influence the conductivity of the pixels. Adapted from Ref. [414] with the permission of Wiley.

current-voltage characteristic of the presented synapses. The volt-
age threshold above which the device starts to increase its conduc-
tivity is between 2.0 and 2.5 V, so the positive signals below these
values should not modify the synaptic weights [414].

Besides the proof of concept experiments regarding simple pat-
tern learning, John et al. highlighted the role of repetition in the
transition from short-term memory to long-term memory.

Fig. 30a shows how increasing excitatory postsynaptic currents
during the application of pulse trains with frequencies higher than
16 Hz. In the above-described experiments, the repetition of the
impulses shorter than the training sustains the memory of the
array. Fig. 30b highlights the influence of the number of pulses
on the final conductance state: the more pulses, the higher the final
conductivity of the device [414].
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facilitation of the information from short-term memory to long-term memory. Adapted from Ref. [414] with the permission of Wiley.

8. Concluding remarks

The exceptional properties of metal halide semiconductors,
especially those containing heavy halogen atoms, have found
applications in various, sometimes unrelated fields. All these appli-
cations, however, creatively use the electric and optical peculiari-
ties of these materials, including high absorptivity, exceptionally
high charge carrier mobility, ferroelectric behavior, and hysteretic
properties. The applications mentioned in this review span from
photovoltaics and photocatalysis, artificial photosynthesis (which
may be regarded as a combination of the two previous fields), to
unconventional computing, especially neuromimetic computing,
reservoir computing, and other highly advanced information pro-
cessing paradigms. Thus, we propose that the serendipitously dis-
covered, iodine-based semiconductors will remain in the limelight
of various modern technologies in the near future.
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The story of information processing is a story of great success. Todays’ microprocessors are devices of unprecedented complexity and MOSFET
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1. Introduction

The story of information processing is a story of great success.
Todays’ microprocessors are integrated circuits of unprece-
dented complexity and MOSFET transistors are considered as
the most widely produced component in the history of mankind,
with a total number of fabricated devices easily exceeding
several sextillions (10")" The contemporary microprocessor
contains approximately 3.95 x 10° transistors.” In a human,
there are an estimated 10-20 billion neurons in the cerebral
cortex and 5570 billion neurons in the cerebellum.” A human
brain is, therefore, the most complex information processing
structure, as each of the ca. 8 x 10'® neurons may form up to
10* synaptic connections with other neurons. Brain’s ability to
learn and adapt is a consequence if its dynamically changing
topology of synaptic connections, plasticity of individual
connections, high redundancy and multilevel dynamics at
various geometrical and temporal scales.

These facts stimulate intense research on neuromimetic
devices. Their performance, at the present stage of develop-
ment, cannot be compared with natural systems, but provides
stimulation for other fields of investigation, including chem-
istry, physics, electronics, and computer sciences.

This feature article is devoted to various in materio
implementations of neuromimetic processes, including neuronal
dynamics, synaptic plasticity, and higher-level signal and
information processing. From the plethora of various in-materio
implementation of information processing, involving inorganic
and organic materials, polymers, various molecular species, as
well as biopolymers and even living organisms®? we have
chosen a handful of wet photochromic systems and semicon-
ducting materials. This selection is by no means exhaustive, but
sufficient to illustrate the main research directions as well as
current trends in in-materio neuromimetic computing.

2. Mimicking neural dynamics

Human intelligence emerges from the complex structural and
dynamical properties of our nervous system. The primary
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cellular elements of our nervous systems are neurons. The
ultimate computational power of our nervous system relies on
the dynamical properties of neurons and their networks.
Every neuron is a nonlinear dynamic system,”® and
according to some theoretical analysis can be regarded as a
biological memristive element.””” Some neurons operate in
the oscillatory regime. They are called pacemaker neurons
and fire action potentials periodically. Pacemaker neurons
generate rhythmic activities in neural networks involved in
the neocortex, basal ganglia, thalamus, locus coeruleus,
hypothalamus, ventral tegmentum area, hippocampus, and
amygdala.'” These structures are associated with sleep,
wakefulness, arousal, motivation, addiction, memory con-
solidation, cognition, and fear.

Excitable neurons are another type of neurons present in
the nervous system. Excitability can be twofold—*“tonic” or
“phasic”. When neurons react to a constant excitatory signal
by firing a sequence of spikes, they are classified as “tonic”.
On the other hand, excitability is “phasic”, when neurons
react in an analog manner and shoot only once, when
receiving a sharp excitatory signal. Excitatory “tonic” neu-
rons are present e.g. in the cortex whereas “phasic” excitable
neurons act e.g. in the auditory brainstem (involved in precise
timing computations) and in the spinal cord.'"'?

Finally, there are chaotic neurons. Chaotic neurons are
quite common in the nervous system because the intrinsic
dynamic instability facilitates the extraordinary ability of
neural networks to adapt.®'?

It is possible to mimic the dynamics of neurons by
selecting specific chemical systems and maintaining them
out-of-equilibrium.m) One of the most widespread examples
is the Belousov—Zhabotinsky (BZ) reaction. Other popular
models are memristive elements and circuits,” ) as well as
some (photo)electrochemical systems, especially those with
self-excitable oscillations.'

The dynamics of neural networks can be mimicked in
reservoir computing systems: unconventional computational
systems exhibiting a dynamic behavior, internal dynamics,

© 2020 The Japan Society of Applied Physics
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fading memory and echo state property. They are usually
based on a nonlinear node (e.g. memristor) which at the same
time provides memory features, an input layer which
provides information/signal to be processed, a delayed feed-
back loop, which provides internal dynamics of the system
and a readout layer, the part of the reservoir system which
reflects the internal state of the reservoir, thus providing the
echo state property. The readout layer is the only part of the
system that may undergo training. Details on theory, con-
struction, and properties of reservoir systems can be found
elsewhere in numerous specialized papers and are out of the
scope of this review.'®"

2.1. The case of the BZ reaction

The BZ reaction is a catalyzed oxidative bromination of
malonic acid in aqueous acidic solution (1):

2BI‘O37(aq) + 3CH2(COOH)2(aq) + 2 H+(aq)
— 2B1‘CH(COOH)2(aq) + 3C02(g) + 4H20(1). (1)

Various metal ions or metal-complexes, such as either
cerium ions or ferroin [i.e. tris-(1,10-phenanthroline)-iron(II)]
or tris(2,2’-bipyridyl)dichloro-ruthenium(II) (Ru(bpy)32+)
can serve as catalyst. The mechanism of the BZ is quite
complicated because it consists of many elementary steps.
Briefly, when the concentration of the intermediate bromide
(Br7) is higher than its critical value, the reaction proceeds by
a set of elementary steps wherein the catalyst maintains the
reduced state, and the solution is red-colored in the presence
of ferroin. During these elementary steps, bromide is
consumed. As soon as the concentration of Br is lower
than its critical value (that corresponds to 5 X 10°° [BrO5;7)),
the reaction proceeds through another set of elementary steps,
where mono-electronic transformations are involved, and the
catalyst goes from the reduced to the oxidized state. In the
presence of the indicator ferroin, the solution becomes blue.
When the concentration of the oxidized state of the catalyst
becomes high, another set of reactions becomes important
where bromide is produced. As soon as the bromide
concentration becomes again higher than its critical value,
the solution switches from blue to red, and the cycle repeats.
A BZ reaction in its reduced state is like a resting neuron in
its hyperpolarized state. When the BZ reaction feels a small
perturbation, it maintains its reduced state. On the other hand,
when the perturbation is sufficiently strong, slightly above a
critical threshold value, it responds by moving temporarily to
its oxidized state and then recovering its original reduced
state. By a careful choice of the boundary conditions (i.e.
concentrations of the reagents, temperature, and flow rate, in
case the reaction is performed in an open system), it is
possible to have the BZ reaction in either the oscillatory or
the tonic excitable or the chaotic regime.*” The BZ reaction
in the oscillatory regime is a good model of real pacemaker
cells. Pacemaker cells have their internal rhythm, but external
stimuli can alter their timing. In pacemaker cells, information
about a stimulus is encoded by changes in the timing of
individual action potentials, and it is used to rule propriocep-
tion and motor coordination for running, swimming and
flying.”® In a similar way to neurons, the BZ reaction in the
oscillatory regime can be perturbed in its timing by both
inhibitors and activators. Bromide is an example of an
inhibitor, whereas Ag" is an example of an activator, or
more precisely of an anti-inhibitor because its addition

050504-2

removes bromide, forming an AgBr precipitate. The effect
of injection of either Br~ or Ag" is immediate, and the BZ
reaction restores the initial period quickly, after one or a few
more cycles, if it is carried out in an open system such as a
continuous-flow stirred tank reactor (CSTR). The CSTR
guarantees a replenishment of fresh reagents and the elimina-
tion of the products. The response of the system is phase-
dependent, where for the phase of addition we mean the ratio
T

o= @

In (2), 7 is the “time delay”, i.e. the time since the most recent
spike occurred, and T is the period of the previous oscilla-
tions. The addition of Br~ leads always to a delay in the
appearance of a spike. In other words, AT = Tpery — Ty (Tpen
is the period of the perturbed oscillation) is always positive.
The higher the phase of the addition of Br, the larger the
AT.** The addition of silver ion decreases the period unless it
is injected in small quantities and at a low phase, inducing a
slight lengthening of the period of oscillations.

Since the information within our brain is encoded as a
pattern of activity of neural networks, it is compelling to study
the coupling between artificial neurons and the corresponding
dynamics. The coupling among real neurons takes place
through discrete chemical pulses of neurotransmitters released
by the synapses of a neuron and collected by the dendrites of
other neurons. Therefore, it is useful to focus on pulse-coupled
oscillators. The study of two pulse-coupled BZ oscillators,
implemented in two physically separated CSTRs, may be
viewed as the chemical analog of the two pulse-coupled
pacemaker cells. The dynamics of two pseudo-neurons has
been investigated under both symmetrical inhibitory and/or
excitatory coupling.>*® The latency caused by the propaga-
tion of action potentials has been emulated employing a delay
between the appearance of a spike and the release of a pseudo-
neurotransmitter. Both symmetrical and asymmetrical cou-
pling can give rise to many temporal patterns. For example,
mutual and symmetrical inhibitory coupling generates either
anti-phase, in-phase or irregular oscillations depending on the
time delay and concentration of the inhibitor; when 7 is zero
and [Br ] is large, suppression of oscillations in one artificial
neuron model—that is maintained in its reduced state—has
been observed. Even the mutual and symmetrical excitatory
coupling generates different dynamical regimes: the so-called
master and slave condition, bursting behavior, fast anti-phase
oscillations, and suppression of oscillations with the sup-
pressed oscillator maintained in its oxidized state. Further
patterns have been achieved with mixed excitatory-inhibitory
coupling and with the symmetrical coupling of two unequal
BZ oscillators.”” All these dynamical patterns emulate the
reasoning code of pairs of real neurons. However, the main
drawback of these artificial systems is their hybrid nature. The
chemical coupling is ruled by a silicon-based computer (see
Fig. 1). To contrive chemical oscillators that can couple
autonomously, it is useful to focus on optical signals and
photo-sensitive oscillators.

2.2. Optical communication among artificial neuron
models

The oscillatory BZ reaction with cerium ions as catalysts
gives rise to appreciable transmittance oscillations in the UV
part of the electromagnetic spectrum [see Fig. 2(a)]. If a UV

© 2020 The Japan Society of Applied Physics
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Inhibifor Activator

Fig. 1. (Color online) Scheme of a computer-controlled coupling between
two BZ reactions performed in two distinct CSTRs.

radiation with constant intensity crosses the BZ reaction, its
transmitted intensity is modulated. In other words, the BZ
reaction transmits a UV output, whose intensity oscillates,
and the frequency of oscillations coincides with the intrinsic
frequency of the BZ. When ferroin is introduced as either the
catalyst or the redox indicator, large transmittance oscilla-
tions are recordable in all the visible region of the spectrum
[see Fig. 2(b)]. Therefore, the BZ reaction becomes suitable
to transmit a visible oscillatory signal. Transmittance oscilla-
tions in the visible spectrum and oscillatory red luminescence
are recordable in case Ru(bpy)s”" is chosen as the catalyst
[see Fig. 2(c)].

The periodic UV or visible radiation, transmitted or
emitted by the BZ reaction, can be sent to luminescent and
photochromic compounds.”® Luminescent and thermally
reversible photochromic compounds are good models of
phasic excitable neurons. They respond to a steady excitatory
signal with analog output of emitted light or color saturation.
Moreover, they “relax”, i.e. they recover the initial state upon
cessation of the excitatory signal. When the BZ reaction
transmits a periodic excitatory optical signal to the photo-
excitable receiver, constituted by either a luminescent or a
photochromic compound, a master-and-slave relationship is
always established. The light emitted by the luminescent
compound or the saturation of the color generated by the
photochromic compound oscillate with the same frequency of
the BZ. The oscillations of the optical signals of the
transmitter and the receiver are in-phase or out-of-phase
depending on the response rate of the “slave”: if it is fast, the
synchronization is in phase, whereas if it is slow, the sync is

Photochromic materials find further applications in neuro-
mimetic systems based on optical signals. Photo-reversible
photochromic compounds allow to implement memory
effects: if they are direct photo-reversible photochromes,
UV and visible signals promote and inhibit their colorations,
respectively. Furthermore, when a photochromic compound
receives excitatory optical signals at the bottom of a liquid
column, wherein there are either laminar or turbulent con-
vective motions of the solvent generated by a vertical thermal
gradient, it gives rise to a hydrodynamic photochemical
oscillator that originates chaotic spectrofluorimetric
signals.”*" A hydrodynamic photochemical oscillator can
mimic a chaotic neuron. If it sends its chaotic excitatory
signal to a luminescent compound, the latter synchronizes in-
phase and emits an aperiodic fluorescence signal having the
same chaotic features of the transmitter.*”

Finally, the intrinsic spectral evolution of every photo-
chromic compound that transforms from one form to the
other under irradiation, generates either positive or negative
feedback actions. The optical feedback actions produced by
every photochromic compound act on both itself and other
photo-sensitive neuro-mimetic systems that are optically
connected to the photochrome. Therefore, recurrent networks
can be implemented by using photochromic compounds.”®
The feedback actions of every photochrome are wavelength-
dependent because its photo-excitability, which depends on
the product ¢®, where ¢ is its absorption coefficient and & is
its photochemical quantum yield, is also wavelength-depen-
dent. Therefore, photochromic compounds allow imple-
menting neuromodulation,®® which is the alteration of
neuronal and synaptic properties in the context of neuronal
circuits, allowing anatomically defined circuits to produce
multiple outputs reconfiguring networks into different func-
tional circuits.”

When photochromic and luminescent compounds are
combined with luminescent oscillatory reactions, such as
the chemiluminescent Orban transformation, they allow
implementing even feed-forward networks wherein optical
signals travel unidirectionally.”® The recurrent and feed-
forward networks implemented so far with oscillatory and
photo-excitable chemical systems consist of two or, at most,
three nodes that communicate through an optical code. The
UV and visible signals can play both excitatory and
inhibitory effects. Within the networks, phenomena of in-
phase, out-of-phase, anti-phase, and phase-locking synchro-
nizations have been observed as it occurs in networks of real

out-of-phase. neurons that communicate through the chemical code of
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Fig. 2. (Color online) Transmittance oscillations for the BZ with cerium ions (a), with ferroin (b), and with Ru(bpy)32+ (c). The dashed spectra in (c)

represent the oscillations in the red luminescence of [Ru(bpy)s]>*.
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neurotransmitters. Three communication architectures have
been devised, labeled as «, (3, and ~, respectively. In the «
architecture, the transmitter and the receiver are in the same
cuvette and the same phase, possibly with one component
chemically protected by micelles. In the (§ architecture, the
transmitter and the receiver are in the same cuvette but two
immiscible phases. In the ~ architecture, the transmitter and
the receiver are in two distinct cuvettes. The networks have
been attained by hybridizing or upgrading the «, (5, and ~y
architectures.” All these optical communications do not
require an external source of information, such as computer
software, to be guided, but they are spontaneous and
maintained out-of-equilibrium by chemical and electromag-
netic energies.

2.3. An artificial neuron in photoelectrochemical
system

Various photoelectrochemical processes have been considered as
a computational platform for quite a long-time.>> The basis of
these processes was a photoelectrochemical photocurrent
switching effect (PEPS)***” observed in numerous surface-
modified semiconductors® as well as in highly defected bulk
semiconductors like cadmium sulfide,>® bismuth sulfoiodide*®
and bismuth oxyiodide.*"” The effect was utilized for the
implementation of various binary logic gates, reconfigurable
logic gates,*** combinatorial logic circuits* " and arithmetic
systems.”® Later the PEPS-based devices were used to imple-
ment ternary logic functions,” ternary combinatorial circuits™”
and fuzzy logic systems (FLSs).**”” The analysis of the PEPS
effect and its applications were based solely on the thermo-
dynamics of modified semiconducting materials, whereas the
kinetic aspects of photocurrent generation were neglected. The
involvement of kinetic factors leads to new switching phe-
nomena with potentials applications in information processing.”"

Detailed photoelectrochemical studies of cadmium sulfide—
multiwalled carbon nanotubes composite have shown a pecu-
liar dynamic behavior of this material subjected to short pulses
of light.”® The photoelectrodes prepared from this composite
material, when subjected to a series of light pulses, generate
photocurrent pulses, the intensity of which depends on the
history of the photoelectrode. In more detail, it depends on past
illumination history: the second pulse yields a photocurrent of
higher intensity when the interval between pulses is short
enough. The response of the electrode towards trains of pulses
of various frequencies are shown in Fig. 3. Quite surprisingly,
the dependence of the photocurrent spike intensity on time
interval between pulses is described by a bi-exponential
equation, like in the case of living plastic neurons.’”

Hebbian learning®® is based on the plastic properties of
synapses. Synaptic plasticity is the process that strengthens or
weakens the connection between neurons as a consequence of
the time sequence of firing events. It was figuratively described

as “neurons wire together if they fire together”.”> This process

is usually described by bi-exponential Eq. (3):>*"

AL exp(—At/1,) + |A_|exp(—At/T,)
Ay exp(At/7,) + |A_|exp(At/Tq)

for At >0
for At <0’

3)

W(Atr) = {

where At is the time interval between post- and presynaptic
signals, 7. are the time constants and A, are the parameters
determined by the synaptic weights. The upper part of the
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formula (the Az > 0 case) describes the potentiation mode
(i.e. an increase of synaptic weight as a consequence of the
decreased time interval between events), whereas the lower
one (the At < 0 case) the depression mode. In the described
case only the potentiation mode has been observed, therefore

the response function can be simplified to (4):>%

F(AD) = arexp(—At/Th) + apexp(—At/T) + 5, @)

where «, and T, are relevant fitting parameters while 3 is
only a scale factor, which is irrelevant for the data inter-
pretation. The result of the fitting procedure is presented in
Fig. 3(c). A good match was found (y* around 1.1 x 10~7)
with the following set of fitting parameters: o=
3.014+0.034, o, =4.80+£0.21, T)=1164+3.7Tms, T, =
6.88 +0.31 ms, and §=1.722 +0.024. It is noteworthy that
the time constants are of comparable value to the ones
obtained for biological structures.”®>®

The mechanism of the plastic processes observed in the
CdS-MWCNT composite is relatively simple. Photoexcitation
of the material within the fundamental absorption of cadmium
results in the promotion of electrons from the valence to the
conduction band (process 1 in Fig. 4). Some electrons may
undergo thermal relaxation to the valence band (1’). The
observed photocurrent is a consequence of interfacial electron
transfer to the conducting substrate (2) accompanied by the
redox reaction with the redox mediator (iodide anions in the
studied case) present in the electrolyte (2'). In the presence of
carbon nanotubes, acting as additional electron traps the
process (3) competes with photocurrent generation (2). The
recombination process (3') must be significantly slow, there-
fore the lifetime of trapped electrons is in order of tenths of a
second. Partial filling of the nanotube-related trap states results
in increased photocurrent intensities.

The SPICE model [Fig. 5(a)] proves the correctness of the
proposed mechanism. Photoelectrode based on the CdS-
MWCNT material was modeled by three RC loops, which
simulate the behavior of a nanoparticulate electrode as
suggested in previous reports.’”*” The nanotube trapping
site was modeled by an additional RtCt loop. The capaci-
tance of this part was set to be 50 times larger (500 nF) than
the ones used in the other RC loops. This choice is justified
by a very high electric capacitance of carbon nanotubes.®"
The equivalent circuit contains also other elements: R,
describes the ohmic resistance of the electrolyte, whereas
Ry, is the electron transfer resistance of the CAS-MWCNT
junction. Two diodes in the circuit represent Schottky
junctions between conducting support and the material (D,)
and between carbon nanotubes and semiconductor nanopar-
ticles (Dt). These diodes provide unidirectional electron
transfer from the conduction band to the conducting substrate
(D,) and from the conduction band to the nanotube traps
(D).

The application of change pulses results in trains of output
potential of characteristics very close to the experimental ones
[cf. Fig. 5(b)]. Removal of the charge trapping subcircuit (red
in Fig. 5) results in a disappearance of the learning effect
[Fig. 5(c)]. Very recently it was found that similar effects can
be observed in other highly defected nanocrystalline CdS
modifications. Very similar photoelectrochemical neuromi-
metic devices were based on a 1:1 mixture of hexagonal and
tetragonal polymorphs of cadmium sulfide [Fig. 4(b)]. In this
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(Color online) The response of the artificial synapse upon illumination (450 nm) with 2 s (a) and with 50 ms (b) time intervals between light pulses.

The plasticity of the studied synaptic system with the fit line described by Eq. (2) (b) is compared to the plasticity of hippocampal glutamatergic neurons in
culture (d) (data are taken from Ref. 53). Reproduced from Ref. 52 with permission from Wiley.
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Fig. 4. (Color online) The mechanism responsible for the synaptic
behavior of the CdAS/MWCNT-based device (a) and hexagonal/tetragonal
CdS mixtures (b) along with SEM images of studied materials. Adapted from
Refs. 52, 59.

particular case, the bi-exponential learning curve was also
observed (> =6.23 x 107°), but the fitting parameters were
significantly different (ov; =0.218 £0.013, o, =0.339 £0.014,
T,=167+23ms, T, =20+4ms, and 3= 1.00+0.01).>”

3. Processing fuzzy logic with molecules

Human intelligence has the remarkable power of handling
both accurate and vague information. Vague information is
coded through the words of our natural languages. We have
the remarkable capability to reason, speak, discuss, and make
rational decisions without any quantitative measurement and
any numerical computation, in an environment of uncer-
tainty, partiality, and relativity of truth. A major challenge is
the design of neuromimetic devices that have the capabilities
of human intelligence to compute with words.®” The imita-
tion of the human ability to compute with words is still
challenging. One of the approaches that can offer a satisfying
approximation is fuzzy logic-based models.
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Fig. 5. (Color online) The equivalent electronic circuit employed to
describe the ITO/MWCNTSs/CdS photoelectrodes (a) and the simulated time-
dependent response of the equivalent circuit to the pulsed stimulation
characterized by various repetition intervals. Two cases were taken into
consideration: in the first one the branch responsible for charge trapping/de-
trapping events (related to the presence of MWCNTSs) was introduced (b) and
in the second one it was removed (c). Reproduced from Ref. 52 with
permission from Wiley.

3.1. Some key concepts of fuzzy logic

Fuzzy logic has been defined as a rigorous logic of vague and
approximate reasoning.®> Fuzzy logic is based on the theory
of fuzzy sets proposed by the engineer Lotfi Zadeh in
1965.°Y A fuzzy set is different from a classical Boolean
set because it breaks the law of Excluded Middle. An item
may belong to a fuzzy set and its complement at the same
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time, with the same or different degrees of membership. The
degree of membership () of an element to a fuzzy set can be
any number included between 0 and 1. It derives that fuzzy
logic is an infinite-valued logic. Fuzzy logic can be used to
describe any nonlinear cause and effect relation by building a
FLS. The construction of an FLS requires three fundamental
steps. First, the granulation of all the variables in fuzzy sets.
The number, position, and shape of the fuzzy sets are
context-dependent. Second, the graduation of all the vari-
ables: each fuzzy set is labeled by a linguistic variable, often
an adjective. Third, the relations between input and output
variables are described through syllogistic statements of the
type “If..., Then....”, which are named as fuzzy rules.

The “If...” part is called the antecedent and involves the
labels chosen for the input fuzzy sets. The “Then...” part is
called the consequent and involves the labels chosen for the
output fuzzy sets. When we have multiple inputs, these are
connected through the AND, OR, NOT operators.(’s) In
formulating the fuzzy rules, we must consider all the possible
scenarios, i.e. all the possible combinations of input fuzzy
sets. At the end of the three-steps procedure, an FLS is built;
it is a predictive tool or a decision support system for the
particular phenomenon it describes.

Every FLS is constituted by three components: A fuzzifier, a
fuzzy inference engine, and a defuzzifier. A fuzzifier is based
on the partition of all the input variables in fuzzy sets. It
transforms the crisp values of the input variables in degrees of
membership to the input fuzzy sets. The fuzzy inference
engine is based on fuzzy rules. It turns on all the rules that
involve the fuzzy sets activated by the crisp input values.
Finally, the Defuzzifier is based on the fuzzy sets of the output
variables, and it transforms the collection of the output fuzzy
sets, activated by the rules, in crisp output values. Fuzzy logic
is a good model of the human ability to compute with words
because there are some structural and functional analogies
between any FLS and the human nervous system (HNS).®®
3.2. The fuzziness of the HNS
The HNS comprises three elements: (I) the sensory system;
(IT) the central nervous system; (III) the effectors’ system.
The sensory system catches physical and chemical signals
and transduces them in electro-chemical information that is
sent to the brain. In the brain, information is integrated,
stored, and processed. The outputs of the cerebral computa-
tions are electro-chemical commands sent to the components
of the effectors’ system, i.e. glands and muscles.®” The
sensory system includes visual, auditory, somatosensory,
olfactory, and gustatory subsystems. Each type of sensory
subsystem encodes four features of a stimulus: modality,
intensity, time evolution, and spatial distribution.

The power of distinguishing these features derives from
the hierarchical structure of every sensory system. In fact, for
each sensory system, we have, at the smallest level, a
collection of distinct molecular switches. At an upper level,
we have a set of distinct sensory cells: each cell contains
many replicas of a specific molecular switch. Finally, at the
highest level, we have many replicas of the different receptor
cells that are organized in a tissue whose structure depends
on the architecture of the sensory organ. For instance, in the
case of the visual system, we have four types of photo-
receptor proteins (each one absorbing a specific portion of the
visible spectrum); four types of cells (one rod and three types
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of cones), each one having many replicas of one of the four
types of photoreceptor proteins. Finally, we have many
replicas of the different cells disposed on a photo-sensitive
tissue, the retina, with the rods spread on the periphery, and
the cones concentrated in the fovea.

Consequently, the information of a stimulus is encoded
hierarchically. The collection of four types of photoreceptor
proteins plays like an ensemble of four distinct molecular
fuzzy sets. The information regarding the modality of the
stimulus is encoded as degrees of membership of the stimulus
to the four molecular fuzzy sets; that is, it is encoded as fuzzy
information at the molecular level (fiy, ). The four types of
cells play like cellular fuzzy sets. The information regarding
the intensity is encoded as degrees of membership of the
stimulus to the cellular fuzzy sets, that is, as fuzzy informa-
tion at the cellular level (fi¢; ). Finally, the array of the many
replicas of the receptive cells plays like an array of cellular
fuzzy sets, and the information regarding the spatial distribu-
tion of the stimulus is encoded as degrees of membership to
the array of cells, that is, as fuzzy information at the organ
level (fig; ). The total information of the stimulus will be the
composition of the fuzzy information encoded at the three
levels. For instance, in the case of the photoreceptor system,
the total information will be a matrix of data reproducing the
array of cells on the retina. Each element of the matrix will be
the product of two terms: the fuzzy information encoded at
the molecular level times that encoded at the cellular level.

The sensory cells produce graded potentials that are analog
signals. The information of such signals is usually converted
into the firing rate of the action potential trains. Often, the
action potentials are produced by an architecture of afferent
neurons that integrate the information regarding the spatial
distribution of the stimuli. Every afferent neuron has a
receptive field that works as a fuzzy set encompassing
specific receptor cells.®® The action potentials generated by
the afferent neurons are the ideal code for sending the
information up to the brain. In the cerebral cortex, various
areas are having different intrinsic rhythms.®” They form a
neural dynamic space partitioned in overlapped cortical fuzzy
compartments. Such cortical fuzzy sets are activated at
different degrees by separate attributes of the perceptions
and produce a meaningful experience of the external and
internal worlds.

3.3. The best strategies to implement FLSs

In electronics, the best implementations of FLSs have been
achieved through analog circuits, although fuzzy logic is
routinely processed in digital electronic circuits. More
recently, fuzzy logic has also been processed by using
molecules, macromolecules, and chemical transformations.
All the methods proposed for processing fuzzy logic can be
sorted out in three main strategies.®® The first strategy is an
imitation of the “fuzzy parallelism” of the sensory subsys-
tems described in the previous paragraph. The second is the
“conformational fuzziness” of molecules and macromole-
cules that exist as an ensemble of conformers, whose
distribution is context-dependent. The third is the “quantum
fuzziness” that hinges on the decoherence of overlapped
quantum states originating continuous, smooth, analog input-
output relationships between macroscopic variables when it
involves large amounts of molecules. In the next paragraphs,
examples of the three strategies are described.
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3.3.1. The “fuzzy parallelism” of the biologically
inspired photochromic FLSs. As we have seen in para-
graph 3.2, the human visual system grounds on four
photoreceptor proteins: three for daily vision in color and
one for night vision in black and white. All of them have 11-
cis retinal as the chromophore. However, the four photo-
receptors have different absorption spectra in the visible
region, because they differ in the amino-acidic composition.
The absorption spectra of the four photoreceptor proteins
behave as “molecular fuzzy sets”. The spectral composition
of a light stimulus is encoded as degrees of membership of
the light to these “molecular fuzzy sets”. Moreover, the
millions of replicas of the three photoreceptor proteins within
each photoreceptor cell allow determining the intensity of the
signals at every wavelength. The imitation of the way we
distinguish colors has allowed devising chemical systems that
extend human vision to the UV.”® Such chemical systems are
based on direct thermally reversible photochromic com-
pounds. Direct photochromic species usually absorb just in
the UV. The criteria to mix the direct photochromic
compounds and generate Biologically inspired photochromic
fuzzy logic (BIPFUL) systems that extend the human ability
to distinguish electromagnetic frequencies to the UV region
have been the following ones. First, the absorption bands of
the closed uncolored (Un) forms were assumed to be input
fuzzy sets. Second, the absorption bands of the open colored
(Col) forms were assumed to be output fuzzy sets. Third, the
algorithm expressing the degree of membership of the UV
radiation, having the intensity Io(\;,) at the wavelength A,
to the absorption band of the ith compound is given by (5):

trov.i = Peciim) lo(Nim) (1 — 107 uniCol), (5)

In Eq. (5), ®pc i(Nirr) is the photochemical quantum yield of
photo-coloration, ey, ; the absorption coefficient at A, for the
ith photochromic species, and Cy; is its analytical concentra-
tion. Finally, the equation expressing the activation of the ith
output fuzzy sets is (6):

Koy, (6)

In Eq. (6), Aco,; is the absorbance at the wavelength \,, into
the visible and due to the colored form of the ith photochromic
species; €co,i(Aan) 1 its absorption coefficient, and ka ; is its
kinetic constant of the bleaching reaction. Each absorption
spectrum recorded at the photo-stationary state will be the sum
of as many terms represented by Eq. (6) as there are
photochromic components present within the BIPFUL system.
Some BIPFUL systems consisting of from three to five
photochromic compounds have been proposed.”” They allow
the three regions of the UV spectrum, UV-A, UV-B, and UV-
C, to be discriminated because the wavelengths belonging to
the three UV regions originate from distinct colors.

An example of a quaternary BIPFUL system is shown in
Fig. 6. It is constituted by four direct thermally reversible
photochromic compounds (labeled as 1, 2, 3, and 5).”” It
becomes green, gray, and orange when it is irradiated by
frequencies belonging to the UV-A, UV-B, and UV-C
regions, respectively. It works both in the liquid phase (the
concentrations of the species involved are reported in Fig. 6)
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Fig. 6. (Color online) A quaternary BIPFL system constituted by the direct

thermally reversible photochromic compounds 1, 2, 4, and 5; this BIPFUL
system becomes green, grey, and orange when it is irradiated by frequencies
belonging to the UV-A, UV-B, and UV-C regions, respectively. Its sensory
activity works both in the liquid phase and on a white paper made of
cellulose.

and on a cellulosic white paper.

The imitation of other sensory subsystems, described as
hierarchical fuzzy systems, wherein distinct molecular and
cellular fuzzy sets work in parallel, will allow to design new
artificial sensory systems. These new artificial sensory
systems will have the power to extract the essential features
of stimuli and will contribute to the recognition of variable
patterns.

3.3.2. The fuzziness of conformers. Every molecular or
macromolecular compound that exists as an ensemble of
conformers works as a fuzzy set.”*’® The types and amounts
of different conformers depend on the physical and chemical
contexts. Every compound is like a word of the natural language,
whose meaning is context-dependent. Conformational dynamism
and heterogeneity enable context-specific functions to emerge in
response to changing environmental conditions and allow the
same compound to be used in multiple settings. It is possible to
quantify the fuzziness of every compound by determining the
fuzzy entropy (7):

1

H=— log(1,), 7
Tog (n); i log(p;) )

wherein 7 is the number of conformers and y; is the relative
weight of the ith conformer.

The fuzziness of a macromolecule is usually more pro-
nounced than that of a simpler molecule. Among proteins,
those completely or partially disordered are the fuzziest.”>
Their remarkable fuzziness makes them multifunctional and
suitable to moonlight, i.e. play distinct roles, depending on
their context.’”®
3.3.3. From quantum to fuzzy logic. The elementary
unit of quantum information is the qubit. The qubit, |¥), is a
quantum system that has two accessible states, labeled as |0)
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and |1), and it exists as a superposition of them (8):
|¥) = al0) + b|1). 8)

In Eq. (8), @ and b are complex numbers that satisfy the
normalization condition |a]> + |b|*> = 1. The two states, |0)
and |1), work as two fuzzy sets. The |¥) state belongs to both
|0) and | 1) with degrees that are |a|* and |b|?, respectively. Any
logic operation on a qubit manipulates both states, simulta-
neously. If a molecular system is a superposition of n qubits,
any operation on it manipulates 2" states, simultaneously.
Therefore, it is evident the alluring parallelism of quantum
logic. However, deleterious interactions between the quantum
system and the surrounding environment can cause the
decoherence of the quantum states.”” The decoherence induces
the collapse of any qubit in one of its two accessible states,
either |0) or |1), with probabilities |a|> and |b|?, respectively.

Whenever the decoherence is unavoidable, the single
microscopic units can be used to process discrete logics,
i.e. binary or multi-valued crisp logics depending on the
original number of qubits.”®’” Advanced microscopic tech-
niques, reaching the atomic resolution, are required to carry
out the computations with single particles. Alternatively,
large assemblies of particles, e.g. molecules, can be used to
make computations. However, vast collections of molecules
(amounting to the order of the Avogadro’s number) are bulky
materials. The inputs and outputs for making computations
become macroscopic variables that can change continuously.
The functions linking input and output variables can be either
steep or smooth. Steep sigmoid functions are suitable to
implement discrete logic. In contrast, both linear and non-
linear smooth functions are suitable to build FLSs.”

Many FLSs have been built by using the emission of light as
preferable output because it bridges the gap between the
microscopic and the macroscopic world. For instance, the
fluorescence of 6(5 H)-phenanthridinone depends smoothly on
the hydrogen bonding donation ability of the solvent (HBD)
and the temperature.’” The fluorescence of tryptophan, both as
an isolated molecule and bonded to the serum albumin,
depends smoothly on the temperature and the amount of the
quencher flindersine.*” Further examples are a ruthenium
complex, whose fluorescence depends on Fe’™ and F,%"
and europium bound to a metal-organic framework, which
depends on metal cations, such as Hg>" and Ag".%?

With a multi-responsive chromogenic compound, belonging
to the class of spirooxazine, all the fundamental fuzzy logic
gates, AND, OR, and NOT, have been implemented.83) The
protons, Cu”, and AI*" ions have been used as inputs and the
color coordinates (R, G, B) or the colorability of the
chromogenic compound as outputs. Then, other platforms
have been proposed. For example, a multi-state tantalum oxide
memristive device®® and an anthraquinone-modified titanium
dioxide electrode.”® All these case studies demonstrate that
fuzzy logic can be processed by unconventional chemical
systems showing analog physical-chemical input-output rela-
tionships in either the liquid or the solid phase. They are
alternative to the conventional way of processing fuzzy logic,
which is based on electronic circuits and signals.

4. Classification and transformation of simple signals

All material-based real devices operating at realistic condi-
tions are best described by fractional differential equations, as
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it was demonstrated in the case of a capacitor by Svante
Westerlund in 1991 in a seminal paper with a mind-twisting
title “Dead matter has memory!”.*> This concept was further
extended towards other fundamental devices.3®%" It implies,
that in-materio components exhibit some forms of memory,
which is a consequence of internal dynamics. Therefore these
systems and devices are naturally suited for signal processing
and also can be incorporated, as active nodes, into signal
classification devices. The following sections will present
some selected applications in this field, which also relate to
neuromorphic information processing.
4.1. Generation of higher harmonics in memristive
devices
The second harmonic generation (SHG) involves generating
signals (e.g. optical or electrical) the frequencies of which are
twice as high as the fundamental frequency, hence often this
effect is called frequency doubling. The generation of higher
harmonics is observed in nonlinear resistors, but in this case,
the largest spectral weight falls on the fundamental
frequency.®® One of the simplest electronic circuits capable
of implementing electrical frequency doubling is a diode
bridge. It can be shown on the basis of the Fourier analysis
that the diode bridge achieves 4.5% efficiency for SHG and
18.9% for higher harmonics in relation to input power.®”
Oskoee et al.’” initially suggested the potential for SHG for
strongly memristive systems. In an attempt at improving SHG
efficiencies, Cohen et al.*® performed a quantitative analysis
based on the memristor model for a single element as well as
for the memristor bridge. The results show a significant
improvement in performance in SHG generation, at 16.9%
for a single element and 40.3% for a memristor bridge. Based
on the above simulation results, the potential of memristive
structures in applications related to SHG has been shown.
Literature describing research on SHG present in hardware
memristive structures is sparse. Majzoub et al. performed an
analysis of the influence of higher harmonic components of
the recorded current on the pinched hysteresis loop.”"
Authors used a commercially available device (KNOWM
Inc.) to show, that higher harmonic components are crucial to
form the pinched hysteresis loop. By filtering the components
above second harmonic, authors obtained distortionless
response of the device, without losing functionality in digital
applications of AND/OR logic gates simulation. To benefit
from the higher complexity of the system and get as close as
possible to high interconnectivity of biological nervous
structure Avizienis et al.”® have studied the neuromorphic
atomic switch network (ASN). Presented ASN was fabricated
through electroless self-assembly of silver nanowires from
the AgNO5 solution which was added to SU-8 (epoxy-based
negative resist) with patterned Cu posts. The oxidation
reaction of Cu seeds with the AgNOj3 solution leads to the
formation of an extremely interconnected structure (10°
junctions per cm?) of silver nanowires with variable mor-
phology. Gas-phase sulfurization of the obtained network
enables the formation of memristive metal-insulator-metal
(Ag|Ag,S|Ag) junctions. Analysis of the network properties
showed the memristive nature of the junctions after activation
through unidirectional electrical sweeps which were asso-
ciated with the formation of conducting filaments (CFs).
Moreover, studied ASN exhibited a pronounced increase in
the magnitude of higher harmonic generation (Fig. 7) after
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Fig. 7. Fourier transform spectra for control device (a) and functionalized network (b), both subjected to 10 Hz, 2 V stimulation. Second and third harmonic
relative amplitudes in the function of bias voltage show a significant increase in SHG for the functionalized network (black) in comparison with the control
device [grey, (c)]. Reproduced from Ref. 92 with permission from the Public Library of Science.

system functionalization due to an increase in the number of
hard switching junctions.’”
4.2. Amplitude discrimination
The amplitude-discrimination of voltage is the inherent
property of memristors. Only pulses with sufficient amplitude
can affect the resistive state of the memristive device. In
general, the resistive state is dependent on the history applied
current and voltage, enabling storage and adjustable changes
of the device’s conductance. Specific voltage pulse can
transfer the memristor from one state [e.g. high resistance
state (HRS)] to another [e.g. low resistance state (LRS)].
Memristors employed in a reservoir system can act as a
simple amplitude classifier. In general, the resistive state of
the memristive device is dependent on the history of the
applied current and voltage. Furthermore, exploiting the
nonlinear /-V dependence, one can gradually switch the
resistance to the other state with the pulses of sufficient
amplitude and proper polarity. These inherent properties of
memristors can be utilized for the amplitude classification
with employing the memristor in the feedback loop. It has
been reported that lead iodide (Pbl,) incorporated in a single
node echo-state network with a delayed feedback loop can
efficiently discriminate input voltage pulses on the basis of
their amplitude.”” The PbL|Cu device shows a distinct
rectifying characteristic, which leads to the amplification of
forward bias pulses and the reduction of reverse bias pulses.
In this simplified reservoir system, the output signal—after a
delay time—is routed back to the input. As the number of
feedback cycles increases, some signals gain the intensity and
the others are attenuated, leading to an amplitude classifica-
tion. If the signal voltage exceeded the threshold value of
1.85 Vp, the signal was amplified. On the contrary, lower
voltage amplitudes were decreased over the course of
subsequent. As another example, [Snl4((C¢Hs),SO),]/Cu in
echo state machine can perform similar classification based
on both amplitude and duration of the input voltage.””
Higher the amplitude and longer the duration, the signal
propagated longer in the feedback loop before the full
attenuation.
4.3. Frequency discrimination
Most basic frequency discrimination for neuromorphic mem-
ristor-based devices is the spike-rate-dependent plasticity
(SRDP) learning strategy. If the frequency of spike train
exceeds the threshold value, the short term effects, such as
signal intensity decay can be overcome and each next spike
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has increased intensity, until reaching plateau level. This way
of frequency processing has its instant limits—a range of
frequencies between threshold and plateau values. The
resolution of frequency detection is also associated with the
length of individual pulses. The realization of these ideas is
possible with the incorporation of several memristive mate-
rials, for example, organolead trihalide perovskites (or
organic—inorganic perovskites).”” Even transistors, such as
nanoparticles/organic memory transistors which are equiva-
lent to leaky memory devices and have kind of STP-like
characteristics can be used as very simple frequency
discriminators.”®”” Presented strategy is unfortunately in-
sufficient for a wide variety of frequencies and lacks
scientific elegance—one still needs dedicated software and
von-Neumann architecture-based hardware elements to detect
measure and correctly categorize output signals.

Advancement of the above methodology would be to use
STP or LTP (short- and long-time plasticity) effects asso-
ciated with threshold frequency. Experimentally this behavior
was shown by He in 2014”® for the sandwich-like structure
of Pt/FeO,/Pt. To observe this effect one must put the spike
train similar to the biological firing curve. The spikes are
inspired by the firing behavior of biological neurons—and
consist of two pulses. The first one is a very short but high-
amplitude pulse, followed by a wide and low-amplitude pulse
in the opposite direction. It is a necessary condition to realize
bidirectional weight change. At the same time, this is the
limitation of the method as the input impulses must be
properly shaped in order to distinguish between their
frequency. Low-frequency spikes (below 10kHz) tent to
induce long-term depression by decreasing the conductivity
of the memristor. On the contrary, 20 kHz spikes accumulate
positive constituting pulses, causing an increase of the
conductance—c.f. Figs. 8(a) and 8(b).

Similarly, better frequency resolution than mere SRDP can
also be obtained by directly using the learning rules of
Bienenstock—Cooper—Munro according to whom the sy-
napse’s weight can exhibit either be strengthened (potentia-
tion) or weakened (depression) even when subjected to the
same spike trains. Memristive devices with WO, between
metal (Pt) electrodes additionally to STP/LTP regimes utilize
the so-called “sliding threshold frequency” as the frequency
classification rule.”®” Historical synaptic activity influences
device performance—periods of increased activity are fol-
lowed by higher frequency threshold for synaptic weight
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crossing the frequency threshold (a). Emulated spike-rate-dependent plasticity (SRDP) learning rule for memristor build of iron oxide (b). Such behavior is also
reported for real-life synapses. Reproduced from Ref. 98 according to the Creative Commons CC-BY-NC-ND licence.

potentiation and periods of lighter intensity—as presented in
Fig. 9(a) for biological neurons.

This behavior was repeated artificially [Fig. 9(b)]—after
200 Hz stimulation, synaptic weight increased and the con-
comitant 10 Hz stimulation caused current drop [step 2 in
Fig. 9(b)]. After that 1 Hz stimulation and 10 Hz stimulation
caused increase in output current [step 4 in Fig. 9(b)].
Figure 9(c) shows results for stimulation with different
frequency (20, 50 and 100 kHz) and then five probing pulses.
After stimulation these probing pulses, depending in turn on
their own frequency, result in either weakening or strength-
ening of the synaptic weight. The higher the pre-stimulation
before probing pulses, the higher frequency probing pulse is
needed to strengthen the synapse—this effect is similar to the
one observed in biological systems. In addition to frequency
discrimination, pretreatment of the sample influences also
amplitude threshold [Fig. 9(d)].

The learning/forgetting effect with the frequency threshold
was also reported for ZnO memristive devices.'®" Described
devices possessed a biorealistic rate-dependent synaptic
plasticity, mimicking biological systems, has been demon-
strated in the rectifying diode-like Pt/n-ZnO/SiO,_,/Pt sy-
naptic heterostructures. Among others, the SRDP rule, the
STP and LTP retention, and frequency sliding threshold
simultaneously exist in the device. The paired pulse facilita-
tion phenomenon along with the SRDP learning rule was
discovered to similarly follow the plasticity behavior of that
in the actual synapse. The frequency sliding threshold was
explored to show the dynamic stability of the synaptic weight
depending on spike train time spacing and frequency. In
whole, frequency discrimination signal processing help
emulated human-like “Learning-Forgetting-Relearning” sy-
naptic behavior. These findings will serve as cornerstones for
dynamic hardware-based neuromorphic systems.

Discrimination of periodic signals of various waveforms
according to their frequency should be also possible. It is an
obvious fact that due to the switching dynamics memristors
are frequency-sensitive elements. At sufficiently high fre-
quencies they may behave like linear memristors, whereas
their nonlinear features emerge as low-frequency range.
Therefore, it should be possible to build a reservoir system
similar to the previously described, which selectively ampli-
fies signals of frequencies lower than the threshold value and
attenuates signal of higher frequencies (or vice versa). Such
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behavior is not a unique feature in classical analog electro-
nics: any bandpass filter (active or passive) can perform
similarly. The expected advantage of reservoir memristive
devices in comparison to analog filters is a very high slope of
their frequency characteristics, especially if they are em-
bedded into a single node echo state machine”*** as shown
in Fig. 10.

In such systems, low-frequency signals should be ampli-
fied, whereas the signals of frequencies higher than the
characteristic cut-off frequency should be slowly attenuated.
The signal matching the cut-off frequency should remain
unchanged. The same type of devices can be also used for
more advanced signal processing due to gradual change in
the signals’ symmetry due to partial rectification at the
Schottky junction of the memristor.

Some of the above-described effects were implemented for
memristive devices and perform frequency discrimination
functions, amplitude-discrimination functions alongside with
other time-oriented functions in patented solutions.'®® The sum
of output currents, thus overall resistivity of the aggregated
memristors network, is dependable on the input signal fre-
quency level—making it possible to switch the device between
states if the input signal is greater than a threshold frequency.

5. Classification of complex acoustic patterns

Dynamics of resistance changes in memristors as well as their
highly nonlinear characteristics seem to be key features in their
application is signal processing and classification. Furthermore,
they can be incorporated into feedback loops yielding single
node echo state machines (or other types of reservoir compu-
ters) with a superb performance in signal classification. In the
case of reservoir computing training of the reservoir is not
required, the classification of the input signal relies on the
internal dynamics of the reservoir. The only point that requires
training is a readout layer—simple artificial neural network
(software-based), single layer perceptron or a simple signal
processing circuit. Despite obvious utility of memristive
elements in such computational tasks the reports on experi-
mental verification of memristor applicability in signal classi-
fication/processing are scarce, however, the number of theore-
tical works, including numerical simulations, is increasing. The
reason is purely technological—analog memristors (vide infra)
are an emerging class of devices and require a lot of
fundamental and technological studies.
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following strong stimulation in step 1, but the current increase in step 4 following weak stimulation in step 3. Black squares: Simulation results from the
memristor model using experimental parameters. (b) Memristor current change as a function of the stimulation frequency after the memristor has been exposed
to different levels of activities. Pulse trains consisting of five pulses (1.2 V, 1 ms) with different repetition frequencies were used to program the memristor.
Black squares, red circles, and blue triangles represent experimental data. The solid lines are simulation results from the memristor model using experimental
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pulse trains with the same repetition frequency of 50 Hz but different amplitudes. Black squares: Experimental data. Solid line: Simulation results from the
memristor model using experimental parameters. (d) Reprinted from Ref. 99 with the permission of Wiley.

F@T

SMU

Fig. 10. (Color online) A scheme of a memristor-based single node echo
machine: SMU stands for a source-measure unit, GAIN for an amplifier,
SCOPE for oscilloscope/signal recorder At for a delay line and GEN for
arbitrary function generator.

()

There are two principal categories of memristors, which
can be tentatively called analog and digital ones.'**'*
Analog memristors gradually change their internal state due
to interfacial switching processes (e.g. Schottky barrier height
modulation) or dopant migration. As a result, these devices
can store not only binary data but also analog data. Materials
that show the interface-switching behavior are still under
development. Moreover, the accuracy in controlling the
memristance value in analog memristors is still considered
to be a big concern, however, recent studies on pulse and
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signal classification define the safe limits of their
applicability.”***1°> On the contrary, most memristors
reported so far operate according to the filamentary switching
mechanism. In filamentary switching, memristors can have
either a HRS or a LRS and therefore the systems based on
these devices are considered error-tolerant. On the other
hand, the application of binary memristors significantly limits
the computational performance of memristive systems. The
computational power of memristive devices can be further
improved by utilization of their dynamic properties, e.g. in
reservoir computer systems. e

The concept of signal classification based on the dynamic
behavior of memristor was reported by Tanaka et al.'” In this
report authors demonstrate the applicability of linear-drift-
based memristors in discrimination between sine and trian-
gular waves of the same amplitude within a refined range of
frequencies. The system used two different topologies of
reservoir networks: ring and small-world topology (a network,
in which most nodes are not neighbors of one another, but the
neighbors of any given node are likely to be neighbors of each
other and most nodes can be reached from every other node by
a small number of hops or steps), as shown in Fig. 11.

Such a system computes an output potential at each node
and these values are fed into two nodes of a perceptron. The
input of a perceptron node h; (i =1, 2) is a weighted sum of
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inputs from reservoir node (9):

hi(t) = Z W,'J'Xj(t). 9
Jj

Sigmoidal activation function was used to compute the
output state of the perceptron nodes (10):

yi(t) = (10)

Training of the reservoir involves optimization of weights
to achieve the (0,1) output state for sine-wave input and the
(1,0) for the triangular one. The systems provided good
separability of the waveforms at a sufficiently high number of
reservoir nodes coupled with the perceptron: 2 in the case of
ring topology and 5 in the case of small-world topology. On
the other hand, the ring topology works efficiently only in the
case of identical elements, even a small variation in mem-
ristor characteristics significantly reduces the performance of
the system. The introduction of additional connectivities in
the circuit (small-world topology) results in a variability-
tolerant system, however, a larger number of readout con-
nections (blue arrows in Fig. 11) is required for optimal
performance.

Similar capabilities, even without the trained readout layer
should be also observed in a single node echo state machine
with a nonlinear node of appropriate characteristics.
Composite waveforms, with Fourier spectra covering a
significantly large range of frequencies, should yield a
complex dynamic behavior: some spectral components
should be amplified, whereas some others attenuated. This
may lead to a binary classification of waveform shapes. It can
be further extended by an appropriate readout layer.

5.1. Classification of musical objects

Music is the most ubiquitous human activity independently
on any social and cultural attributes or intellectual abilities.
Music belongs to human universals,'”® however, according
to some opinions, it does not convey any biologically-
relevant information.'®” According to Guerino Mazzola
music provides a platform of communication between sym-
bolic and emotional layers.llo) Music, like information, is a
notion very difficult to define in precise terms. Different
cultures developed different concepts of music, where
different elements determine the identity of particular music.
However, at the fundamental level, one may indicate some

memristive reservoir

readout layer

Fig. 11. (Color online) Schematic representation of a memristive reservoir
computing system in two different topologies: ring (only black memristors)
and small-world (black and red memristors). In the studied case the readout
layer was a one later perceptron with a sigmoidal activation function.
Adapted from Ref. 107.
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components common to all music, like the use of discrete
pitches or the presence of rhythmic patterns.''” Dislike
speech, music is not meant for explicit communication
purposes, but it triggers various emotional responses in
recipients due to aesthetical feelings. On the other hand,
music is a very well-organized structure, as not every
combination of sounds should be considered as music,
however, the modern musicological approach provides a
piece of evidence that any purposeful combination of sounds
can be considered as music.''*''® Going to the extreme,
even silence (a lack of purposeful sound) can be considered
music, with famous 4'33" by John Cage as the most
prominent example."'® In the simplest approach, however,
music can be defined as an appropriate time sequence of
quantized acoustic frequencies (Fig. 12). These frequencies
are called steps in a musical scale, and along with rhythm and
timbre are principal constituents to any musical piece. In the
music of European origin, an octave (an interval between
frequencies f and 2f) is divided into 12 steps, called
semitones, but other musical systems (the Middle East and
India) use smaller intervals (microtones). Also, there exist
many different tuning systems, and octave divisions (like
Balinese and Javanese gamelan systems). A characteristic
feature of European music is the specific concept of musical
harmony, which may be considered as a key component of
theory and practice. Musical harmony is a complex notion
reflected in: (i) the pure content of the ensemble of
frequencies heard at given time (also including a timbre of
an individual note), (ii) the musical content—the verticality
of the chord (a set of notes played simultaneously) and (iii)
the position and relation of a chord in relation to the melody
at given moment.'">"'® Despite well-established musical
theories'' the automated classification of intervals, chords
and clusters and recognition of consonance and dissonance
has been not achieved. The reason for this may be that there
are three types of factors responsible for the phenomenon of
musical harmony: physical (acoustical), physiological (me-
chanism of auditory perception), and culturally determined
cognitive processes. There are many different styles of
musical harmony (culturally and historically determined),
but the fundamental to all of these is a basic notion of
dissonance and consonance, which is of psycho-acoustical
nature. Although, different dissonant or consonant sonorities
may be differently aesthetically evaluated within a particular
musical style or genre. Furthermore, the understanding of
physical nature of dissonance and consonance is still not fully
established,'®” however various approaches beyond classical

amplitude

Fig. 12. (Color online) 3D representation of music as a time sequence of
tones of different frequency (pitch) and spectral characteristics (timbre).
Adapted from Ref. 115.
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Fig. 13. (Color online) Circuit by Song et al. transforming a diode into a memristor.'*” Two sine-wave current sources are used as an input, whereas the

voltage drop on resistor R1 is used as an output.

Helmholtz curve
developed.''"~"1?

Photoelectrochemical reservoir systems, based on wide
bandgap semiconductors (neat or modified with simple
coordination compounds) cannot compete with photonic
devices in terms of speed or efficiency. They operate,
however, in a frequency domain corresponding to the audible
range. Therefore, we have turned our attention to the
classification of acoustic signals. There are a plethora of
different data sets that require advanced processing techni-
ques, including ECG and EEG signals, automated speech
analysis or the classification of music. We have found the
latter as the most suitable one to be addressed in the
photoelectrochemical system due to its internal, well-defined
structure based on the Pythagorean geometry.'?%!!>-121)

Before the experimental verification of this idea series of
numerical simulations for a simple memristive device (a
memristor in series with a resistor) have been performed. As
the numerical model, an example given by Song et al. was
implemented in Multisim (Fig. 13), in which a nonlinear
circuit element (a diode) is converted into memristor by
mutator circuit based on a capacitor and an inductor connected
by a series of voltage- and current-controlled voltage- and
current sources.'?? Tt can be observed, that pure tones (single
sine waves of frequencies which belong to the natural scale)
yield simple memristor-like pinched hysteresis loops (Fig. 14).
When a sum of two signals, which form a consonant
combination (e.g. perfect octave, perfect fifth or perfect fourth)
is applied to the circuit, a stable loop is observed as well, but
with an increased number of lobes (Fig. 15). In the case of an
interval which is considered dissonant (e.g. triton), the
observed characteristics becomes quasi-random (the simula-
tion was too short to justify if the signal is truly chaotic or not),
but the trajectory is confined inside the hysteresis loop defined
by the lower frequency tone [Fig. 15(c)]. Therefore, the
memristor hysteresis loop can be considered as an attractor
for the unstable behavior of the memristor-based circuit.

This result is fully consistent with the chaotic behavior of
memristive circuits, especially the so-called Chua circuit (a
double loop circuit of a memristor, resistor, and two

of sensory dissonance has been
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capacitors).'*? This numerical experiment proves the utility
of reservoir computing in the processing of acoustic signals,
which has been recently postulated on the basis of theoretical
models.'*® Surprisingly, the results are consistent with the
results of neurophysiological studies on the perception of
music by humans and monkeys.'**'*® In conclusion, this
experiment opens a new path into a field of interdisciplinary
investigations: the application of molecular systems to the
analysis, in the short term, but maybe also to the creation of
music in the future. This idea has been recently successfully
developed by Professor Eduardo R. Miranda in a series of
biocomputing experiments with Physarum slime mold'**~'%%
and follows the cross-boundary research at the interface of
the information theory, music, and physical sciences.*? The
analogy between the human perception of music and the
reservoir perception of simple intervals may be misleading. It
does not mean that a simple reservoir is as sensitive as a
human ear, but rather it may suggest that memristive systems
may provide a universal problem-solving power and with
appropriate operation can solve numerous problems, which
cannot be easily addressed using other approaches. The
combination of reservoirs with logic devices (Boolean or
fuzzy) may lead to a substantial increase of complexity and
computing efficiency. The first reports on practical combina-
tions of the Boolean logic and the reservoir computing are
already available,'"-'3?

As a result of experiments with memristive reservoir a set
of musical compositions was designed. In one of those
compositions, titled Reservoir study no. 1, a feedback loop
of a length of 555 ms was used to transform music being
played by an ensemble of musicians. The process resulted in
harmonic and timbral fluctuations of particular aesthetic
quality. The repetitive character of those fluctuations reflects
continuous processes taking place within the reservoir. It
starts with short improvisations on the keyboard, followed by
a slowly evolving tune with many almost identical bars—this
evolution illustrates the evolution of a signal within a single
node echo state machine. In the middle of the piece, the
changes accumulate and trigger the reservoir to the chaotic
state, which is illustrated by improvisations and a series of
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glissandi giving an impression of musical chaos. This
acoustic chaos calms down, which is a musical illustration
of amplitude death in dynamic systems—a set of coupled
oscillators reaches a quiet stationary state.'”” Finally, the
constant pace is established again. It indicates the sponta-
neous rebirth of oscillations'** which leads to final chords—
a musical embodiment of the results of reservoir computa-
tion. The piece was designed, completed and performed by
The Nano Consort (Konrad Szacitowski—cello, Dawid
Przyczyna, Kacper Pilarczyk—guitars, Marcin Strzelecki—
keyboard, Dominika Peszko, Piotr Zielinski—piano) during
concert in Krakow Opera House, September 16th, 2019
(Fig. 16, please see the supplementary video file, available
online at stacks.iop.org/JJAP/59/050504/mmedia, of the
world premiere recording of this composition).

5.2. Speech processing and classification

Speech recognition is a fundamental yet complex problem for
Al systems of the modern era. Speech is the most common
means of communication among the human race, therefore the
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automated speech recognition system finds numerous applica-
tions. Verbal communication is a trivial task in everyday life,
but this becomes a complex phenomenon when ported to the
machines. The complexity of this task originates from an
extremely rich vocabulary of a single language (hundreds of
thousands of words), variations of the pronunciations and
dialects of the same words, and variations in a timbre, rthythm
of speech and personal characteristics. The speech of children
and non-native speakers adds additional complications to this
already very complicated task.'”> Therefore, automated
speech recognition is a complex problem in the field of
artificial intelligence.'*® Software solutions include Fourier
and wavelet analysis followed by artificial neural network-
based classification of spectral features.'”” The most pro-
mising approach, however, is based on neuro-inspired speech
recognition, involving reservoir computing.'**'*? Although
there are many advances reported on this front with software
simulations, the solutions are not scalable to port it to the
hardware of an intelligent machine. Therefore, hardware-based
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Fig. 16.

solutions based on memristors and other nonlinear elements
are considered as potential candidates to embed acoustic
frequency signal analysis and classification (vide supra). An
addition of oscillatory characteristics (or other dynamic
features) should increase the performance of the computing
system based on small networks.'*!!4?

Up to now, there is only one reported experimental evidence
of successful human speech recognition in a hardware system.
The device reported by Romera et al.'*® is based on four
spin-torque oscillators based on the PtMn/Co; Fe,o/Ru/
CogoFe,0Boo/CozgFeso/MgO/FegoB,o/MgO/Ta/Ru  magnetic
tunnel junctions fabricated by ultrahigh vacuum magnetron
sputtering. The FeB layer presents a structure with a single
magnetic vortex as the ground state. In a small region called
the vortex core (of about 12 nm diameter at remanence for our
materials), the magnetization spirals out of plane. Under direct
current injection and the action of the spin transfer torques, the
core of the vortex steadily gyrates around the center of the dot
with a frequency in the range of 150-450 MHz for the
oscillators reported in the cited paper.'*” A set of English
vowels was used as an input. Because usually the formant
frequencies of a human voice are within the range of 500—
3500 Hz, and the magnetic nano-oscillators have the charac-
teristic frequencies in the MHz range, the formant frequencies
were used to synthesize the pair of input signals (fa, fg) as
linear combinations of three principal formant frequencies.
These high-frequency signal Ixgs and Igpa, calculated on the
basis of 37 female voices, served as input into neuromimetic
classification device [Figs. 17(a), 17(b)]. The device itself
contains four oscillating magnetic tunneling junctions con-
nected into a circuit driven with DC currents to maintain radio
frequency oscillations. Microwave signals recorded as an
output and used for vowel recognition [Figs. 17(d), 17(e)].
The correlation maps involving two input signal were gener-
ated [Fig. 17(f)] for various vowels represented on fj, fg plane
[Fig. 17(g)].

The performance of this system was compared with a
multilayer perceptron trained to use 12 formant frequencies.
The software-based speech recognition tool, with ca. 100
trained weights yields a recognition rate of 97%. In compar-
ison, the oscillatory network with four oscillators yields a
recognition rate of 84% with 30 training parameters.
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(Color online) Photos taken on September 16th, 2019 during the rehearsal (left) and the world premiere (right) of Reservoir Study No. 1.

This is an impressive result taking into account a small
number of control parameters, energy efficiency and a small
footprint of the device: each of the spin oscillators has a
diameter of ca. 375nm. These results demonstrate, how
oscillatory dynamics can improve pattern recognition, espe-
cially in the case of dynamic patterns. These types of
behavior have been previously observed in other coupled
oscillatory systems operating at the edge of chaos.'**'*>

6. Transformation of signals—towards memristive
cryptography
Signal and information processing involves significant security
issues. From Ancient times information was considered as a
high value, therefore a lot of efforts were paid to protect
sensitive information. The big branch of information science is
devoted to information security issues. Cryptography (from
Greek xpvréc “hidden, secret” and ypdpew “to write”) is the
science and technology of secure communication in the
presence of adversaries trying to prevent the users from
achieving privacy, integrity, and availability of data. More
generally, cryptography is about constructing and analyzing
protocols that prevent third parties or the public from reading
private messages. Various aspects in information security such
as data confidentiality, data integrity, and authentication, are
central to modern cryptography.'“®

This is especially important in the era of the Internet of
Things, a ubiquitous network of transmitting, computing,
storage, and information retrieval devices. Therefore, in order
to provide privacy and security to the users, various crypto-
graphic techniques are used. In currently used devices most of
the solutions are software-based, but the tremendous progress
in unconventional and neuromimetic in-materio computing
creates unique cryptographic solutions. It should be noted,
however, that there are no complete in-materio cryptographic
systems up to date, but some cryptographic primitives have
been already implemented or at least demonstrated in numer-
ical models. They include random number generation, identity
verification via physical unclonable functions, hashing func-
tions and ciphering/deciphering of messages.'*”
6.1. Chaos and random number generation
The generation of random numbers is essential for many
areas of economic importance. This type of numbers is a
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(Color online) The four coupled vortex nano-oscillators. Irga and Izpp are the microwave currents injected in the strip line by the two microwave

sources. Hgr is the resulting microwave field. Ipc;_4 are the applied direct currents (a). Scheme of the emulated neural network (b). Scheme of the experimental
set-up with four spin-torque nano-oscillators electrically connected in series and coupled through their own emitted microwave currents. Two microwave

signals encoding information in their frequencies f, and fg are applied as inputs to the system through a strip line, which translates into two microwave fields.
The total microwave output of the oscillator network is recorded with a spectrum analyzer (c). Microwave output emitted by the network of four oscillators
without (light blue) and with (dark blue) the two microwave signals applied to the system. The two curves have been shifted vertically for clarity. The four
peaks in the light blue curve correspond to the emissions of the four oscillators. The two narrow red peaks in the dark blue curve correspond to the external
microwave signals with frequencies fx and fg (d). Evolution of the four oscillator frequencies when the frequency of external source A is swept. One after the
other, the oscillators phase-lock to the external input when the frequency of the source approaches their natural frequency. In the locking range, the oscillator
frequency is equal to the input frequency (e). Experimental synchronization map as a function of the frequencies of the external signals f5 and fg. Each color
corresponds to a different synchronization state (f). Inputs applied to the system, represented in the (fa, fg) plane. Each color corresponds to a different spoken

vowel, and each data point corresponds to a different speaker (g). Reproduced from Ref. 143 with permission of Springer Nature.

fundamental building block of many areas of science and
technology—cryptography, stochastic modeling and prob-
abilistic computation (Monte Carlo) as well as e-commerce,
gambling, and finance-related areas.'*®'*” These areas rely
heavily on random numbers and could not function without
them. For this reason, it is important to develop new
technologies that allow the generation of such numbers.
Generally, random numbers used in various applications
are pseudo-random. They are generated through software
programs based on some mathematical formula that, if run
again with the same “seed”, would give the same determined
output. It’s clear that this is an issue, especially from the point
of view of cryptography, therefore, it is important to have a
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reliable random number generator that will produce unique
sequences in each run. Compared to software solutions, a
hardware approach poses a more secure option that can act as
a cryptographic key. Hardware systems for generation of
random numbers are referred to as true random number
generators (TRNG).">” They are based on various physical
processes, such as thermal noise,'”" photoelectric effect'>?
or quantum phenomena'>> to name a few. Due to their
fluctuating nature, these processes enable obtaining random
numbers by digitizing generated signals. For example,
thermal noise based TRNG operate through amplification
of noise coming from resistors, avalanche diode or Zener
diode. Another classic example is based on the nuclear decay
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of radioactive atoms, which is measured by a Geiger counter
attached to a PC.'""” More advanced solutions employ
chaotic laser systems mounted on the optical table.'”
Novel TRNG technologies include systems based on mem-
ristive junctions or electronic circuits coupled with memristive
elements. Employment of memristive structures is beneficial
from the point of view of possible integration with existing
CMOS architecture as well as their fast and energy-efficient
operation. Essentially, TRNG based on memiristive devices
employs observed intrinsic stochasticity of resistive switching
related phenomena which act as an entropy source. In that
regard, three main approaches are studied, namely—stochastic
noise, stochastic switching time and stochastic switching
voltage.'>® One of the first TRNG hardware implementations
based on resistive switching was presented by Huang. et al.'>”
Random telegraph noise (RTN) observed in low conductivity
state of W/TiN/TiON/SiO,/Si memristive device was used as
the source of randomness. RTN is based on the random
physical process of trapping/detrapping of charge carriers
between e.g. defect sites in the crystal lattice. However, the
received (/1 bit distribution strongly depended on the applied
potential so additional circuit elements and post-processing
steps (e.g. Von Neumann correction) were necessary. On the
other hand, undesirable property—from the point of view of
data storage—of device-to-device and cycle-to-cycle variability
of operation observed in memristive devices was used by
Balatti et al. as a source of randomness.'”*'” Due to non-
volatile character of Cu/AlO, and Ti/HfO, based memristive
devices, a pair of SET/RESET voltage pulses needed to be used
for generation of every bit. In both approaches cited above,
additional post-processing stages were necessary to realize the
true randomness of the obtained bits. Despite this fact,
presented solutions failed some of the National Institute of
Standards and Technology (NIST) randomness tests.'®” A
slightly different approach was used by Jiang et al. to simplify
the required operations hence obtainment of random bits was
more straightforward.'®" In the presented research authors used
the intrinsic stochasticity of the delay time in pulse-induced
switching between low and high conductive states as the basis

for randomness. Moreover, used memristive structure
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Fig. 18.

(Ag/Ag:SiO,—operation of which is based on ionic diffusion)
demonstrates volatile action in the form of self-OFF switching
which reduces power consumption. The presented memristive
device passed all NIST randomness tests without any post-
processing. Further refinement of the concept was presented by
Woo et al.'®® where stochasticity of volatile relaxation time
was also used as another source of randomness (Fig. 18).
What’s more, operation of Pt/HfO,/TiN memristive structure is
based on electron trapping/detrapping which is generally faster
and has lower power consumption in comparison to ionic
diffusion mentioned vide supra.'®*'%?

Photochromic dyes can be a platform for wetware random
pattern generation. An exemplary device of this kind is based
on a quartz cell (uncapped) filled with an acetone solution of
a photochromic dye, e.g. 3-dihydro-1,3,3-trimethyl-8’-nitro-
spiro[2H-indole-2,3’-[3 H]naphth[2,1-b][1,4]oxazine]*”  or
6-morpholino-3-(4-morpholinophenyl)-3-phenyl-3H-naphtho
[2,1-b]pyran.'® The cell is illuminated at the bottom with a
focused UV radiation (375 nm). Illumination induces two
processes: (i) photoisomerization of colorless oxazine into
colored merocyanine dye and (ii) heating of the acetone
solution. The photochemical process itself is a simple
photoisomerization process and does not involve any auto-
catalytic step, but two simple unimolecular reactions, which,
in a stirred solution easily reach the photostationary state,
give rise to chaotic spectrophotometric signals. The large
amplitude oscillations shown in Fig. 19 are observed only
when enough (3 ml) photochromic solution is maintained in
an uncapped cuvette and UV irradiation is carried out at the
bottom of the solution. The oscillations are induced solely by
the hydrodynamic instability of the solution, which is heated
at the bottom and cooled form the surface via evaporation.
The detailed analysis demonstrates positive values of the
largest Lyapunov exponent (A= 0.045), clearly indicating
that the time series of the photochromic hydrodynamic
oscillator are chaotic, and corresponding strange attractors
with the fractal dimension D = 10.71.'%Y
6.2. Physical unclonable functions
In the era of Internet of Things, one of the main challenges is
to provide safe and reliable verification methods. During the
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(Color online) Signal registered during random number generation by Pt/HfO2/TiN memristive device for a single bit (a) and a stream of bits (b).

Stochasticity of delay time, relaxation time and switching of the device (“bit flipping”) are shown. Reproduced from Ref. 150 with the permission of Wiley.
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recent decade, smartphones have become a universal and
ubiquitous tool for a plethora of tasks, from mail and social
media communication, through storage of secure information
to financial operations. Since these devices often function as an
authentication token for the user, the development of reliable
authentication methods remains a challenging task that needs
to be addressed.'® Current authentication systems involve
static random-access memory and non-volatile electrically
erasable programmable read-only memories for the storage
of the secret key. Unfortunately, these devices usually need to
be combined with hardware encryption and/or digital signa-
tures, which results in complex and expensive design.'®” This
leads to increased manufacturing costs and high power
consumption, as they demand a constant power supply.

A promising, less expensive alternative for authentication
and key generation are physical unclonable functions (PUFs).
In principle, PUFs can be regarded as a black-box challenge-
response system which returns a response r=jf(c) upon
inquiry of an input challenge c. For a given challenge, PUF
generates a unique response. Such challenge-response pairs

a b

c d ! e il
| I | L I | nm | I E® B8
w B \ 1
e
i || i
A
nz
W m
! 500 1060 1508 ts) 2 208 1800 3500

(R[]
LIE h |

e

Ii
05+ '§ e
=
A | g—m
e uz-‘l\ '|
1850 1980 1950 2008 oo (X ] L1 ] (1] [ B3 Bis
ts) Frequency Hz)

Fig. 19. (Color online) Photochromic compound (concentration 9.4 x 10

—5 M) in methanol during the photocoloration stage. The snapshots in the
first row are of the uncapped cuvette at 162 (a), 169 (b), 180 (c), 189 (d), 199
(e), and 209 s (f) after the beginning of UV irradiation. Oscillations recorded
at 612 nm for the photochrome (8.8 x 10—5 M) in acetone in an uncapped
cuvette. Graph (g) shows the entire dynamical evolution: the first part refers
to the stage of UV irradiation (UV on), whereas the second part starts when
the UV is off; (h) zoom of the kinetics showing large, regular oscillations,
whose Fourier spectrum (calculated between 1850 and 2045 s) is depicted in
(i). Ambient conditions: Tiiia = 298.5 K, Thina = 298.6 K; Pjpiiial = 967.0
hPa, Pgna = 966.2 hPa. The height of the solution was 3.10 cm at the
beginning (finisia) and 3.00 cm at the end (hg,,) of the experiment. The
yellow spot in (a) indicates the place where the absorptivity of the solution
was followed spectrophotometrically. Reproduced from Ref. 29 with
permission from the American Chemical Society.
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(CRPs) are stored in a secure database.'®® When the
response matches the input challenge, the device is authenti-
cated. In this way, the authentication key is derived from the
internal physical characteristics of the device instead of being
stored in the digital memory and the constant power supply is
no longer necessary.

In general, to be considered practical for hardware security
applications, PUFs have to meet a few requirements.'®” First
of all, the response of the device upon challenge query must
be reproducible. Unlike TRNGs, the responses generated by
the PUF should be very similar among many identical
challenge inquiries.

Secondly, the response must be impossible to predict (or
even completely random) and unique. The first demand can
be satisfied with the manufacturing variability or with the
innate variability of physical parameters of the devices: due
to uncontrollable parameter variance during the production,
the probability of producing two devices with identical
authentication fingerprint is very low. Thereby, two different,
but identically manufactured PUFs, while being inquired by
the identical challenge will produce distinguishable re-
sponses, thus satisfying the requirement for the uniqueness.

Moreover, even with the complete knowledge of the PUF
architecture, it should be impossible to reproduce the device.
The “unclonability” of the function relies on the concept that
it is impractical—both in the terms of costs and time—to
reproduce the response of the device. Since the response
function originates from the physical characteristics of the
device, the out-of-control manufacturing variabilities guar-
antee that it is impossible to recreate the characteristics of the
device even if the adversary could gain access to the device
and get to know the space of CRPs.

Finally, the f(c) and r should not be bound with any trivial
mathematical relationship. This prevents the adversary from
predicting the functionality of the PUFs based on the known
response.

PUF devices have already been implemented with the use
of non-volatile memories (NVMs) and memristors. In the
latter devices, the information is written by changing the
resistance of the memory from one state with given con-
ductance to another. One of the mechanisms responsible for
the resistive switching phenomena relies on the creation and
rupture of CFs. The large concentration of defects, for
example, oxygen vacancies or metallic ions injected from
the active electrode, can migrate in the electric field.'’®
When a positive voltage is applied to the top electrode, where
the density of the defects is higher, the defects electromigrate
towards the bottom electrode and change the conductivity of
the device from the HRS to the LRS. When a negative
voltage is applied to the electrode of the device in LRS state,
the field-driven migration towards the top electrode results in
resistive switching to the original HRS state.

The generation and rupture of CFs that governs the
transition between states are, to some extent, stochastic.
Therefore, the voltage at which the switching occurs can
differ between the devices and the switching cycles. It is
noteworthy that this variability does not originate solely from
the manufacturing process, but is inherent in the resistive
switching mechanism.'”"” The switching voltage and resis-
tance variations are the main reasons restraining memristors
from their application in resistive RAMs. However, the

© 2020 The Japan Society of Applied Physics



Jpn. J. Appl. Phys. 59, 050504 (2020)

STAP REVIEW

inability to precisely predict the current flowing through the
memristors with an unknown resistive state makes them
potential candidates for PUFs. One of the key requirements
for PUF commercialization is a large space of the CRPs,
which cannot be obtained for simple architectures relying on
single elements. The amount of CPRs can be significantly
increased with the PUF implementation exploiting the
crossbar arrays of memristors.

The idea of crossbar array PUFs exploits the sneak-path
currents, which are a result of an indirect biasing of the array
elements.'®® These currents are generally highly undesirable
in crossbar memristor systems for memory applications, but
due to their nature can serve as a response for an input
challenge. If the resistive states in the crossbar array are
randomly distributed, then the output current measured upon
challenge inquiry is also random. Even if the production
process introduces some spatial correlation between the
elements of the array, the resistive states can be randomized
by one-time programming.'®®

In the crossbar implementation, the set of memristors is
connected into an array with perpendicular crossbars acting
as top and bottom electrodes [Fig. 20(a)]. The simplest
challenge query is realized by biasing row i and column j
with voltage V- and 0, respectively, while other electrodes
are left floating.'’” The output current, besides the current
flowing through element G;;, will also include a number of
sneak-path currents, being a result of an indirect biasing the
array elements at the floating electrodes [see Fig. 20(b)].
Thereby, the measured current (the response) becomes a
complicated function of the voltage, current flowing through
G; and the unknown conductances of neighboring array
elements. This concept of the challenge inquiry can be
extended to an arbitrary number of electrodes to make the
response function more complex.'®® In general, such PUF
can be composed of any NVM elements. However, one can
benefit from memristors’ nonlinear -V characteristics to
improve the PUF safety.'”*'"® The unpredictable variance of
physical properties in combination with the adjustable
resistive states and possibility to fabricate high-dimensional
stack architectures make memristors extremely promising
candidates for strong PUFs.'”®
6.3. Hash functions
A hash function is a cryptographic primitive, an algorithm
that maps any message of arbitrary size into a fixed size (in
the terms of a number of bits) number. The hash function
should be a one-way function, i.e. a function which is
practically infeasible to invert. The ideal cryptographic
hash function has the following main properties: (i) it is
deterministic, meaning that the same message always results
in the same hash; (ii) it is quick to compute the hash value for
any given message; (iii) it is infeasible to generate a message
that yields a given hash value; (iv) it is infeasible to find two
different messages with the same hash value and finally (v) a
small change to a message should change the hash value so
extensively that the new hash value appears uncorrelated with
the old hash value.'”

A memristor array-based hash function has been suggested
by Azriel and Kvatinsky.'”® Tt is based on a write disturb
phenomenon, a phenomenon based on parasitic currents in
memristive crossbar arrays. Such arrays suffer from sneak
paths—parasitic currents through unused memory cells,
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which distort information during the read operation and
modify unselected cells during the write operation. A secure
hash function is created on the basis of the state of the whole
array of memristors—all memristors contribute to the hash
state. Information used to generate hash is written to some
cells of the array—the addresses of these cells are computed
based on the message itself and a previous state of an array.
Because write disturb mitigation is implemented, during the
write operation, in addition to the target cell, other cells are
modified. This procedure produces a unique signature of each
message, being the function of a message itself and all
previous messages processes in the device.

A similar hashing protocol, yet much simpler, can be
implemented in dynamic photoelectrochemical devices
showing short time memory features and (preferably) non-
linear light-intensity photocurrent response. In the absence of
a short memory feature, the photocurrent intensity generates
at a semiconducting photoelectrode can be expressed as a
function of a light flux (11):°"

ipn(p) = ig' (1 — e k20 — if(1 — e7kee®),

1)

where i\, i{ are saturation currents for anodic and cathodic
components (which in turn strongly and nonlinearly depend
on electrode potential, and k,, k- are materials-dependent
constants. In the simplest case saturation photocurrent
intensity at applied potential U can be formulated for both
cathodic and anodic component as (12):

. 2ece
io(p) = ap | =—L(U — Vip),
Np

where Np is the doping density, « is the absorption
coefficient and Vg is the flat band potential of the material.
Application of additional charge trapping centers (e.g. carbon
nanotubes, nanoparticles of different semiconducting mate-
rial or conductive polymer coating) contributes to the fading
memory feature with characteristic quenching constant (k,)
and corresponding memory persistence time (fy). This leads
to the final expression of the form (13):

12)

t
im(p(®), ) =ig'(1 ewm)(l _ f ek,,mdt)
t—ty

— ioc(l — e kep), (13)

where i is given by the expression above. This makes the
hashing unidirectional, due to the properties of the definite
integral.

6.4. Memristive cryptographic systems

In common language scrambling and encryption are some-
times used as synonyms, yet one should distinguish that the
latter is usually connected with digital signal processing.
Analog signals data scrambler possesses intrinsic high
entropy and thus generates fully random, or at least
pseudo-random, outputs. As for the actual realization of the
scrambling process—the original signal is modified—
usually, some of its components are transposed or inverted.
For the above reasons scramblers are frequently called
“randomizers”. The idea behind the hardware-based imple-
mentation is to replace numerically expensive hashing
functions (vide cryptocurrencies and the whole electrical/
numerical consumptions) with a generator based on the
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(Color online) PUF implementations with a crossbar array of memristors. (a) SEM image of a 4 x 4 memristor array. (b) Schematic drawing of PUF

composed of a 3 x 3 array of memristors. Upon biasing crossbars to V- and 0 with other electrodes left floating (the challenge), the measured output current
(the response) is composed of the current flowing through directly biased element Gj; (blue arrow) and sneak-path current (red arrow). Panel (a) was reproduced

from Ref. 172 with permission from the Royal Society of Chemistry.

intrinsic discrepancies between each individual memristive
pixels/cells. Such applications have been intensively studied,
yet so far theoretically.'’®

Data scrambling, despite being designed for analog signal,
is also used in digitized information —consisting of many
following O s and 1 s. Data scrambler effectively truncates the
number of similar bits, making the information more light-
weight. In current IT systems data scrambling functions/
algorithms/concepts are also used for removing or truncating
most sensitive data. Such processes are principle irreversible.

Chaotic systems can be exploited to generate apparently
random sequences that serve as a basis for various crypto-
graphic techniques.'*” One of the applications of chaotic
time series is to hide an encrypted message by mixing it with
a chaotic signal.'”” Chaotic dynamics are, by definition,
aperiodic, extremely sensitive to the initial conditions, and
unpredictable in the long-term.'”® Any chaotic signal can,
therefore, mask a secret message. The sender takes the
message m(¢) and adds it to a chaotic signal c¢(¢), creating
an incomprehensible secret message s(7):

s(t) = m(t) + c(). (14)

Other operations convoluting messages with chaotic keys can
be also used.

Any unauthorized adversary can detect only a chaotic
signal, which sounds/looks like meaningless noise. With an
appropriate, synchronized source of a chaotic signal, it is
possible, however, to recover the initial message. Chaotic
Chua oscillator and related memristive circuits generate truly
chaotic time series,”!”*"'%? therefore they are proposed as
novel cryptographic engines that can operate with analog (e.
g. acoustic) and digital messages in real-time. The software
implementation of this approach works spectacularly, espe-
cially on graphical data.'®®

The software model of this system was checked on a
famous photo of Lena Forsén, shot by photographer Dwight
Hooker, cropped from the centerfold of the November 1972
issue of Playboy magazine (Fig. 21)."" A set of two
synchronized chaotic oscillators provide enough security in
the transmission of graphical content. Application of a simple
image scrambling protocol (inverting odd lines and columns
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followed by column permutation) and subsequent pixel-by-
pixel XOR operation with the output of Chua’s memristor-
based oscillator yields a chaotic “pepper-and-salt” type
image. A more developed security algorithm, also based on
Chua’s oscillators was reported by Arpact et al.'®>
Application of hyperchaotic oscillators and additionally, a
complex scrambling algorithm provides even better data
protection and additionally giver better error resistance. The
efficiency of this encryption process can be illustrated by a
comparison of two very different images encrypted using the
same protocol and the same settings of the generator
(Fig. 22).

7. Conclusions

By drawing a simple comparison between the ability to
process information in silico and that by biological neuronal
structures, faster does not necessarily mean better. The
emergence of extraordinary performance in the pattern
recognition resulting from the high complexity of the
nervous system and its operation at the edge of chaos'®®
maximized our chances of survival and enabled the rise of
civilization as we know today. It seems to be a natural step
to draw inspiration from the neural structures and transfer
their functionalities into artificial systems. The imitation
of human intelligence can be achieved by pursuing
the idea of implementing fuzzy logic and a complex
dynamic behavior with molecules and nanoscale systems
and by boosting the research line of neuromorphic
engineering.

The examples presented in this paper demonstrate that both
wetware and memristive hardware enable efficient computa-
tion within dynamic systems with memory. This approach
seems to circumvent the problem of a von Neumann bottle-
neck. In classical computational systems information is
stored in the memory and all calculations are done within a
microprocessor, therefore constant data flow slows down
computation and consumes a lot of energy. Dynamic systems
(both solid-state and wetware) provide a unique opportunity
of computation within memory—a novel computational
paradigm, which however requires new algorithms and new
system architectures.
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Fig. 21. (Color online) A scheme of chaotic cryptography system based on two coupled Chua chaotic oscillators. Original graphical data are taken from
Ref. 183 according to the CC 4.0 license.
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Fig. 22. (Color online) Demonstration of efficiency and robustness of memristor-based chaotic cryptography: two different input data (a), (c) yield very
similar noise-like outputs (b), (d). The addition of extra noise to the communication channel (e) still allows a successful decoding of the message (f).
Reproduced from Ref. 185 with the permission of Elsevier.

In the field of neuromorphic engineering, the exploitation By implementing neuromimetic devices through unconven-
of exhaustible, slow and bulky oscillatory reactions has tional chemical systems and materials, we intend to promote
strong limitations compared to much faster and easily the development of the Chemical Artificial Intelligence
scalable traditional electronic components and memristors.  (CAI).'* The purpose of CAI is to mimic some of the
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performances of the human intelligence by using not software
or the conventional hardware of the electronic computers
based on the von Neumann architecture, but rather uncon-

. . . 16)
ventional chemical systems in wetware or new hardware-
based on unconventional materials and phenomena.

As a far-fetched vision, we may predict that other  17)
oscillatory chemical reactions besides the BZ and the Orban
oscillators,'®” and after miniaturizing them by micro-beads, 18)
microcapsules, and compartmentalization through micelles,
liposomes, and micro—emulsions,lgg*lgo) the use of a wetware 19)
(i.e. solutions) rather than a hardware (solid state devices), 20)
and of electromagnetic radiation instead of chemicals or
electrons, will bring two great benefits. First, in biological
multicellular systems, which are complex out-of-equilibrium 21)
“soups” of chemicals, the phenomena of long-range cou- 22)
pling, mediated by diffusive chemicals, exist. Such long-
range coupling phenomena, not possible in the solid state, 23)
enlarge the computing power of the whole system because 24
they originate collective oscillations and waves. Finally, the 5
encoding of information by UV-visible radiation will guar-
antee very fast propagation of messages, easy tunability of  26)
their content, and a wealthy code for futuristic brain-like 27)
computing machines. Finally, CAI will boost the develop-  og)
ment of soft robotics. Soft robots, also called “chemical
robots”, will be easily miniaturized and implanted in living 29

. 191-193) a1 .
belngs. ‘ They yvﬂl‘ interplay Wlth cells and orgar}e'lles 30)
for biomedical applications. They will become auxiliary 31)
elements of the human immune system to defeat diseases
that are still incurable. 32)
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Chapter 1

From Oscillatory Reactions to Robotics:
A Serendipitous Journey Through
Chemistry, Physics and Computation
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Tomasz Mazur*, Kacper Pilarczyk*, Pier Luigi Gentili¥,

Seiya Kasail and Konrad Szacilowski*
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Y Faculty of Physics and Applied Computer Science,
AGH Unwversity of Science and Technology,
Krakow, Poland
YDepartment of Chemistry, Biology, and Biotechnology,

University of Perugia, Perugia, Italy

The continuous search for more efficient and energy-effective computing
technologies drives researchers into various fields, seemingly not related
to computing at all. It turns out, however, that system dynamics is the
powerful computational medium, irrespectively of the physical nature
of the system itself. This review presents a potpourri of systems and
devices which share the common feature — they evolve in time, respond
to the external signals and are thus suitable for information processing.
It makes them useful for computational purposes and even for such
demanding applications as autonomous robotics.

Det er vanskeligt at spa, iser nar det gelder Fremtiden
Karl Kristian Vilhelm Steincke (1880-1963)
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1.1. Introduction

Modern society is mostly driven by information. Entering the era
of Big Data and the Internet of Things created the need for fast
and energy-efficient devices for information acquisition, transmis-
sion, processing, and storage. Information storage and processing
is, however, an extremely energy-demanding task. In 2016, data
centers all over the world were estimated to have consumed over
416 TWh of electric energy, more than the United Kingdom during
the same period (300 TWh).! It can be estimated that ca 3.2% of
total anthropogenic emission of carbon dioxide is a result of high
performance computation. It should also be noted that the amount
of energy consumed by supercomputing centres doubles every four
years. This fact makes the search for novel, bioinspired and energy-
efficient computing a socially and environmentally important field.

On the other hand, Nature has created an extremely complex
and energy-efficient computing system based on wetware: a human
brain. It comprises ca. 10-20 billion neurons in the cerebral cortex
and additionally 55-70 billion neurons in the cerebellum.? The
structural complexity is a result of a large number of connections
between neurons: up to 104 synaptic connections with other neurons
for each neuron. Therefore, the network with 9 x 10'° nodes with
4 x 10™ dynamically weighted links is an uncopiable system, and
despite great efforts with still unknown structure and capabilities.?
This amazing structure gives us creativity and intelligence. It also
stimulates research of computing systems that mimic some odbrain’s
functionalities, like speech or face recognition. This is a domain of
artificial intelligence (Al).

Most software and hardware Al implementations try to mimic the
complexity of nervous systems using digital (binary) and rigorously
deterministic algorithms, which is just a next step in the development
of classical Turing machine.* Artificial systems (hopefully) lack
creativity, their goals are formulated by humans and embedded in
hardware and/or software. Despite the fact that the development
of a truly creative Al is usually likened to Pandora’s box, as can
be seen in catastrophic science-fiction movies, there is an ongoing
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intense research in this field. The concepts of Al have also cross-
fertilized other fields of science, including chemistry and material
science. As a result, molecular logic,> '* molecular computing,'1?
unconventional computing™>1* and in-materio computing'® have
emerged as independent — but partially overlapping — fields of
research.

In materio computing can in principle use any kind of material,
provided it shows some responsiveness to external stimuli, nonlinear
properties, memory features, and internal dynamics.'® The com-
putational efficiency of the material and complexity of problems
that it can solve depend on the properties of the material under
study. The most interesting are materials called by E.W. Plummer
schizophrenic — materials that develop a multitude of different
“personalities” upon physical stimulation. More technically, compu-
tational materials should have numerous ground states of different
properties (optical, electrical) and the material should be easily
switched from one state to the other.'® Very similar requirements are
posed for materials applied in soft robotics,'” and more interestingly,
some soft robotic materials and structures can be directly used as a
computational medium.'® 2! In this context materials and systems
with internal dynamics (e.g., chemical oscillators) seem to be of
special interest.?? 23

The key concept in neuromorphic and unconventional informa-
tion processing is dynamics. Neural systems of human and animals
are usually understood as an extremely complex system of partially
coupled oscillators.?*2% To make the whole system more convoluted,
these oscillators, depending on their own history and the environ-
ment, may enter numerous distinct oscillatory modes.?% Therefore,
dynamic systems are considered as the most promising unconven-
tional computing platform.?” 3% One of the unconventional comput-
ing paradigms — reservoir computing — very naturally exploits
extensively dynamic features of various physical systems.3! 33 Quite
unexpectedly, reservoir computing, despite its complexity and inher-
ent difficulties in construction of efficient reservoirs became a field of
vigorous studies. Nobody expected reservoir computing!* Dynamics
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of complex systems is also naturally associated with delayed feed-
back, which originated from a finite velocity of signal propagation or
processing. This delay can be understood as a form of memory of a
dynamic system (1.1)3:

=), (=) (L)
where f denotes a nonlinear function and 7 is the delay time. Because
the current state of the system, that is, x (ty), depends on its own
history, this dynamics in many cases can be controlled and harnessed
for computing.??

The chapter focuses on computational properties of switchable
materials (applied, e.g., in memristors) as well as oscillatory systems
(chemical and electrochemical oscillators), especially in the context
of reservoir computing (single node echo state machines) for sensing,

signal processing, control, and autonomous robotics applications.

1.2. Systems Dynamics as a Computational Platform

Human intelligence emerges from the complex structural and dynam-
ical features of our nervous system. The cellular building blocks
of our nervous system are neurons. The ultimate computational
power of our nervous system relies on the neural dynamics and the
behavior of neural networks.?% Every neuron is a nonlinear dynamic
system.?437 Neurons can work in the either oscillatory, chaotic, or
excitable regime. Every neuron responds to inputs by changing the
value of its transmembrane potential. When a neuron is at rest,
it usually has a negative transmembrane potential. The neuron
is said to be hyperpolarized. If it receives inhibitory signals, the
transmembrane potential becomes more negative, that is, the degree
of hyperpolarization increases. On the other hand, if the neuron
receives excitatory signals, its transmembrane potential becomes
less negative, and the neuron depolarizes. When the excitatory
signal is so strong that the transmembrane potential reaches a
threshold value, then, the neuron fires an action potential. An action
potential is a swift modification of the transmembrane potential of
the neuron, which, at first, jumps from a negative to a positive value
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(the neuron depolarizes), and then, becomes negative again (the
neuron restores the hyperpolarization state) in a few milliseconds.
The action potential propagates through the axon of the neuron as
an electrochemical wave,?® until it reaches the synapses of the neuron
where it is transduced in chemical signals. The chemical signals are
the neurotransmitters that are released to the dendrites of other
connected neurons. A neuron in oscillatory or chaotic regime fires
action potentials periodically or chaotically, respectively. A neuron
in the excitable regime can show three types of response: type I,
II, and III. Under a constant excitatory input, type I and type II
excitable neurons are capable of spiking repetitively across a broad
range of frequencies depending on the intensity of the input. Type I
(5-150 spikes/s) and type II (75150 spikes/s) neurons are said to
have “tonic” excitability. Type III excitability is said to be “phasic”
because it responds with an analog signal without firing action
potentials, unless it receives an extreme and short excitation. Phasic
excitable neurons are particularly useful to encode the occurrence
and time of rapid change in the stimulus. They can perform coinci-
dence detection, as for inputs from two ears, with extraordinary, sub-
millisecond, temporal precision. The computational power of neural
networks hinges on the synchronization phenomena the neurons can
originate.

Development of alternative computing approaches requires explo-
ration of various dynamic systems, harnessing their nonlinearity and
exploration of memory features. Next step involves development
of computing planform using various materials and substrates and
exploring various physical phenomena. Up to now the material
criteria for the best alternative computing system are not known,
however the exploitation of nonlinearity and dynamics point towards
reservoir computing as a paradigm of choice. Unfortunately, the gen-
eralized design principles for reservoirs are still lacking.3” Therefore,
software reservoirs are usually optimized by brute force search,”
whereas in materio implementations require trial-and-error selection
of materials and device configurations followed by laborious manual
tuning. Fortunately, some tools to evaluate the performance of
reservoirs have been developed. They include measures of their
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nonlinearity, Lyapunov stability, computational capacity, and fading
memory, 3% 41-45

There exist chemical systems in liquid solutions, which can
mimic all the possible dynamics of neurons. Examples of these
systems are the well-known Belousov-Zhabotinsky reaction, %47 the
Orban reaction, the photochromic and luminescent compounds, in
the presence or not of convective motions of the solvent.*®4? The
information is encoded through the intensities and the spectral
compositions of the lights they transmit and/or emit."

Other examples of systems which possess a great neuromimetic
potential can be found among the electrochemical oscillators. Proba-
bly the best known electrochemical oscillator is the mercury beating
heart — a spectacular experimental demonstration of periodic
oscillations of liquid mercury contacted with oxidizing electrolyte.
The first works in this field have been reported over two centuries ago
independently by Alessandro Volta and William Henry,> whereas
the first more detailed study on this phenomenon was reported
by Friedlib Ferdinand Runge.?? Other well-known electrochemical
oscillatory systems have been reported by Koper®® and Lev.’* The
indium /thiocyanate electrochemical oscillator is based on reduction
of indium(IIT) by thiocyanate, which is affected by the potential
applied to the electrode.®® Furthermore, this oscillator has an
interesting feature — mix-mode oscillation and “chaotic” regions
which can be found in biological systems as was mentioned earlier in
this work.

Since their discovery in the eighteenth century, enormous
progress has been made not only in understanding their chemical
nature processes and their nonlinear dynamics.’>®® These sys-
tems are also postulated as computing®’ and decoding systems.®’
Although the appearance of oscillations in electrochemical systems
may have different origins, the presence of coupling between reactive
sites®® allows us to consider electrochemical oscillators as a future
platform for artificial neuromimetic systems and devices. Further-
more, related phenomena are considered as a soft robotic platform®’
with embedded intelligence® and has already been used for control

of robots.f!
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1.2.1. Wet oscillating systems

The Belousov—Zhabotinsky (BZ) reaction is an oxidative bromination
of malonic acid in aqueous acidic solution (1.2).

— +

ZBI'OS(aq) -+ BCH2<COOH)2(aq) + 2H(aq)

— QBI‘CH(COOH)Q(aq) + 3C02(g) + 4H20(l) (1.2)

It is catalyzed by various metal ions or metal-complexes. Examples
are cerium ions, tris-(1,10-phenanthroline)-iron(II) (ferroin) and
tris(2,2’-bipyridyl)ruthenium(II), [Ru(bpy)s]**. When the cerium
ions are selected, the BZ originates periodic large transmittance
oscillations in the UV. In the presence of ferroin, the color of the
solution changes periodically from blue to red and back to blue.
Finally, with [Ru(bpy)s3]?", the BZ seesaws from orange to green and
back to orange, and it emits periodic luminescent flashes of red light.
Furthermore, in the presence of [Ru(bpy)s]?T, the BZ reaction is
photosensitive to both the UV and the blue-green lights.%? Recently,
the ferroin-based BZ system has been reported to respond to white®?
and green®! light.

The Orban reaction is an oxidative degradation of thiocyanate
by hydrogen peroxide in aqueous alkaline solution (1.3).

4H,02 + SCN™ — HSO; + NH; + HCO; + H,0 (1.3)

It is catalyzed by copper ions, and when luminol is added, it gives rise
to periodic chemiluminescent flashes of blue light. It is also sensitive
to the blue light.%*

The BZ and the Orban reactions can mimic the dynamics of the
pacemaker, tonic excitable, and chaotic neurons. Since they originate
spikes of transmitted or emitted UV—visible radiation, they encode
information through their optical signals.”® They can establish opti-
cal communication with luminescent and photochromic compounds.
Luminescent compounds respond to an excitatory optical signal by
emitting light. On the other hand, photochromic compounds react by
changing their color and hence the spectral composition of the light
they transmit.*® Both luminescent and photochromic compounds
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are good models of the neurons in the phasic excitable regime
because they respond in an analog manner to external optical stimuli.
When the photochromic or the luminescent compounds are in the
presence of hydrodynamic convective motion of the solvent, triggered
by suitable thermal gradient, they can originate either periodic or
chaotic optical signals.6> 67

The optical communication between the oscillatory, chaotic, and
excitable artificial neuron models allow to obtain “in-phase”, “out-of-
phase”, “anti-phase”, and “phase-locking” synchronization phenom-
ena analogous to those popping up in real neural networks.’® The
photochromism finds further applications in neuromorphic engineer-
ing. Photo-reversible photochromic compounds allow to implement
memory effects: if they are direct photo-reversible photochromes, UV
and visible signals promote and inhibit their colorations, respectively.
Furthermore, the intrinsic spectral evolution of every photochromic
compound that transforms from one form to the other under
irradiation generates either positive or negative feedback actions. The
optical feedback actions produced by every photochromic compound
act on both itself and other photo-sensitive artificial neuron models
that are optically connected to the photochrome. Therefore, it is easy
to devise recurrent networks by selecting photochromes with proper
spectral properties. The feedback actions of every photochrome are
wavelength-dependent because its photo-excitability, which depends
on the product £®, where £ is its absorption coefficient, and &
is its photochemical quantum yield, is also wavelength-dependent.
Therefore, photochromic compounds allow to implement neuromod-
ulation. Neuromodulation is the alteration of neuronal and synaptic
properties in the context of neuronal circuits, allowing anatomically
defined circuits to produce multiple outputs reconfiguring networks
into different functional circuits.%®

1.2.2. Flectrochemzical osctllators

Nature with all its processes, the more elaborate or completely
simple ones, is an extremely vast source of human inspiration in
laboratory and in everyday life. Looking for solutions that enable
precise reflection of the reality, especially in such a complex aspect
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as brain activity and learning, can lead humanity to a brighter future,
better medical treatments, or self-learning computers. In this section
the electrochemical oscillators will be presented as a contender for
further considerations on their future use in neuromimetics and
information technologies.

The history of electrochemical oscillators dates back to 1828
when Fechner® observed a new type of dissolution of silver on iron
in an acidified solution of silver nitrate — nonlinear and periodic.
Since the 19th century, electrochemical oscillators focused scientific
attention not only as a curious abnormality but as a new type
of system which can be the future of computing in materio®® or
mimicking biological systems.”® Figure 1.1 shows the oscillations
recorded in various neural tissues,”! whereas Figure 1.2(a) various
electrocorrosive oscillations.” The similarities between these two
oscillatory systems are clearly visible.

After many years of investigations, the phenomena behind the
electrochemical oscillations of two common features emerged from
different types of mechanisms: (i) negative charge-transfer resistance
(occurs in the potential window when oxidation rate decreases with
more oxidation potential or reduction rate decreases with higher
reduction potential) and (ii) external resistive component weakens
the controlling potential (as a result of, e.g., forming passive film on
the electrode). Moreover, if one looks closely on the curves depicting
such oscillations then one will find characteristic regions of (1) rapid
increase of current to maximum value, (2) current decrease with the
slowing rate, (3) acceleration of current decreasing rate to the mini-
mum value on which it remains until the whole process resumes. This
basic model of electrochemical oscillators helps to divide interesting
processes from each other and focus on steps underlying its origin.”

Concerning electrochemical oscillators as a group of processes
presenting periodic and even chaotic phenomena, they can be divided
into two main categories: anodic and cathodic. A vast majority
of cases found in the literature are based on anodic polarization
of metals associated with instabilities during passivation or due to
porosity of oxide film/electrode surface.” A general conclusion can
be made: if in the system a region with non-steady processes can
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Figure 1.2. Electrochemical oscillations recorded in various corrosion experi-
ments (a) and the oscillatory window determined for corrosion of iron in sulfuric
acid solutions (b). Adapted from Ref. [72].

be found, then oscillations within the range of specific potential can
occur (Figure 1.2(b)). It usually happens within the so-called Flade
potential window, for example, a potential region on the boundary of
passive and active zoned of metal surfaces exposed to electrolyte.”

As an example of anodic-based oscillator can serve the process
of nickel dissolution during galvanostatic electropolishing in sulfuric
acid or sodium sulfate in presence of chloride anions, as examined,
respectively, by Doss and Deshmukh’® as well as by Hoar and
Mowad.””

The second group has observed periodically occurring dark brown
layer on the surface of the electrode and proposed a mechanism
based on two charge-transfer reactions following one another (1.4)

and (1.5).
2C17 = Cly + e~ (1.4)
Cly + Ni — Ni?T 4 2C1~ (1.5)

The first reaction was considered as slower and was depolarized by
the second one. Furthermore, the oscillation has not been recorded
until, at a certain value of current density, the concentration of chlo-
ride obtained adequate limit which promotes the anode dissolution
(it can be called “the active state”). At some stage the transport of
Cl™ slows down, which promotes the rise of electrode potential and
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other reactions can take place (1.6)—(1.8).

SO3™ — SOy + 2¢~ (1.6)
SO4 + HaO — 2HT + SO + O (1.7)
Ni?T — Ni** + e~ (1.8)

After immediate hydrolysis of Ni*T ions the film of Ni(OH)3/NiOOH
forms and blocks the surface of the electrode which in turn causes
an increase of the cell potential. The last reaction (1.9) of this cycle
occurs simultaneously and leads to the dissolution of blocking layer,
the cell voltage decreases, surface becomes more porous and the
whole process starts over.

Nt 4+ CI™ — Ni** 4 (1 (1.9)

This type of oscillators is the most typical and often called “corrosion
oscillator”. Its mechanism is the best known and has a great potential
for modeling. In the literature there are also systems based on
anodic oxidation of non-metallic compounds such as formaldehyde”®
or hydrogen.”™ “Non-metallic anodic oscillators” more often consist of
much more complex mechanisms with numerous intermediate radical
products.

Cathodic processes are also known but they gather less attention
because of the more complex nature/less visible effects. However
some examples can easily be found in literature.®9 As an example
the “In/SCN oscillator” can be shown, which was firstly described
by De Levie,®! but was successfully investigated by Koper and
Sluyters®®®2 and others. Oscillations were observed during the
thiocyanate-catalyzed reduction of indium ions on mercury electrode.
This phenomena is based on two reactions, the first one (1.10) is slow
due to diffusion of In3t and the second faster (1.11) (responsible
for negative resistance in the system) — increased desorption of
thiocyanate anions and reduction of indium.

In®T + 2SCN~ — In (SCN); (ads) (1.10)
In (SCN); (ads) + 3e~ — In® + 2SCN~ (1.11)
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The instabilities in the system are observed during slow potential
scans. There is an interplay of potential-dependent thiocyanate
absorption on mercury, diffusion of reagents and thiocyanate-
catalyzed In3t reduction at the mercury electrode. With decreasing
negative polarization of the electrode after initial increase of current
intensity, a decrease of the current is observed. Subsequently at more
negative potentials the current starts to oscillate. It is associated with
the electrostatic repulsion of free thiocyanate anions formed when
surface indium thiocyanate complex is reduced (1.11). This results
in apparent negative charge transfer resistance of the electrode. This
in turn results in current oscillations, as the formal potential imposed
on the working electrode is perturbed due to the influence of negative
resistance on the potentiostat feedback loop.®?

Looking at examples of the electrochemical oscillator, it is
possible to create models with “active-passive” states based only on
chemical reactions and their visible changes on the electrodes (thin
film), however more accurate models should include diffusion and
local concentrations of reagents, therefore more complex equivalent
circuits for electrochemical impedance experiments are required.®*

Regardless of whether the systems with anodic or cathodic type
of oscillations will be considered, the similarity to biological systems,
the possibility to model their behavior as well as the ability to
time-space coupling, determine their potential as candidates for the
development of such fields, which are discussed in this chapter. In the
literature it has been reported by Okamoto et al. not only the analogy
between oscillatory behavior of oxidation of formic acid and human
nerve cell,’® which share the characteristic features as a threshold,
a refractory period and a stimulation-dependent response, but also
Suzuki® proposed the mathematical model of single neuron which
helped understand propagation of specific waveform and velocity
in biological structures. But researchers are able go much further
than simply mimicking the behavior of natural cells — Liao with co-
workers® discovered material exhibiting a completely new feature,
namely, electrochemical oscillations coupled with memory effects.
This may lead to the conclusion that not only may the oscillations
be the source of the neuromimetic effects, but also the reverse
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causal relation should be considered. The newest approach to the
application of electrochemical oscillators is based on exploration
of the coupling phenomena. Coupling can be induced between
two or more electrodes connected in series or arrays which was
successfully described by Jia®” and Zhai.8® This kind of conjunction
can emerge from different factors such as potential overlapping or
mass transport — reagents can migrate from one point of the
system to another and influence the behavior of the coupled sites.?”
Moreover, the coupling may have spatial®® or spatio-temporal®!
character, which indicates that both static and dynamic patterns
may result from coupled oscillatory processes. The occurrence of this
phenomenon extends the possibility of using oscillators in chaotic,”?
synchronizing,”® and decoding®’ systems as well as becoming great
building blocks of artificial neural networks? and self-organizing
matrices.”> Maybe they are the future of cheap, biomimetic, and
easily programmable in materio computers??’

1.3. Computation and Control in Dynamic Systems

1.3.1. Computation in memristive devices
and systems

Recent findings in the field of computer science delivered stunning
proof of capabilities of AI. However, the rapid development of Al is
becoming more and more limited by the computational speed and
power consumption of modern computers. As a result, training a
large neural network can emit carbon dioxide in amounts 5 time
larger than these emitted by a car during its lifetime.?® These
reasons lead to growth of interest in an alternative, unconventional
computing concept, involving mimicking the learning processes in the
human brain.

Despite operating with much slower frequencies than CPUs, our
brains can process massive amounts of information in parallel fashion,
requiring only a fraction of power consumed by computers performing
similar tasks. It is estimated that performing complicated tasks,
such as playing the game of Go, required the AlphaGo (equipped
with 1202 CPUs and 176 GPUs) to consume even 50,000 times
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more power than a human brain performing the same task.?” The
powerful processing abilities attracted attention to design devices and
architectures that process information in a way inspired by neurons,
but which could still be integrated with classical modern electronics.
Nowadays, efforts to make machines compute in a more human
manner have become a thoroughly investigated field of science,
stretching from software implementations of neural networks and
deep learning, through material design of neuromorphic devices to
integration of physical artificial synapses on a chip.

The first ideas involving the concepts of in materio computing
or compute by physics date back to the 1950s. The idea to utilize
Kirchhoff’s and Ohm’s laws has been applied to solve partial
differential equations, for image filtering, motion computing, and
neural network algorithms.?® 19" Unfortunately, the performance of
these systems was overshadowed by the rapid development of fast
CMOS architectures and the compute by physics architectures lost
their attractiveness.

Almost during the same time, the concept of neuromorphic
computing was conceived. Although it dates back to the 1950s, the
first practical applications employing neural networks appeared in
the late 1980s only and originally involved mimicking the behavior of
biological neural networks with analog electronics.'%? In recent years,
this term has been stretched to many different implementations,
including analog, digital, hardware, and software models of neural
networks.

The development of novel non-volatile memories and memristive
devices, however, brought growing interest in hardware neuromorphic
circuits. The hardware realizations of neural networks with resis-
tive switching devices, transistors, and memristors have proven to
be promising alternatives to classical computing circuits, bringing
together concepts of in materio and neuromorphic computing.

1.3.1.1. Logic design with memristors/memristive devices

One of the very first implementation of memristive devices for
computing was their integration with the standard CMOS logic. Due
to their variable (e.g., voltage- or charge-dependent) conductance,
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memristors can act as controllable switches or latches that can be
opened (high conductance state) or closed (low conductance state)
with voltage of proper polarity.'?3

To be considered for logic design, simple circuits should be able to
realize material implication (IMP or IMPLY) — a fundamental logic
operation that together with FALSE (function that always yields 0 at
the output) operation form a computationally complete logic basis
for computing any Boolean function. Another great advantage of
memristive devices in logic design is that they can both perform logic
operations and store logical values as their conductances, making the
logic stateful.

It has been showed that simple circuits consisting of resistors
and two memristors can perform implication logic, while NAND
operation requires three memristors.!> A small number of mem-
ristors arranged in arrays have proven to be sufficient for effective
computation of all Boolean functions.'%4:105

However, the limitation of IMPLY logic is that it requires
additional circuit components like resistors and controllers, consumes
a lot of power and demands high circuit complexity. Much simpler
design can be obtained with memristor-only logic (Memristor-Aided
LoGIC, MAGIC).1% MAGIC takes the advantage of resistance
switching process in memristors: depending on the direction of
current flowing through the device, the conductance can be either
increased or decreased. As a consequence, AND and OR gates can be
easily implemented with two memristive devices and the final func-
tionality depends on the orientation of memristors within the gate.
NOT, NOR, and NAND gate can be built with three memristors, the
last two of which are logically complete (the corresponding IMPLY
logic gates require additional FALSE operation).!%%:19 For practical
implementations, it is crucial to decrease the memristive logic circuit
footprint, for example, by stacking. Recent work show that design
of 3D crossbar arrays is possible with logic primitives consisting of
two antiparallel bipolar memristors. Furthermore, robustness of this
design allows for implementation of any bipolar resistive switching
device, paving the way for architectures with logic operations

performed directly within the memory.'%”
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1.3.1.2. Matrix vector multiplication

The need for manipulating massive data arrays is crucial for
many applications, particularly linear transforms (discrete fourier
transform, discrete cosine transform) and artificial neural networks
(ANNs). However, due to the von Neumann bottleneck the com-
putation and transfer costs are significant and limit the prospects
of application of the ANN algorithms on a bigger scale. To train
deep neural network (DNN), millions of synaptic weights need to
be iteratively updated, demanding constant transfer of huge data
structures between the CPU and RAM. This leads to high energy
consumption of the order of kilowatts and days or even weeks of
computational time. In the conventional von Neumann architecture,
the computation of two numbers usually requires many multiply-
accumulate (MAC) operations and constant data transfer between
CPU and working memory. Despite the development of the hardware
dedicated to accelerate these operations, such as tensor processing
units, the manipulation of massive datasets is still considered a
time- and energy-consuming computational step. In fact, the speed
limitation of constant data moving and fetching is considered as
one of the most important bottlenecks for the further development
of AL

The matrix vector multiplication (MVM) is a fundamental
mathematical operation for many applications, for example, the
training and inference of ANNs. In conventional computers, physical
separation of processing unit and memory causes constant data shut-
tling, limiting the speed and causing significant energy consumption.

A potential solution to this problem is based on harvesting
the inherent non-volatile memory of memristive devices connected
together in a crossbar array. The design of such array involves many
memristors placed at the intersections of perpendicular row and
column electrodes. In such arrays, the computing and memory could
be intertwined on a single chip with no need to move data between
other components. More interestingly, arrays of memristive devices
are capable of carrying out MVM in just a single step.!%3

The ability to compute MVM is a consequence of Ohm’s law and
Kirchhoft’s law. The output current of any element in the matrix is
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given by (1.12):
I1=G-U (1.12)

where U is the applied voltage, I is the current read at the output of
the device and G is the conductance of an element of the memristor
array. As the voltage U; is applied to the ith row, the resulting total
current in the jth column (/;) can be expressed as (1.13):

I; =) GiUs (1.13)

where G; is the resistance of a memristive element located in ith
row and jth column. To address a particular cell M;; characterized
with conductance G;j, one simply needs to bias row ¢ and column
j with certain voltage. As a result, the measured output current
I = (I1,I,...,1,) is an analogue product of a conductance matrix
G and an input voltage vector U = (Uy, Uy, ...,Uy,), that is (1.14)

I=GxU (1.14)

By incorporation of transimpedance amplifier into the circuit

one can inverse the MVM operation (1.14) to obtain the division
(1.15):108

U=G!'xI (1.15)

Recently, it has been shown that cross-point resistive memory
arrays are capable of performing linear and logistic regression in just
one step.'?? To find the vector minimizing the error in the regression
analysis, one has to solve the Moore-Penrose inverse given by (1.16)

w=X"y = (XTX)" X"y, (1.16)

where w is the solution for Xw = y equation. The equation can
be solved by mapping matrix X on the array of conductances with
vectors w and y corresponding to voltage and current, respectively.
This system is capable of performing logistic regression as well,
proving its usefulness in classification tasks.!%?
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1.3.1.3. Hardware artificial neural networks

The last decade evidenced the power of Al with deep neural
networks matching and even outperforming human capabilities in
tasks previously regarded as extremely difficult for computers, such
as speech, object, and face recognition.'' However, the current
DNNs demand for power will shortly become a bottleneck in the
entire field of Al. To design an energy-efficient neuromorphic circuit
crafted to deal with massive datasets and multiple MVM operations,
it is necessary to mimic the processing of information by biological
neural networks in a much more accurate way.' !

The working principle of ANNSs is loosely based on McCulloch—
Pitt’s mathematical model of neuron.''? In classical feed-forward
fully connected ANN, a neuron is considered as a node that receives,
processes and transmits signals to other neurons. Each of the
connections (analogy of biological synapses) is characterized with
weight, indicating its strength. The neurons are grouped in layers,
each connected with the neighboring ones. The learning process
relies on adjustment of the connection strength between the neurons.
Simple ANNSs consists of only one layer between input and output
layers, called hidden layers. Neural networks with more than one
hidden layer are regarded as deep neural networks. The output signal
of neuron is therefore a weighted sum of the outputs from preceding
neurons (1.17):

Yj = szjxi, (1.17)

where y is the output signal of the jth neuron that received input
signal z; from the ith neurons from the preceding layer, connected
with the jth neuron by corresponding synaptic weights w;;. Then,
the output is processed through a nonlinear activation function, for
example, tanh, sigmoid, or ReLU.!3 In the most frequently used
supervised training algorithm — the backpropagation — the signal
from the last layer (usually called the output layer) is compared
with the correct values. The calculated error is then backpropagated
to the first (input) layer of the network and the synaptic weights are
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iteratively updated over many iterations (epochs) until the error is
minimized. Finally, the prediction accuracy of the ANN is tested on
new (test) dataset, serving as a benchmark.

Thanks to the presence of many neuromorphic effects the
memristor-based artificial synapses are likely to play a crucial role in
the design of neuromorphic circuits. The properties that distinguish
memristive devices as building blocks for bio-plausible ANNs are
the presence of more than two conductive states, low programming
energy and ability to store the programmed conductance. Due
to numerous effects responsible for conductance switching, many
different devices are considered for implementation in neuromor-
phic hardware, namely, resistive switching random access memory
(RRAM), the phase change memory (PCM), the ferroelectric and
spin-transfer torque magnetic random access memories (FeRAM and
STT-MRAM, respectively). RRAM and other resistive switching
devices are able to store up to 6.5 bits of information and PCM
devices even up to 8 bits.'14 116 The energy required to switch
between distinct conductive states is as low as few femtojoules
and nearly equals to this consumed by neurons and the data
retention is estimated to in order of years for some state of the art
devices. 113 117

Arrays consisting of 32 x 32, 128 x 8, and 128 x 64 memristive
one transistor—one resistor (1T1R) devices have proven to be effective
in facial recognition, sparse encoding, and handwritten digit recog-
nition.!0L 18 19 The Jatter was able to achieve overall recognition
accuracy of 89.9% on MNIST dataset, coming close to the software
baseline. Convolutional neural networks (CNNs) deal with image
recognition and object detection much better than classical ANNs
and can be used to further improve the accuracy. Fully hardware
implementation of memristive CNN consisting of eight 2048-cell
memristive arrays arranged in five layers achieved 96.9% accuracy.'?°

Larger DNNs have been built with the use of PCM devices.
Arrays consisting of 165,000 synapses achieved 82.2% on MNIST
dataset and architecture with 1 million devices achieved 93.1% on
CIFAR-10 dataset and 71.6% on ImageNet benchmark.!?!:122 The
accuracy is still lower than that achieved by software solutions, but
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these results prove that hardware DNNs are capable of dealing with
complex visual patterns.

The biggest promise of hardware neuromorphic circuits is to
significantly decrease energy expenditure. Memristive cross-point
arrays benefit from integrating computing unit and memory in one
physical device, which significantly speeds up operations of the
network. It is estimated that memristive neuromorphic architectures
are able to operate at 115 TOPS W~! (Tera Operations per Second
per Watt) while performing MVM.!! In comparison, digital CMOS-
based technology doing the same task at lower accuracy is estimated
to operate at 7 TOPS W~! (see Ref. [119]). It is presumed that
with proper architecture, energy consumption can even be 1000
times lower than that required by classical circuits.!'® However, the
implementation of ANNs poses a significant challenge in the design
of hardware neuromorphic circuits. In general, synaptic weight can
have both positive and negative values, which require a modification
to the simple crossbar architecture.'?? To obtain negative values, one
has to calculate a relative synaptic weight as a difference between a
pair of conductances (1.18)

wi; = Gij — Gret, (1.18)

where Gio is some fixed, reference conductance.'?* However, this
architecture is viable only for devices exhibiting bipolar switching
behavior (i.e., when the conductance can be both increased and
decreased). In case of unipolar switching devices, like PCM devices, in
which conductance can be tuned only in one direction, the calculation
of the synaptic weight requires second tunable conductance to yield
both positive and negative values, that is (1.19)

wij = G — G (1.19)

Other significant issues posing learning ineffectiveness are device-
to-device variations, nonlinearity of resistive switching and lack of
symmetry of switching between high and low conductances, both
leading to lower prediction accuracy.'?> 127 It has been shown that
even a few percent in linearity discrepancy between devices can lead
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to decrease in the inference accuracy.'?® These issues can be overcome
with feedback programming algorithms to introduce devices into
the desired conductance state and selecting narrower conductance
101" Programming techniques that take into account the
variability of the resistive switching among devices in the array to

overcome have proven to effectively increase the inference accuracy
1,125,129

window.

as wel

Spiking neural networks (SNNs) can emulate the behavior of
biological neurons in a much more reliable way than classical ANNSs.
In the brain, both the time of neuron firing and its position in
the network carries information.™? The information is encoded with
binary spikes and only specific spiking patterns induce neurons to
emit the action potential. Thus, human brains are extremely efficient
in processing complex, spatio-temporal data like speech and vision.
Similar rate encoding approach is implemented in SNNs, where
information is coded with the pulse width, frequency, and the relative
time of its occurrence.!™!

CMOS-based SNNs neuromorphic technology circumventing von
Neumann architecture limitations are already available, including
SpiNNaker supercomputer, Intel Loihi, and IBM TrueNorth neu-
romorphic chips.'31"133 While being state of the art neuromorphic
circuits, these solutions employ complex circuits of classical elec-
tronic elements to emulate synaptic behavior. Due to the innate
presence of synaptic effects, memristive devices could significantly
simplify the design of hardware SNNs. The presence of numerous
neuromimetic effects including Hebbian learning rules, spike timing-
dependent plasticity (STDP), spike rate-dependent plasticity, pulsed-
pair facilitation, metaplasticity, associative, and non-associative
learning allow direct and efficient implementing of spatio-temporal
learning rules.!34138

Additionally, SNNs are able to carry out unsupervised training,
where the network autonomously learns a pattern based on the data
submitted to the input.''1139 SNN consisting of only 16 synapses
trained with unsupervised weights update via STDP showed the
ability to learn static and track dynamic patterns.'? It is noteworthy
that in SNNs, only devices that receive a spike become active, while
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the rest remain idle. This is a highly advantageous feature, as it will

allow even further reduction of energy consumption.!

1.3.2. Principles of control in dynamic systems —
PID case

The control theory deals with the analysis of various dynamic systems
and methods of constructing controllers. The most common control
systems are based on feedback loops, where the controlled signal is
compared with the given reference signal, after which the differences
between them (i.e., error) are used to calculate the corrective control
action.'?144 Currently one of the most widely used mechanisms
of control is the proportional-integral-derivative (PID) controller.4?
The first theoretical work creating mathematical foundations and
describing the operation of the PID controller appeared in 1922.145
The purpose of Nicolas Minorsky’s work was to determine the
conditions of stability — in his work he used his sailing intuition,
which was based on the fact that the helmsman controlled the ship
not only based on the current error, but also took into account
errors that occurred in the past and the current rate of change. His
concepts were implemented on the battleship USS New Mexico to
control angular velocity. The use of the “PI” controller (using only
proportional and integral components) enabled the angular error
to be reduced to +2°, while the addition of the “D” component
helped reduce the error to +£1/6°, which was much better than any
helmsman could achieve.'® Since then, the academic community
has become deeply interested in the subject of PID controllers,
as evidenced by international conferences and constantly developed
models and emerging patents.!4" 14

The PID control device is based on continuous operation through
the use of the feedback loop and appropriate corrective actions of its
three calibrated components. The equation written in parallel form,
specifying the output from the classic PID controller operating in a
continuous manner is as follows (1.20):

de (t)
dt

UPID (t):er(t)—i—K[/Ote(t)dt—i—KD (1.20)
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where uprp is the output of the PID controller, Kp, K7, and Kp
denote coefficients of proportional, integer, and derivative gains,
respectively, and e(t) is the error. The standard form of represen-
tation of Equation (1.20) is often presented in the form (1.21):

t
UPID (t) = Kp (6 (t)-l— i/ e(t) dt-l—TDde (t)) , (1.21)
Tr Jo dt
where physical meaning of 17 and Tp are interpreted as time con-
stants of integration or derivation processes. The block diagram of the
PID controller is depicted in Figure 1.3. The principle of operation
of the PID controller is as follows: The “P” component is responding
to the error e(t) with the proportional gain Kp. The use of a
proportional component alone is not sufficient to achieve the desired
system variable, due to the fact that when the error approaches
zero, the correction applied also approaches zero. The integrating
element attempts to counteract this by effectively accumulating the
error result of the “P” component in order to increase the correction
factor. However, instead of stopping the correction after reaching the
goal, “I” attempts to reset the cumulative error to zero, which causes
overshoot. The “D” component aims to minimize this overshoot by
slowing down the correction factor applied as the desired system
value is approached.

—> P K,e(t) j
' u(t) Process Y(t)

=1 K fed— X —> (1) =2[u()]

| Lygpea ]

dt

Figure 1.3. Schematic representation of PID controller. The symbols represent:
r(t) is desired process value, e(t) is the error calculated from the difference of
r(t) and y(t) — measured process value. Participation of P — proportional,
I — integral, D — derivative components are summed and are applied to given
process as u(t) — control signal. The process itself transforms the control signal
into a feedback y(t). The = operator can be regarded as a response function of
the controlled process.
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It is estimated that about 90% of industrial processes are
controlled by PID systems.' They are used to regulate flow, tem-
perature, pressure, humidity, level, velocity, or other parameters
of industrial importance. The popularity of using this type of
control is mainly due to its simplicity, applicability, and the intu-
itiveness of the impact of individual components on the system
dynamics.'® Many approaches towards tuning of PID controllers
are used to obtain fast and acceptable performance of a given
process, for example manual tuning, different heuristic methods,
model based methods, or even auto-tuning provided by the supplier.
Classic heuristic methods of tuning PID systems include methods
by Cohen—Coon,'®? Ziegler-Nichols,'®® Tyreus-Luyben,'®* Astrom-—
Hiigglund!®® or Internal model control IMC-PID tuning rules by
Rivera et al.1°

When the dynamics of a given system is complex, nonlinear, non-
stationary, difficult to accurately characterize or is subject to environ-
mental uncertainty, there may be a need for more advanced control
system. Intensive research is conducted on controllers using, for
example, fractional calculus,'#® 157 fuzzy logic,'% 8 artificial neural
networks, %169 or using hybrid approaches.'61-163 In order to obtain
a broader description of the methods of tuning PID control systems,
the interested reader is referred to the topic reviews.!47,164-169

More and more advanced methods of PID control are still being
developed, aimed at better control over the time delay of the system
response, avoiding overshoot or oscillations. At the same time,
industry-related data present sobering results about operating PI and
PID control systems. Industrial plant inspections show estimates that
around 80% of used PID controllers are poorly tuned. It was found
that 30% of PID controllers are in manual mode and that 25% of
all installed PID controllers use the factory default settings, which
means that they have not been tuned at all.!4?17%: 171 This does not
change the fact that scientists are trying to develop and incorporate
PID technology into larger control systems as well as develop related
technologies that are based on similar concepts of feedback control
which is the topic of the next section.
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1.3.3. Reservoir computing

Just like in the case of the Internet, smartphones, 3D printing,
e-cigarettes or electric cars to name a few, the development of
artificial intelligence is becoming an integral part of human life. We
use social media, online shopping, various video sharing platforms,
communicators, etc. Each of these areas can be subjected to analysis
and profiling to generate value through more personalized ads, news
feeds, or videos which may be of interest to us.!”® This is intended to
draw more human attention by suggesting personalized content —
including aesthetic, intellectual, or political preferences. The collec-
tion and analysis of data translates into a real effect in the world in
the form of monetary gains (e.g., Al supported product/stock market
analysis'”® 1) or politics (the case of Cambridge Analytica affecting
the presidential election in the USA!™).

The analysis and processing of the data listed above (in addition
to classical statistical methods) is carried out using concepts belong-
ing to the field of machine learning (ML). One of ML’s intensively
developed branches are various ANNs.!™ In their functionality
and/or structure they are modeled on the basis of the biological
nervous systems. This is due to the brain’s extremely optimal ability
to recognize patterns and classify them as well as its ability to learn.
For this reason, ANN are widely used for various tasks such as
classification, prediction, generation, or filtering of the data. They
turn out to be valuable tools if we are interested in modeling of
various nonlinear processes treated as a “black box”.

Generally, neural networks can be divided into two subclasses
depending on the direction of the data flow — feedforward neural
networks (FNNs) and recurrent neural networks (RNNs). Due to
the characteristics of these networks, FNNs are more suitable for
processing information that is static — that is, that are non-temporal
dependent, whereas RNNs turn out to be more suitable for temporal
data, where we are interested in modeling the dynamics of a given
system.!7" 17 Control systems are time-dependent entities, so in
this chapter we will focus only on the description of new solutions
from the RNN class. The flexibility and complexity of RNNs surpass
the performance of classical PIDs, which are, by definition, limited
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Figure 1.4. Schematic diagram of classical reservoir computing system. Con-
nections between input layer and the reservoir layer, as well as the connections
between hidden nodes in the reservoir are all fixed (black). The only trained
connections can be found between the reservoir layer and the output layer (red).
Output layer acts as a decoder of a particular reservoir parameters at a given
time. Based on the obtained parameters, classification of input signals can be
performed.

to a single feedback loop with no delay and a relatively simple
nonlinear core.

One of the RNN approaches is particularly advantageous from the
point of view of physical systems — reservoir computing (RC). In RC,
a set of hidden neurons is called a “reservoir” intended for mapping
input into higher dimensions through nonlinear transformations, so
that it can be classified with linear transformations at the output
layer (Figure 1.4). In the general case the response of a reservoir to
the external input vector u can be described by a recursive equation

(1.22)

H
x(t)=F | Wx(t—1),Wra(t), WPy-45)], (122
6=0

where x () is the vector describing the internal state of the reservoir
at discrete time ¢, W is the matrix of internal weights of reservoir,
Wi is the matrix of input weights, W' is the matrix of feedback
weights, y is the output signal used in feedback, H defines the depth
of memory, and § is the activation function of the reservoir. The
state of the reservoir is a vector defined by the states of all of its
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nodes, N (1.23)
x(t) = (z1(t),z2(t),...,xNn (t)), N €N, (1.23)

The readout layer may use only a subvector of the internal state
of the reservoir, that is (1.24)

y(t) = (z1 (1), 22 (t),...,2; (1)), j<N. (1.24)

No training is needed in the reservoir layer, which is a huge advantage
in terms of speed of operation. The only training involves the readout
later, which may be a simple linear transformation of the output
vector (1.25):

o () = W (1), (1.25)

and the delayed feedback in the more advanced cases (vide infra).
It is especially important in the case of in materio implementations
of reservoir computing, where no adjustments inside the physical
reservoir can be done.!®0 181 Because of this, the reservoir must
be complex enough to perform nonlinear transformations suitable
for data classification and modelling. Among all computational
paradigms reservoir computing seems to be best suited for unconven-
tional in materio implementations,'® although selection of a proper
physical platform is not a trivial task.!8? 183

The responses of the reservoir must possess properties of gener-
alization and separability — similar inputs are mapped into similar
states of the reservoir whereas differing inputs are mapped into
its different states.!®® These features can be significantly improved
by addition of additional trainable elements: a delayed feedback
and a drive, as recently reported by Anathasiou and Konkoli
(Figure 1.5).1%% Most importantly, the drive signal may influence the
global dynamics of the reservoir in such a way that the reservoir can
perform various computational tasks with the input data.

This approach enables decrease of reservoir complexity, allows at
least partial control over internal reservoir dynamics and improves
memory features, thus helping to beat the nonlinearity-memory
trade-off. Other significant improvement of reservoir performance
may be achieved by careful engineering of nodes — a combination of
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Figure 1.5. Schematic diagram of a modified reservoir computing systems.
Additional feedback and the trainable drive library are marked in red. See Ref.
[184] for details.

linear and nonlinear nodes helps to mitigate the memory-nonlinearity
trade-off.186 This approach, however is more suitable for software-
based reservoirs, as in the case of in materio implementations it
would require extensive control of materials at nanoscale. The inter-
ested reader is referred to broad literature for a formal description

of its concepts.2?> 184, 187-194

1.3.4. Reservoir computing and control systems

One can envision a full hardware integration of the controlled systems
with the control system, where the processing of the multisensory
data is carried out in an online manner. Such solutions are already
available on the market (e.g., SPOT® from Boston Dynamics with
+EDGE GPU), but they are not efficient compared to dedicated ML

computing equipment?

and are expensive. For this reason, research
is being conducted on effective platforms that process information
in a convenient way (e.g., memristor crossbars capable of matrix
operations!9196) for ML applications.

Since RC is one of the efficient ML methods for processing non-
linear dynamic data, it seems natural to try to use this method for
systems control applications. Relation of the RC with the control

systems can be manifold. RC can be used in a similar way as
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the PID control system (vide infra), or in parallel with the PID
to enhance its operation, and can be trained on the basis of
PID; in an inverse situation, system under control can be used as
reservoir of states to perform computations. These approaches will
be briefly illustrated with examples. It is worth mentioning that
at first, presented applications for system control are based on a
software implementation of RC, followed by some recent hardware
RC implementations.

The relation between PIDs and RCs can be noticed at various
levels. One of the widely used approaches to reservoir computing
is the implementation of single node echo state machines.!?7198
They are based on a single nonlinear node placed in a feedback
loop with appropriate delay and gain elements, which provide fading
memory feature. The conceptual scheme of such a system is shown
in Figure 1.6 and the block diagram of practical application in
Figure 1.7. The input signal for such a system must be appropriately
conditioned (e.g., divided into constant-time chunks, masked with

appropriate masks, combined with proper drive signal, etc.)!% and
fed into the feedback loop at appropriate moments.
Inputs Outputs Classes
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Figure 1.6. Single node implementation of a reservoir computing concept. The
output layer follows the evolution of the input signal at various time instances. It
is assumed that the node returns to its initial condition upon n steps, therefore
single computational run lasts (n + 1) - A7. Trained elements (drive and output
layer weights) are marked in red.
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In this approach signal chunks of the length not exceeding the
given time interval of A7 are fed into the feedback loop and the
signal evolution is observed with the time spacing of Ar. In this way
a series of virtual nodes presenting the input signal at different stages
of evolution is obtained. The simplicity of this approach is a trade-off
versus the performance. The number of virtual nodes and the length
of the signal chunk determine the time-scale of the data processing,
therefore this approach is mainly used in photonic systems,?00207
however electronic implementations based on memristive elements
are also known (Figure 1.7).180,208-210

So far, hardware implementations of RC have been shown to act
as efficient ANN in materio devices but without showing its possible
application to control systems. Based on previous reports on RC
software, it can be assumed that future research will include full
hardware integration of the ANN control unit and the controlled
system. RC’s ability to work effectively in continuous online mode
is a big advantage here. Some new RC hardware implementations
are described below. Zhu et al.?'! presented hardware reservoir
implemented on the single memristor operating in the feedback
loop to capture and analyze neuronal spike trains in real time. The
perovskite-based Ag/CsPbls/Ag memristor showed a good repre-
sentation of the applied neural signal in its dynamics of operation,
which was further enhanced by the feedback loop. In addition, low
voltage (>100mV) and low operating current (~nA) made this

@- @

Figure 1.7. Block diagram of an experimental setup for memristor-based
reservoir computer (a single node echo state machine). SMU stands for source-
measure unit, GAIN for amplifier and the delay line is labelled A7. Adapted from
Ref. [28].
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system suitable for working with a biological signal. Such a system
could prove to be a good candidate for control systems due to its
low power consumption and the possibility of continuous operation.
In an attempt to reduce required information processing elements,
Wilazlak et al.?%? showed possibility to classify signals based on their
amplitudes, without any necessity for readout neural network or
any transformation whatsoever apart from simple threshold. The
ITO/Pbly/Ag memristive device operating in the feedback loop
was used as the computational RC substrate. Furthermore, device
exhibited spike-timing-dependent plasticity (STDP) and spike-rate-
dependent plasticity (SRDP) Hebbian learning rules. Simplifying
the required information processing while maintaining certain func-
tionality may also be important from the point of view of control
systems. In a different setup, Vandoorne et al. studied RC based
on the photonic silicon chips. As this system did not show any
nonlinear operation by itself, the desired nonlinearity was introduced
at the readout layer. The great advantage of the system was its high
speed of operation, enabling data processing at the level of 12.5 Gbit
per second. More implementations can be found in recent review
papers. 183,212

In one study, Schwedersky et al.?'3 explored performance of RC in
comparison with PID system to control refrigerant compressor. Since
this device shows areas of nonlinear operation, the RC-based control
showed more than two times less relative error during operation when
testing the experimental setup. Zhang et al.>'* showed comparison
of RC with other classical ML techniques for a transmission faults
monitoring of a 3D printer. In a situation where we have access
to a small number of resources, a low-cost data acquisition and
computation are crucial. In that scenario, RC presented outstanding
performance in relation to other ML approaches. Wu et al.?™ studied
joint system of RC and PID control of rehabilitation robotic arm
showing better accuracy than simple PID controller. Sala et al.2'6
showed that RC can be effectively trained on the basis of the PID
responses and in effect was able to correct offsets of controlled robotic
arm. Nakajima et al.?'” showed an interesting approach to employ
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model of soft-robotic arm (inspired on the octopus tentacles) to use
as a reservoir of states. Soft-robotics is characterized by the smooth
movements observed in nature, which makes it be perceived as high-
dimensional, elastic and nonlinear. The dynamics of a robot soft arm
have been successfully used for approximation of three benchmark
nonlinear dynamical systems. In the following work,?!® group pre-
sented hardware robotic arm used to perform computations. The
interested reader will find more about soft robotics in the following
subsections.

The single node echo state machine implementation of reservoir
computer is structurally related to the PID controllers, which
however do not have the explicitly defined delay line and their
nonlinear response is strictly defined. The other difference related to
the feedback loop — in the case of PIDs the delay/memory function
can be embedded in the controlled element (e.g., in the form of its
inertia). This analogy can be further explored for a very specific
class of input data: signals satisfying the Dirichlet conditions for
expansion of a function into a Fourier series. Such signals should be:
(1) periodic functions absolutely integrable over its period, (ii) must
be of bounded variation in any given bounded interval (i.e., it should
have a finite number of local minima and maxima within a period)
and (iii) must have a finite number of discontinuities in any bounded
interval. All functions which obey the Dirichlet’s criterion can be
represented as Fourier series, for example, (1.26),

N
f(z)=A40+ Z Ay sin (nx 4 ¢y,). (1.26)

n=1
Furthermore, operation of PID controller should be performed with
integration time significantly shorter than the period of input oscil-
lations. Thus, application of the two operators of PID to each of the
Fourier components (it is possible due to the linearity of differential

and integral operators) sin functions yields cosine functions (1.27)
and (1.28):

dsin x

dx

= cosx (1.27)
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and

/Sin xdr = — cos x. (1.28)

Thus, the response function of PID for any Fourier component of the
input signal will be given by (1.29)

f(z)=Kpsinzx + (Kp — Kj)cosx (1.29)

which simplifies to (1.30)

f(2) = K3+ (Kp — K1) sin (z + 9) (1.30)
with the phase shift equal to (1.31)

Kp—K
arctan %, Kp #0
¢ = P (1.31)

7
SgIl(KD —K[) 5, Kp = 0.

Thus, the nonlinear operator of PID can be represented by a
fractional derivative?”2197221 (following the sign convention used in

memfractive devices???) of the order of (1.32)223:
2¢
= —— 1.32
=2 (132

which automatically leads to conclusion that the PID systems, when
subjected to periodic signals satisfying the Dirichlet’s conditions,
have power-law memory features.??4225 Thus, PID systems can be
considered as simplified reservoirs with fading memory, provided that
the process function = is: (i) a linear operator or (ii) a function,
which satisfies the Dirichlet’s conditions within the image of the input
function f(x). The detailed considerations on performance of such
systems require spectral analysis of composite functions, discussed
in detail by Bergner and Muraki.??% Specific operating conditions
(periodic input and a limited choice of process operators é) are
not usually met during operation of PID systems. However, this

demonstrates close formal and functional relation between these
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two systems, especially if = can induce additional phase shifts or
represents a delay line. Detailed analysis of delayed PID systems was
presented by Silva et al.?2” With appropriate properties of é, PIDs
can be applied to signal classification according to spectral features
or signal filtration, which extracts desired signatures from complex
input signals.

In summary, control systems can be implemented in a variety
of ways, strictly depending on the dynamics of the system under
consideration. Both classic control systems such as PID as well as
more advanced ML-based systems open up many research paths
aimed at increasing their accuracy and functionality compliance.
It seems that the world is striving for more and more automation,
using more and more advanced and sophisticated systems, which we
have tried to briefly outline in this section in regard to PID and ML
concepts.

1.4. Controllers Beyond PID: Fuzzy
and Neuromorphic

1.4.1. Fuzzy logic

Human intelligence has the remarkable power of computing with both
numbers and words. A good model of the human ability to make
rational decisions by computing with words is fuzzy logic. Fuzzy
logic has been defined as a rigorous logic of vague and approximate
reasoning.??® It is based on the theory of fuzzy sets proposed by
the engineer Lotfi Zadeh.??? A fuzzy set is different from a classical
Boolean set because it breaks the law of Excluded Middle. An item
may belong to a fuzzy set and its complement at the same time, with
the same or different degrees of membership.

The degree of membership (i) of an element to a fuzzy set can be
any number included between 0 and 1. It derives that fuzzy logic is
an infinite-valued logic. It is used to design controllers because it can
describe any nonlinear cause and effect relationship. For this purpose,
it is necessary to build a fuzzy logic system (FLS). The construction
of any FLS requires three fundamental steps. First, the granulation
of all the variables in fuzzy sets. The number, position, and shape
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of the fuzzy sets are context-dependent. Second, the graduation of
all the variables: each fuzzy set is labeled by a linguistic variable,
often an adjective. Third, the relationships between input and output
variables are described through syllogistic statements of the type
“If ..., Then ...”, which are named as fuzzy rules.

The “If ...” part is called the antecedent and involves the labels
chosen for the input fuzzy sets. The “Then ...” part is called the
consequent and involves the labels chosen for the output fuzzy sets.
In the case of multiple input variables, these are connected through
the AND, OR, NOT operators.??0 At the end of the three-steps
procedure, an FLS is built; it is a predictive tool or a decision support
system for the particular phenomenon it describes. The effectiveness
of fuzzy logic in mimicking the human power of computing with
words is due to the structural and functional analogies between any
FLS and the human nervous system.?3! A significant challenge in the
field of Chemical Artificial Intelligence is the design of strategies to
process fuzzy logic by using molecules, macromolecules, and systems
chemistry.?32

1.4.2. Processing fuzzy logic by using molecules

The microscopic world is ruled by the laws of quantum mechanics
that have some links with fuzzy logic.?323% The elementary unit
of quantum information is the qubit. The qubit, |¥), is a quantum
system that has two accessible states, labelled as |0) and |1), and it
exists as a superposition of them (1.33)

B) = a|0) +b|1). (1.33)

In Equation (1.33), a and b are complex numbers that satisfy the
normalization condition |a|>+|b[* = 1. Any logic operation on a qubit
manipulates both states simultaneously. It determines an evolution of
|W) represented by the product of |¥) and an orthonormal operator
O. The new state |¥') is given by (1.34)

[0y = O|w). (1.34)
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The new state |P’) still satisfies the normalization condition. In other
words, (1.35):

|01%)]| = [[[¥)]| = 1. (1.35)

When a qubit undergoes any kind of measurement represented by a
projector p, the probability of an outcome is defined as (1.36)

(W) 5| W), (1.36)

The projector (1.37)

="l (137

is a linear operator defined over a set of orthonormal vectors |i).
Multiplying a projector with a state vector |¥) means to project the
vector onto the respective vector subspace. The probability value of
Equation (1.36) equals the squared length of the state vector |W)
after its projection onto the subspace spanned by the vectors |i).
Such value may be interpreted as the degree of membership of |¥) to
the subspace spanned by |i).23%235
decoherence of the qubit.'3” The decoherence induces the collapse
of any qubit in one of its two accessible states, either |0) or |1),
with probabilities |a|® and |b*, respectively. The decoherence is

The measurement determines the

also induced by deleterious interaction between the qubit and the
surrounding environment, which is a heat reservoir. Whenever the
decoherence is unavoidable, the single microscopic units can be used
to process discrete logics, that is, binary or multi-valued crisp logics
depending on the original number of qubits.% 0

The relation between quantum logic and fuzzy logic can be
established also at topological level. It is possible to represent a
real-valued qubit as a circle in two dimensional Hilbert space. It is
homeomorphic with a unit square, which specifies two membership
functions.?36 The intuitionistic analysis of fuzzy and quantum logic
operators also points to striking similarities between fuzzy logic
and quantum computing.?” The intuitionistic argument should be,
however, used consciously, as there are also marked formal and
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practical differences between quantum and fuzzy logic. As pointed
out by Lehrack et al.: “As main difference between fuzzy and
quantum logic we identified the way how conditions are combined
by conjunction and disjunction with respect to a given object:
combination in quantum logic is performed before and in fuzzy logic
after object evaluation takes place”.?3%

Advanced microscopic techniques, reaching the atomic reso-
lution, are required to carry out the computations with single
molecules. Alternatively, large collections of molecules can be used
to make computations. However, vast ensembles of molecules (if they
are of the order of the Avogadro’s number) are bulky materials. The
inputs and outputs for making computations become macroscopic
variables that can assume continuous values. When the function that
relates input and output variables is steep, it is suitable to process
discrete logic. On the other hand, when the function is smooth, it is
suitable to implement an FLS.238 241

Every compound that exists as an ensemble of conformers works
as a fuzzy set.?42 The types and the relative amounts of the different
conformers depend on the physical and chemical contexts. Every
compound is like a word of the natural language, the meaning of
which is context-dependent. Conformational dynamics and hetero-
geneity enable context-specific functions to emerge in response to
changing environmental conditions and allow the same compound
to be used in multiple settings. The fuzziness of a macromolecule is
usually more pronounced than that of a simpler molecule because
it exists in a larger number of conformers. Among proteins, those
that are completely or partially disordered are the fuzziest.?*3 Their
remarkable fuzziness makes them multifunctional and suitable to
moonlight, that is, play distinct roles, depending on their context.?*4

When compounds that exist as a collection of conformers and
that respond to the same type of either physical or chemical
stimulus, are combined, they granulate the variable in a group of
molecular fuzzy sets. They work in parallel and allow to discriminate
different values of the same variable easily. This strategy is at the
core of the sensory subsystems of the human nervous system.?3!
Its imitation allows to develop artificial sensory systems that are
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strongly sensitive. For instance, the imitation of the visual sensory
system, by using a collection of adequately chosen direct thermally
reversible photochromic compounds has allowed the implementation
of artificial chemical systems that extend human vision from the
visible to the UV. Such systems discriminate frequencies belonging
to the UV-A, UV-B, and UV-C regions, respectively.?43 246

Another attractive platform, in terms of both structural stability
and flexibility of possible modifications (e.g., through intercalation
of various small molecules), is provided by nucleic acids. These
macromolecules provide a sufficient number of states to implement
quasi-continuous variables, hence the definition of fuzzy sets, as well
as the construction of a FLS, become relatively straightforward.
These concepts were discussed by Deaton?*” and later by Zadegan,?4®
who implemented functionalities of Boolean logic gates and designed
an FLS based on the use of the Forster resonance energy transfer
(FRET).

At the same time, simpler molecules may also be utilized for the
realization of fuzzy logic operations owing to their electrochemical
or photochemical properties. One of such compounds was presented
by Karmakar?*® — the emission profiles of polypyridyl-imidazole
based complex of ruthenium and their dependence on the presence
of selected ions (Fe?t, Zn?*, F~) were utilized in this instance.

1.4.3. Implementation of fuzzy logic systems
in solid-state devices

Although the use of molecular systems in the context of fuzzy logic
implementation opens a variety of paths towards future applica-
tions — especially in scenarios, where some degree of interaction
with the environment is required — some major drawbacks are still
present. This is mainly due to the necessity of working in solutions,
which in turn hinders the concatenation of such devices, makes them
incompatible with the conventional, silicon-based architectures and
due to specific requirements concerning input/output operations,
impede interfacing in general.

At the same time, a substantial amount of research effort is
put into studies on the utilization of solid-state materials in the
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construction of information processing devices realizing in-materio
computing concept, based on multi-valued logic systems (including
fuzzy logic).> 9% These studies aim as well for the compatibility of
new systems with classic electronics, which is achievable, since most
of these devices utilize electrical signals as input and/or output.
Moreover, this approach gives an opportunity to harness molecules,
which may be used in a similar manner to the abovementioned (e.g.,
to facilitate interactions with the environment) or in order to modify
the properties of a base material.

A good example of a solid-state element capable of realizing FLS
functionalities is given in the work by Bhattacharjee?®! in which a
tantalum oxide-based device, exhibiting some memristive properties
is discussed, as a suitable platform for designing multi-valued logic
gates. Another interesting approach was demonstrated by Xu and
Yan, who realized sensing at the molecular level with the use
of europium functionalized metal-organic frameworks, fluorescent
response of which was used to define a so-called “Intelligent Molecu-
lar Searcher” utilizing some elements of the fuzzy logic formalism in
order to detect changes in the concentration of selected ions.?*?

An interesting extension to the aforementioned devices may be
realized with the use of light as one of the inputs. The authors
of this chapter presented two hybrid materials, both composed of
titanium dioxide modified with either anthraquinone (Figure 1.8)?°°
or cyanocarbons,’ as suitable platforms for the implementation of
Fuzzy logic formalism. In these cases, we used the photocurrent
generation patterns of the nanocomposites to assign fuzzy sets and
define rule bases. Since the proposed devices may be controlled by
both applied bias and the change of incident light wavelengths, it is
possible to concatenate them with existing optoelectronic elements
into more sophisticated networks capable of complex information
processing tasks.

1.4.4. Neuromorphic devices

A closely related field, which also aims at mimicking some of the
fundamental biological structures and processes, focuses on the
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Figure 1.8. The process of fuzzification of input (a) and (b) and output (c)
signals in the experiment involving titanium dioxide modified with anthraquinone
is depicted. The rules base (d), the original photocurrent generation pattern (e)
and the result of defuzzification is shown (f). Adapted from Ref. [250].

implementation of nervous system functionalities within software
and hardware frameworks. Here, we discuss exclusively hardware
realizations of the neuromorphic engineering concepts with a strong
emphasis put on in-materio computing approach. This class of solu-
tions gains substantial interest, as it opens ways for the utilization of
unconventional information processing devices in scenarios — such
as chemical sensing, multi-valued logic implementation, etc., — in
which classic electronic elements are unsuitable. Moreover, the n-
materto computing is more energy-efficient in some applications than
the solutions based on CMOS architectures.??,253-256

The basic operation of neurons and synapses may be recreated
within different systems capable of dynamical response to the
external stimulus and evolution of its internal state in time. Selected
concepts of neuromorphic engineering have already been realized
within the in-materio computing framework with the use of both
solution-based and solid-state systems. Ideally, these devices should
be also easily concatenated into networks of higher complexity,
allowing mimicking of neural networks with multiple nods, in order
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to implement more sophisticated functionalities. In the former case
(the use of molecules in solutions), this task seems to be difficult
to achieve, hence this approach is rather underrepresented in the
literature.

Nonetheless, one may find several realization of neuromimetic
systems falling within this solution-based design — one of the
commonly applied approaches assumes the use of chemical reac-
tions, which exhibit a tendency to remain out of equilibrium.?3?
A good platform meeting this requirement is provided by oscillating
reactions, such as the Belousov—Zhabotinsky (BZ) reaction or the
Briggs—Rauscher (BR) reaction, which may be used for recreation of
spiking patterns observed in biological structures,*”2%" but also for
such sophisticated tasks, as image and pattern recognition.%?

An interesting variation of such systems is achieved, when lumi-
nescent or photochromic compounds are introduced to the system.
Since BZ reaction is capable of modulating the optical input in the
UV-vis region, these periodic changes will become a perturbation
for other light-absorbing compounds, which will synchronize with
BZ oscillations in one of two different ways: in-phase — if processes
involving an additional agent are fast — or out-of-phase — in
the case its response is slow.?? This, in turn, allows realization of
different dynamics characteristic for a variety of neural structures,
including the functionality of so-called chaotic neurons — in this
case the transport processes within solution play an important
48,49,66,67 __ the characteristics of which may be utilized in the
cryptography or random number generation.

Finally, as mentioned before, the concatenation of individual
cells is not an easy task, however some internal feedback loops exist
within this class of systems, which open the way for the realization of
simple neural networks. Changes in concentration and ratios between
particular constituents of the system, as well as modifications various
parameters describing both the device and optical input(s) enables

implementation of different circuits — of both unidirectional and
50, 68

role

recurrent characters — and their dynamical reconfiguration.
Despite the aforementioned possibilities of connecting solution-
based systems into more complex architectures and their internal
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capabilities to realize information processing in a manner similar to
simple neural networks, there are some limitations to this approach.
A more promising and versatile platform for the design of hardware
neuromimetic systems is provided by solid-state elements. Here,
three distinctive pathways may be defined: the first one assumes
the use of classic, silicon-based electronics and existing, or slightly
modified elements — this scenario, as discussed in the former
sections of this chapter, is not always energy-efficient and lacks
the flexibility (e.g., in terms of possible interactions with light or

195,258 __ the second one, quite common nowadays,

194,259-261

chemical entities)
focuses on the use of memristors and memristive devices
and usually bases on the analysis of electrical inputs/outputs; this
approach is discussed in the previous paragraphs — finally, the
third one aims at the utilization of interactions of various materials
(including nanocomposites) with small molecules, electrical stimuli
and/or light, in an attempt to mimic the dynamics of individual
neurons/synapses and complex neuronal structures.?62-265

Here, we want to focus on the use of hybrid materials and their
interactions with light — theses systems may offer response times
close to the ones observed for the biological structures and can be
fairly easily concatenated, as one of the inputs and an output of
such a device are compatible (usually they are of electrical type).
Moreover, the interplay between thermodynamic and kinetic aspects
of charge carriers generation under irradiation in numerous nanocom-
posites provides the required level of complexity for the recreation
of biological neurons and synapses dynamics (vide infra).” These
features make light-sensitive hybrid materials a perfect platform for
the realization of selected concepts falling within the neuromorphic
engineering approach.

One of the good examples of neuromimetic devices exhibiting
short-term memory effect is a binary hybrid composed of cadmium
sulfide — which is responsible for the photocurrent generation —
and multi-walled carbon nanotubes — which provide additional
trapping states for electrons from the conduction band of CdS —
sandwiched between two ITOQPET electrodes with an addition of
ionic liquid.?%® Upon sample irradiation with a pulsed input the
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device exhibits Hebbian-like plasticity.?%” Moreover, the profile of
generated anodic photocurrent spikes can be controlled through
even subtle changes in various experimental parameters (electrode
potential, light wavelength, etc.) but also the time characteristics
of the optical stimuli (e.g., the length of pulses, their number and
interval between them).

It is noteworthy that, for a certain set of conditions it is
possible to realize within the described system two fundamental
modes of the synaptic response — potentiation (an increase in
subsequent spikes intensity) and depression (a decrease in the
subsequent output signals). This feature results directly from the
electron trapping/detrapping (within MWCNTSs) dynamics — the
hypothesis proven based on the numerical calculations carried out
for an appropriate equivalent circuit. Even more surprisingly, the
application of mathematical formalism, used typically for the analysis
of biological structures (defined within the SRDP and the STDP
models) reveals that the characteristic time constants describing
the device fit almost perfectly with the values observed for neural
structures in living organisms.

Even more complex neuromimetic behavior may be implemented
with the use of intrinsic charge carriers trapping/detrapping dynam-
ics of nanocrystalline cadmium sulfide rich with additional electronic
states present in the forbidden band. It was demonstrated that even
a very rudiment photoelectrochemical device made of ITOQPET
electrode covered with CdS in a simple three-electrode setup with
the addition of an optical input is capable of sophisticated pattern
recognition tasks realized typically by software Artificial Neural
Networks — in this particular case the recognition of handwritten
digits was carried out — with relatively high energy efficiency and
satisfactory (taken into consideration the simplicity of the used
system) separability.268

In this study, the non-trivial interplay between thermodynamics
and kinetics of charge carriers generation and trapping events leads
to a similar short-term memory effect as in the above-mentioned
case, but here the train of light pulses is used as the stimuli
encoding individual rows of pixels constituting a particular digit.
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The dynamical response of the device, exhibiting an increasing inten-
sity of subsequent photocurrent spikes generated within CdS (which
results from various time constants characterizing processes involving
two types of trapping states and the interfacial electron transfer),
may be analyzed through the application of different threshold
levels. Since encoded digits vary distinguishably in terms of pixels
dispersion, the number of events, for which a specific threshold is
exceeded fluctuates between the rows characteristically for each digit
(Figure 1.9). When compared with a simple pixel counting method,
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Figure 1.9. A handwritten character (a) encoded into a train of light pulses row
by row (b). The resulting series of photocurrent spikes with three thresholds levels
(c). The result of reconstruction (d). A simplified mechanism responsible for the
short-term memory effect exhibited by nanocrystalline CdS (e). Adapted from
Ref. [268].
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one observes a significant increase in the recognition capability
related to the use of proposed system.

1.5. Alternative Computing in Autonomous Robotics

The social request for the autonomous walking robot is growing. For
example, in order to prevent secondary disasters during lifesaving,
the autonomous robot is necessary to search and rescue in the harsh
situations where humans cannot physically intervene.?®? Conven-
tional autonomous walking robots had used the system modeling
an assumed behavior pattern beforehand and choosing an action
depending on the situation.?”® However, it is difficult to adapt to
the unexpected situation because it is necessary for the conventional
robot to assume enormous behavior patterns, and the action not
modelled is impossible. Therefore, a new control system is necessary
for choosing an appropriate action depending on the situation for the
autonomous walking robot in order to walk in unknown environment.

Recently, natural computing inspired by physical systems in
nature and biology?’! have attracted attention in computer hardware
research field in terms of the efficient solution search for intractable
problems. An interesting example is an amoeboid organism; it
optimizes the body shape to maximize intake of the bait through
trial and error.?”? Aono et al. developed amoeba-based solution
search system, utilizing the search ability of the amoeboid organism
and demonstrating the computing ability of the system by solving
traveling salesman problem (TSP).2"3

In this section, we describe our amoeba-inspired autonomous
walking robot that implements the amoeba-inspired electronic solu-
tion search system “electronic amoeba”.?™ This robot successively
searches for the appropriate footwork step by step to traverse uneven
ground without any programming and pre-learning how to walk.
Then we describe our approach to obtain environmental information
and to take action utilizing physicality of the robot. Finally, we
mention the amoeba-inspired autonomous control combined with
reinforcement learning for achieving both adaptivity and efficient
movement.
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1.5.1. Amoeba-based solution search system
and electronic amoeba

The electronic amoeba implemented for the autonomous robot
control is inspired by the amoeba-based solution search system.2”?
There are four essences of the amoeboid organism in terms of the
searching: spreading pseudopods for maximizing intake of bait, avoid-
ing harmful light, fluctuations in motion, and volume conservation.
By utilizing these elements, the amoeboid organism achieves efficient
solution search for the optimization problems. The electronic amoeba
electronically implements the essence using an analog and/or digital
electronic system.

Figure 1.10(a) shows a schematic illustration of the amoeba-
based solution search system. The amoeboid organism placed on the
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Figure 1.10. Schematic illustrations of (a) an amoeba-based solution search
system for solving optimization problem and (b) an electronic amoeba mimicking
the essential dynamics of the amoeboid organisms.
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chip having grooves filled with agar spreads all pseudopods along
the grooves to increase bait intake. When a groove lane is selectively
irradiated by light, the amoeboid organism shrinks the pseudopod
along the lane. The state variable X; is assigned to ¢th groove; when
the pseudopod extends to the groove 7, X; = 1, otherwise X; = 0.

The amoeboid organism searches for the state that maximizes the
bait intake by expanding and shrinking the pseudopods in the chip.
To map the problem onto the system, we define a bounceback rule,
which is a set of the light irradiation rules depending on the state
variables. The bounceback rule is designed to prohibit the amoeboid
organism from taking the state variables that violate the constraints
of the problem. Deformation of the amoeboid organism and bounce-
back by the light irradiation are alternately proceeded. After that,
the amoeboid organism becomes stable over time. The state variable
at this time corresponds to the solution; there is no variable that
violates the bounceback rule and the constraints are satisfied. The
electronic amoeba (Figure 1.10(b)) follows the process of the amoeba-
based system, however, it can proceed in the process much faster than
the amoeba organism.

There are several options to map the bounceback rule for the
electronic amoeba. A convenient way is to use a micro-controller
having many I/O terminals. In many cases, the integrated develop-
ment environment (IDE) is available and the rule can be directly
written using Boolean operators implemented in the programming
language. It is also easy to rewrite the instance. The state variable
values of the amoeba core are sampled and they are processed in a
digital manner. A disadvantage is that synchronous operation under
clocking might cancel unique dynamics of the amoeba core working
as an analog electronic circuit. Another option is full analog circuit
implementation including the bounceback rule unit. Figure 1.11
shows a system with a crossbar implementing of the bouceback rule
for maximum cut (Max-Cut) and TSP.2”® In these problems, an
instance of the problem is represented by a weighted graph. The
graph is physically implemented using a fully connected crossbar
with resistors at appropriated cross points. The memristor crossbar
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Figure 1.11. Electronic amoeba with a crossbar circuit for solving the Max-Cut
and TSP problems.

is expected for reconfiguration of the graph, that is, rewrite the
instance. Analog circuit operation of the whole system can fully
utilize the dynamics of the electronic circuits, which should achieve
efficient solution search with less power consumption.

1.5.2. Amoeba-inspired autonomously walking robot

The amoeba-inspired autonomous walking robot that we have devel-
oped consists of a commercially available four-legged robot and
an electronic amoeba which is implemented in the microcomputer
with amoeba-inspired solution search algorithm. Figure 1.12 shows
the photograph of the robot. This robot has only a touch sensor
on each toe and the sensor detects the ground contact of the leg.
The electronic amoeba searches the leg bending motion as a variable
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forward down

Figure 1.12. Amoeba-inspired autonomous walking robot: (a) photograph and
(b) leg bending motions used in the robot walking.

of the optimization problem. There are six possible states for each leg
and total 64 combinations are available as footwork for the robots.
The electronic amoeba searches for the appropriate footwork at each
walking step depending on the conditions of the ground and the
robot.

To find optimal footwork for walking, it is necessary to formulate
the constrain in terms of walking. We designed the bounceback
rules so that the robot avoided the leg motions that led to falling
or retreating based on information of the leg bending and the
ground contact. We prepared 28 bounceback rules; for example, the
rule prohibits an unstable posture that retracts two or more feet
simultaneously. When the electronic amoeba finds a stable state that
satisfies all rules, the robot stops walking. Therefore, to keep the
robot walking, we added another mechanism to the algorithm that
randomly canceled the bounceback with probability W = {w;} ,w; €
[0, 1] at each step unless the robot fell or retreated. We selected eight
rules as a subset R from the prepared 16 bounceback rules and ith
rule, R;, was weighted by w; (Table 1.1).
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Table 1.1. List of bounceback rules for autonomous waking.

10

11

12

13

14

15

16

When the robot starts, then reset all bounceback rules.

If Leg(¢) in direction (j) is up at time (t), prohibit Leg(i) from down at
the same time.

If Leg(¢) in direction (j) is down at time (¢), prohibit Leg(¢) from up at
the same time.

If number of legs with sensor on <2, then prohibit legs up.

If one of forelegs is twisted back, then prohibit another from moving
back.

If one of hind legs is twisted forward, then prohibit another from
moving forward.

If Leg() is twisted forward, prohibit leg in diagonal position from
moving excepting forward.

If Leg(i) is twisted back, prohibit leg in diagonal position from moving
excepting back.

If Sensor(7) is on, then prohibit Leg(¢) from moving forward + down,
and permit Leg(i) moving back + down, with a certain probability.

If Sensor(7) is off, then prohibit Leg(i) from moving back + up and
permit Leg(i) moving forward + up, with a certain probability.

If Leg(¢) is down and Sensor(7) is off, then permit Leg(i) moving
laterally, with a certain probability.

If Leg(¢) is up and Sensor(i) is off, then permit Leg(i) down and
keeping lateral position, with a certain probability.

If Leg(i) is up and Sensor(i) is off, then permit Leg(i) down and
laterally moving to another side, with a certain probability.

If Leg(¢) is own and Sensor(i) is on, then permit Leg(i) up keeping
lateral position, with a certain probability.

If Leg(¢) is down and Sensor(7) is on, then permit Leg(¢) up and
laterally moving to another side, with a certain probability.

If Leg(¢) is up and Sensor(¢) is on, then permit Leg(i) down keeping
lateral position, with a certain probability.

1.5.3. Physicality for the identification of ground

condition

For smooth and efficient walking, information of the ground is

important. Conventional robots use visual information to identify

the ground condition. However, visual information processing has
the drawback of large processing load. Therefore, we investigated
a simple detection scheme of the ground condition focusing on

physicality.



Handbook of Unconventional Computing Downloaded from www.worldscientific.com
by 217.126.178.128 on 08/26/22. Re-use and distribution is strictly not permitted, except for Open Access articles.

52 M. Lis et al.

We implemented two walking modes in the robot, that is,
the conventional footwork walking mode and the amoeba-inspired
walking mode. In the conventional mode, the robot walked according
to the programmed footwork routines. The robot could walk easily
on the smooth ground in the conventional walking mode. On the
other hand, the amoeba-inspired walking mode was necessary to walk
on the rough ground. Thus, we investigated to use physicality to
detect the ground condition in order to switch the walking modes
depending on the condition. We used the body balance sensation
and the tactile sensation to identify the ground condition without
any visual information.

First, we explain how to use the balance sensation for identifica-
tion. We attached an acceleration sensor to the head of the robot.
From detailed observation of the walking robot, we found that the
time series of the body tilt angle depended on the ground condition;
the variation of the tilt angle was large when the robot walked on
smooth ground; on the other hand, the variation was small when it
walked on the rough.

Tactile sensation was used for identification of the ground
condition as follows. We attached a pressure sensor to the toe of
the robot. Looking into the correlation between the pressure of the
feet and the ground condition, we found that the pressure on all feet
were constant when the robot walked on smooth ground, whereas
the pressures became unbalanced between the feet when it walked
on rough ground.

Recently we experimentally demonstrated the feasibility of the
above two physicality approaches in terms of detecting the ground
condition in the vicinity of the robot, which will appear elsewhere.
Our approach makes it possible to detect the environment condition
with very low processing load.

1.5.4. Integration of reinforcement learning
for efficient walking

An advantage of our amoeba-inspired walking robot is to have an
ability to autonomously find out how to walk in unknown environ-
ment without any modification of the programming and learning.
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On the other hand, an issue is to increase efficiency; it takes a long
time to reach the destination, because the robot searches for the
footwork at every step and the path of the robot is a quite meander;
the robot does not learn how to walk. In this section, we investigate
the way to implement learning capability into the amoeba-inspired
walking robot.

The concept we consider to sophisticate the behavior of the
robot is learning the weight W of the subset R of the bounceback
rule, which has been introduced to avoid stopping the walking. We
adopt the stochastic gradient ascent, which sequentially improves
the selection probability of elemental motion. In our autonomous
walking robot, the objective function is “walking forward without
meandering”. The robot learns w; to maximize the objective function
by means of the stochastic gradient ascent.

Figure 1.13 shows the concept of the reinforcement learning of the
autonomous walking by integration of the footwork searching based

Agent (controller)

2. Searching for footwork 5. Updating

Amoeba-inspired w
solution seach

1.Detection 3. Action 4. Detection and
of leg states evaluation of g,

Goal (6)aw =0)
Direction

Touch sensors

Robot in physical space

Figure 1.13.  Amoeba-inspired autonomous walking control integrating reinforce-
ment learning mechanism based on stochastic gradient ascent.
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on the electronic amoeba and the learning based on the stochastic
gradient ascent. Here, the process consists of a series of operations
from 1 to 5 in Figure 1.13; detection of the lag states, searching for
footwork under the bounceback rules, taking action according to the
found footwork, evaluating the yaw and updating the weightings. In
walking, the process is iterated. The footwork is decided based on
the bounceback rule with R constraint. At this time, the yaw angle
Oyaw With respect to the destination of the robot is measured, and w;
is updated by the following Equation (1.38):

w; (t) +a, if [Oyaw| < bin

w; (t) —a, otherwise

Here, 60, is a threshold value for determining whether the robot
meanders, and a is a correction value for w;(t) for R;. If Oyay is
smaller than 6y, the robot is judged to increase the objective function
and w; is increased. Meanwhile, if 0y, is greater than 0,, it is
judged to meander and decrease the objective function, then w; is
reduced. When w; is large, the robot frequently takes the footwork
which is inhibited by R;, because the probability of invoking the
bounceback R; is decreased. On the other hand, when w; is small, it
hardly takes the footwork. Thereby, the robot is expected to select
appropriate footwork with higher probability for walking forward,
avoiding fall and retreat movement, adapting the ground condition.
This will enable the robot to carry out sophisticated walking without
meandering. This autonomous robot control system is now under
development.

The autonomous control system can be regarded as a reservoir
computing circuit. The circuit operates in an oscillatory fashion,
due to the feedback loops via the bounceback rules. The final state
of each electronic pseudopod is thus a consequence of a random
search algorithm implemented in a resistive-capacitive network. The
fading memory feature is governed by the time constant of each
pseudopod subcircuit. The present realization is an electronic hybrid
reservoir with analog core and bounceback rules embedded in a
digital circuit.?”® Furthermore, analogous circuit can be realized with
charge controlled memristors, but this will require more complex
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reset and signal conversion circuitry (a transistor and a NOT gate
are sufficient for a capacitor-based circuit).

We have developed an autonomous walking robot based on the
amoeba-inspired solution search for the optimization problem.2"3
We successfully demonstrated the autonomous walking of the four-
legged robot. We have also demonstrated that the robot had the
ability to go over the obstacles without any information of the
obstacles. We have investigated the identification of the ground
condition using physicality without vision information. Furthermore,
we proposed an approach to improve the walking efficiency by
integrating reinforcement learning.

1.6. Alternative Computing and Soft Robotics

In many publications up to date, the term “soft robotics” is strictly
connected to the mechanic aspects of robot movement. That is
why this field of technology is usually full of terms “grippers”
and “actuators”,?’%277 although there are more and more trials
for implementation of simple Boolean logic into non-rigid physical
arrays.?’27 Within the context presented here, we will focus rather
on soft robotics as soft matter-based physical systems, capable of
providing useful computations. These systems are necessary for the
future design of independent processing units embedded in non-rigid
entities. General strategy for that would be for the stimuli-responsive
and switchable materials to be mixed into one entity, being able
to adapt in various kind of situations. Soft machinery is currently
very distant from the dystopian visions found in popular culture, yet
possess some kind of independence, as the performed calculations
are non-deterministic, based on the phenomena described in previous
paragraphs.

The dominant developing idea throughout the literature for the
controlling units for future robots is complete integration of the
main processing unit, or units in cases of scattered logical units,
with other robotic parts responsible for other functions — such
as movement. Several examples of soft matter computer (SMC)
were already proposed and presented.?®® This concept runs on three
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computing principles: input encoding, physical mapping and output
decoding. The system is based on a set of conductive fluid receptors
(CFRs) — being similar to vascular system of living organisms. The
same way as relay compounds (e.g., hormones) are released into the
blood stream to spread information further, the stimuli are encoded
spatially in the whole artificial soft body.

Mapping is performed as current measurement, done perpen-
dicularly to the flow of fluids, making it possible to pass analog
signal. Two types of immiscible fluids are introduced to such articular
bloodstream — conductive and dielectric. Variations in time and
intensity of current fluctuations make for information passing and
signal amplification or filtration between set extreme values (e.g.,
—2V to +2V). Digital computation is also possible — by joining
several (at least two) conductive fluid receptors in parallel or in series.
With two devices most of the Boolean logic gates (except for XOR)
are possible to implement — depending on whether the receptors are
connected by conducting fluid or not (Figure 1.14).

Three distinct applications in robot controllers were presented.
The first one is a self-controlled softworm robot. Unfortunately,
external peristaltic pump was used and should be circumvented
for the next generation. Robot was capable of passing signal to
actuators and CFRs through microchannel system — inducing
movement, inching and wriggling — depending on the signal profile.
No external control electronics was used only soft matter computer
(Figure 1.15(a)). Non rigid logic gates were also implemented in
soft gripper (Figure 1.15(b)). In this exemplary system, pressure on
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Figure 1.14. Simulation of logic gates by connecting two conductive fluid
receptors (soft matter based) parallel. Colored section stands for conductive fluid
volume. Adapted from Ref. [280]
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Figure 1.15. Demo devices built with non-rigid materials, controlled by soft
matter computational systems: a softworm (a), a soft robotic gripper (b) and a
two-degree of freedom bending actuator (c) with its blueprint (d). Adapted from
Ref. [280].

the sensors controlled amount of released conductive fluid and the
overall power of the grip. Authors suggest that this instance of soft
matter computer can be used for delicate material handling, without
use of commercial electronics controllers and sensor arrays, limiting
number of building parts of the equipment.

In order to find ultimate solutions towards real-life applications,
one should design flexible systems suitable for a variety of computa-
tional challenges. This should happen without tedious reconfigura-
tion protocols and without requirement of external electronic devices
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monitoring function of soft robot. That way soft robotic systems
will be independent from the currently used silicon-based electronic
microcontrollers. Development of said non-rigid systems will let us
expand soft robotics field further, beyond just simple mimicking of
biological movements — rather towards health and environmental
monitoring, drug delivery, energy harvesting or pollution catalytic
clean-up systems.

Scientists look not only into the animal world, but also facilitate
robot design by mimicking plant body blueprints, such as machine-
plant?®! or machine-fungus®®? 283 interfaces. In such setup the latter
act more as bio-sensors which are connected to external conven-
tional electric signal measuring programmable devices. Plants used
for the described purposes of computations/signal processing are:
Aloe vera and Echeveria suculentus which were placed in Faraday
cages. Devices which run on such setup can distinguish between
environmental conditions. It is done by connecting sets of needle-
type conductive electrodes to plants and probing them by pre-
programmed set of electric pulses of several hundred Hz up to several
kHz while introducing to external stimuli such as light or NaCl
concentration. Electrical activity patterns are then distinguishably
changed and allow for proper classification. Similar studies have
been performed with Pleurotus djamor,?®® Pleurotus ostreatus®®? and
Physarum polycephalum.?™:284

These systems are yet very crude and additionally cannot be
exactly classified as “soft” robots, even on the cellular level (cell
walls) yet due to the semi-rigid character of specific computational
parts are being described herein. They prove that hybrid approach
is also a way of development for the whole soft robotics field.
Plant computational systems will have a go in bio-sensing, pollution
monitoring, agriculture certification. One can even think of such
extraordinary applications as insect cooperation — such as when
caterpillar-damaged plants tend to attract wasps for help.

The development of fully capable and independent robots with
integrated processing units can be made in an evolutionary way.
Several teams are trying to excel through next generations of soft
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robots.?8%:286 To achieve this task one must do several improvements
simultaneously — provide better actuated and sensing solutions,
signal amplification methods and protocols, computational schemes
and patterns. And not forget to pack all of these functionalities into
non-rigid, yet confined space.

In the end all parts of the mechanism can be encapsulated
between lipid layer or liposomal membranes. Such encapsulation
should firstly allow for conformational changes and locomotion as
well as signal processing and computing. For these applications,
neural network module processes the data collected by the sensors
and makes decisions that are more than suitable. The coupling
among the artificial neuron models can be not only optical®® but
also chemical and mechanical.*"287289 Motor proteins can act like
actuators or motors. Energy for the system is supplied from chemical
bond cleavage (e.g., from ATP molecules). That way amoeba or slime
mold robots are being made. Next step of the hierarchical organi-
zation would be to gather, join and allow to interact/communicate
molecular robots with each other. Similar to multi-cellular organisms
and their existing complexity, each of the functional cell of soft
robot should be compartmentalized into one main “body”. For that
purpose, methods of bio-printing mechanism need to be established,
allowing in the future for facile construction of multi-cellular robots
or hybrid robots with distinguishable functional organs. From the
applications point of view each generation of such robots can help
expand fields of both medical and pharmacological technologies —
establishing novel drug delivery pathways or by advancing tissue
engineering.

The futuristic vision of full integration of molecular scale soft
robotics and in materio computing®®® is parallel to the visionary
future of reservoir computing'®® — sensing, computing, and actua-
tion is delegated to soft materials constituting at the same time the
main body of the system. This crosses the boundary of artificial
life,299°292 where the boundaries between soft robotics and living
structures as well as intelligence and AI become blurred.? This,
however, at least presently, is a domain of science fiction.
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1.7. Concluding Remarks

The nonlinear properties of physical materials, fractional character
of numerous physical processes, and emergent properties of complex
systems can be serendipitously harnessed for information processing
purposes. Most of these systems cannot compete with contemporary
silicon-based computers with von Neumann architecture, but it does
not mean that the research on alternative computing paradigms
utilizing unconventional materials (i.e., materials not explicitly
meant for computation) is futile. It is a fascinating journey through
unknown lands at the boundaries within various fields of science. This
journey may bring breakthrough technologies for future information-
based society and better healthcare. More importantly, it continu-
ously pushes the limits of science in curiosity-driven research. What
will this ultimately lead to? The best answer was given by K.K.V.
Steincke: It s difficult to make predictions, especially about the
future.??3
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Since the discovery of memristors, their application in computing systems utilizing multivalued logic and a
neuromimetic approach is of great interest. A thin film device made of methylammonium bismuth iodide
exhibits a wide variety of neuromorphic effects simultaneously, and is thus able to mimic synaptic behav-
iour and learning phenomena. Standard learning protocols, such as spike-timing dependent plasticity and
spike-rate dependent plasticity might be further modulated via metaplasticity in order to amplify or alter
changes in the synaptic weight. Moreover, transfer of information from short-term to long-term memory
is observed. These effects show that the diversity of functions of memristive devices can be strongly
affected by the pre-treatment of the sample. Modulation of the resistive switching amplitude is of great
importance for the application of memristive elements in computational applications, as additional sub-
states might be utilized in multi-valued logic systems and metaplasticity and memory consolidation will
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Introduction

Modern age computers are getting more computing power
each year, roughly following Moore’s law — doubling perform-
ance every 2 years. Predictions estimate that due to simple
physical limitations it will not be possible to follow such a
rapid development. In fact, the fastest growth so far has
already happened." Even in the case of some miraculous
achievement, today’s chip architecture will still be not
sufficient for more complex and non-linear tasks. This
phenomenon is known as the von Neumann bottleneck® and
cannot be circumvented in any different way other than
moving towards neural-like electronics based on the non-von
Neumann computer architecture. Another type of limitation of
the computational problem is known as Amdahl’s law,*> which
states that every parallel computation speedup is limited and
thus requires a change in solution paradigms to achieve
higher computing performance.
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contribute to the development of more efficient bioinspired computational schemes.

Each of the presented class of problems can currently be
successfully addressed by switching the design of electronic
circuits to memristor based ones.” This is achievable as these
basic passive electronic elements® combine both computing
and storage (memory) functions. The term memristor describes
a specific class of resistive devices, the state (conductance) of
which is dependent on the history of the device. To memris-
tors’ fingerprints one can include a pinched I-V hysteresis
loop, which either changes its shape or entirely disappears
with a high scanning frequency, and passive, non-volatile
memory.®® Since their discovery they have attracted great
attention due to a variety of possible applications in wide-
ranging areas: as passive memory devices, elements in many-
valued and fuzzy logic and neuromorphic computing. One of
the very first application examples were memristors based on
TiO,° and other oxide semiconductors.'® To this day, the mem-
ristive effect has been observed in a variety of different
materials, such as oxides,"'™ lead halide hybrid
perovskites,'* ¢ sulphides,"” polymers,'®'® and organic mole-
cules.”® These devices, however, do not offer immediate pro-
gress in computational power due to connectivity problems:
the extraordinary complexity of the human brain cannot be
easily achieved.”® This problem can be addressed by novel
memristive devices of more complex functionality, e.g. by
multi-terminal memtransistors.”> Another approach is closer
to the principle of in-materio computation,® in which specific
physical properties of the material are explored to boost the
computational power of devices.

This journal is © The Royal Society of Chemistry 2019
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Perovskites and their analogues are a particularly interest-
ing group of materials as the future of solar electronics and re-
placement of silicon - mostly in photovoltaic applications.>*>’
A promising alternative to perovskites are methylammonium
bismuth iodides®®?” - despite their low efficiency as solar
cells, compared to organic-inorganic lead perovskites, they
have superior stability in humid atmosphere®® and are
reported to be less toxic and to have a lesser environmental
impact.” In addition, a recently published article presents the
memristive properties of methylammonium bismuth iodide in
the context of high-speed multilevel data storage.*® All of the
above were the reasons for our group to investigate the neural-
like behaviour of these materials, as the future prominent can-
didate for next-age computing.

Although the exact resistive switching mechanism in hybrid
organic-inorganic bismuth materials has not been thoroughly
studied yet, several plausible mechanisms presumed to be
responsible for the memristive effect have been proposed for
lead halide perovskites.*® Many different types of defects
might affect resistive switching properties, to which one can
include ion migration under the gradient of external poten-
tial,"* especially electromigration of MA" cations,>” creation of
a Schottky barrier at the perovskite/metal interface,"* popu-
lation and depopulation of electronic trap sites,>® and drift
and redistribution of V;/V;* iodine vacancies.*® The resistive
switching can be further modulated by redox reactions at elec-
trochemically active electrodes,®® the film thickness®® and
illumination.**> The latter effect is particularly interesting
due to the entirely new field of study resulting from the inter-
section of optoelectronics and memristor technology.*®

One of the most intriguing properties of memristors is the
ability to emulate the behaviour of biological synapses.” In the
nervous system learning is governed by the synaptic plasticity,
i.e. the ability of neurons to either amplify or attenuate the
strength of synaptic connections, thus modifying their synap-
tic weight to store and process information.”® An incoming
action potential from the presynaptic neuron induces the
release of neurotransmitter molecules which then diffuse
through the synaptic cleft and depolarize the membrane of the
postsynaptic neuron (Fig. 1a). This process causes the gene-
ration of the excitatory postsynaptic potential or current (EPSP
and EPSC, respectively) and affects the synaptic weight. In
analogy to biological neurons, when under an appropriate elec-
trical stimulus, the conductivity of the memristive layer
changes, which corresponds to changes in the synaptic weight
of the biological system.

In neural networks the weight of the synaptic connection
can be adjusted via learning protocols, such as spike-timing
dependent plasticity (STDP) and spike-rate dependent plas-
ticity (SRDP), the former representing the famous Hebbian
learning rule, postulating that “who fire together, wire
together”.>® For a long-lasting increase in synaptic efficacy a
long-term potentiation (LTP) term has been coined. The con-
verse of LTP is long-term depression (LTD), resulting in lower-
ing of the synaptic weight.** These two mechanisms are
responsible for retaining new information in neurons and are

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Conceptual representation of biological neurons connected by a
synapse (a) and corresponding schematic of the memristive device with
a memristive layer acting as a synapse and pre- and postsynaptic elec-
trodes as appropriate neurons. Representation of the metaplasticity (b).
The priming activity causes no immediate changes in the plasticity, but
enables further modulation of the synaptic weight (“the plasticity of the
plasticity”).
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presumed to play a significant role in learning processes in the
brain. However, simultaneous to LTP and LTD, a different kind
of regulating process occurs.

Metaplasticity, i.e. “the plasticity of plasticity”, is a phenom-
enon observed when LTP/LTD exhibition in neurons is altered
due to some other neuronal activity (Fig. 1b). From a biological
point of view, the metaplasticity is responsible for maintaining
synaptic plasticity within a dynamic range.*’ Such an effect
has already been reported in the literature for WO,** and HfO,
based memristors,”* *>** MoS, thin layers*® and monolayer
memtransistors.””> Here we show for the first time that by
employing a specific primary electric impulse one is able to
modulate synaptic plasticity’” in non-oxide artificial memris-
tive devices.

To the authors’ best knowledge, this is the first time that a
device exhibiting both learning protocols (STDP and SRDP)
modulated by metaplasticity is presented. The usual way of
testing neural learning strategies is to look for materials suit-
able for example for STDP only*®*° or STDP with SRDP only.”?
By metaplastic modulation of these learning protocols,
additional sub-states can be created between the two extreme
high and low conductive states of the memristor, creating a
new branch for future research towards neuromorphic com-
puting and application of the memristors in analogue
electronics.

Nanoscale, 2019, 11, 1080-1090 | 1081
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Results and discussion
Morphology of the samples

Methylammonium tetraiodobismuthate (MABil) layers were pre-
pared by the one-step spin-coating technique by varying the
ratio between methylammonium iodide and bismuth iodide
(see the Materials and methods section and Table S1t). The
structure of thin layer devices was examined with scanning elec-
tron microscopy (SEM). The cross-sectional SEM image of the
MABII thin film is presented in Fig. 2a. The FTO (bottom layer)
thickness was found to be ~30 nm, PEDOT: PSS (middle layer)
was ~15 nm and the thickness of the MABII thin film (top layer)
was ~375 nm. Modifications of the MAI: Bil; ratio did not
cause significant macroscopic changes in sample morphologies,
yet the colour changed from bright orange-red (3:1, excess of
MAI) to dark brown (1 : 3, excess of Bil;), as depicted in Fig. 2b.

Thin film XRD measurement results

Each peak of the experimental diffractograms presented in
Fig. 3 has been attributed to the previously reported
(CH;3NH3)5(Biylo) phase.””?®°>** 1t is worth mentioning that
there had been some inconsistencies in the literature regarding
the MABII space group.> Here, peaks are attributed assuming
the P6;/mmc space group.>®”* Interestingly, in the sample with
an excess of Bil; (1: 3 ratio) the peaks attributed to planes (100),
(102), (103) and (006) disappear. Moreover, the diffraction peak
attributed to the (101) plane is slightly shifted (14.8°) in com-
parison with the same peak in other samples (14.6°).
Furthermore, the relative intensity of this peak is also much
higher than those in other studied cases. In general, the ratio of
(202): (101) peak intensities increases with increasing MAI : Bil;
ratio, indicating structural changes in the crystal structure.

UV-Vis spectra

The UV-Vis spectra of each solution (for the same Bil; concen-
trations) are presented in Fig. 4a (precursor solution spectra

MABI| (367 nm)

PEDOT:PSS (16 nm)

Fig. 2 Experimental setup and the MABIl device. Schematic structure of
the experimental device with several metal electrodes pressed to the
material layer alongside (right side of the picture) with the cross-
sectional SEM image of the MABIil memristive device. Three visible
layers are, from bottom to top, FTO, PEDOT : PSS and MABIl (a). Photos
of the as-prepared thin films on the FTO + PEDOT : PSS substrates (b).
Samples differ by the MAI:Bils ratio used for starting solution
preparation.
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Fig. 4 UV-Vis spectra of the precursor solutions in DMF for each
MAI : Bils ratio. Note the emerging peak at 449 nm with increasing concen-
tration of the substrates, corresponding to [Bil4]~ ions (a). Absorption
spectra of MABIl thin films crystallized from different starting solutions (b).

have been provided in Fig. S17). It can be seen that the band at
ca. 450 nm, which can be attributed to tetraiodobismuthate,
[Bil,]~, or its higher homologues, [Bil,],"”, is present only at

This journal is © The Royal Society of Chemistry 2019
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sufficiently high iodide concentrations.”® Upon evaporation of
these solutions, films of various absorptivities are formed
(Fig. 4b). In the case of an excess of iodide films with the
clearly visible band at ca. 500 nm are formed, which corres-
pond to structures with the tetraiodobismuthate unit.>>>® At
lower iodide concentrations an additional absorption with fea-
tures characteristic of Bil; (absorption onset at ca. 700 nm)
becomes dominant. These observations indicate that the solid
phase may be significantly defective and rich in various poly-
meric forms of tetraiodobismuthate.””

I-V curves and electrochemical characterization

The memristive characteristics of the devices were initially
evaluated using cyclic voltammetry within the +3 V potential
range. Recorded voltamperograms show characteristic hyster-
esis loops (Fig. 5a), independently on thin film stoichiometry.
This clearly indicates the memristive character of the studied
devices, as the pinched hysteresis loop is a fundamental fin-
gerprint of a memristor.®® Relative differences between high
(HRS) and low resistive states (LRS) were higher upon negative
working electrode polarizations. Differences in the current
values are due to two factors - the first one is the number of
mobile charge carriers, which in turn depends on the sample
constitution. The second one is the electrode surface effec-
tively in contact with the perovskite surface. The non-stoichio-
metric samples acted better as memristors, with more dis-
tinguishable “ON” and “OFF” states. The stoichiometric
material shows only a weak memristive character (measured as
the ON/OFF current ratio), whereas nonstoichiometric ones
show very significant resistive switching. Asymmetry of the I-V
characteristics must be noted. Current intensities at positive
bias voltage are significantly higher than those recorded at
negative bias voltage. This indicates the partially rectifying
character of the MABil/copper junction, presumably due to
the formation of a Schottky junction at the interface. This
effect depends on the stoichiometry of the film and is negli-
gible for a stoichiometric 3:2 MAI: Bil; ratio. In this case a
junction of an almost ohmic character is observed, whereas
any deviation from this composition results in a significantly
rectifying junction. Therefore the crucial role of various lattice
and interfacial defects for both rectification and memristive
behaviour may be postulated. This observation supports the
hypothesis that a part of the memristive behaviour of MABII is
a consequence of charge carrier migration - either methylam-
monium ions or iodide vacancies/anions.**** This cannot be
the dominant effect though, as for a series of scanning speeds
(from 10 mV s™" up to 20 V s7') the hysteresis loop diminishes
only to some extent (see Fig. 5b).

The other origin of the memristive behaviour of studied
junctions may be metal-induced gap states (MIGS). They are
formed at the metal-semiconductor interface due to the wave
function of the metal tailing into the band gap of the semi-
conductor. Depending on the charge neutrality level MIGS can
exhibit both donor- and acceptor-like properties.> '
Polycrystallinity of the copper electrodes and their tendency to
oxidize at the surface may further contribute to the formation

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper
a)
100 -
80 MALBIl, ratio:|
—1:3
60 - —11
—32
40 ——311
< J
E 20 -
=
.20_
40| | RESET
-60 4
_su L T T T T T T
-3 2 -1 0 1 2 3
u/v
b)
80 |C-V scan speed:
1 =10 mVis
609 |——500 mVis
1 —5vis
409 —20 Vs
< A
: 204
= 4]
=20
40
60
3 2 4 0 1 2 3
urv
c)
a5 !
40 !
35 :
30 = I
T 254 — R2 i
— 1 " |
gzoq Schottky diode i LRS
15 :
§ ] I
- 10 i/
54
: /* .
]
51 HRS ;
‘TO T T T . T T T
-3 -2 A 0 1 2 3

uiv

Fig. 5 Current-voltage characteristics with a distinct hysteresis loop.
For thin films prepared from solutions with different MAI : Bils ratios the
smallest resistive switching was observed for the 3:2 stoichiometric
sample. Scanning speed was kept constant at 500 mV s~ (a). Measured
1=V curve for the MAI: Bilz 3:1 ratio sample with varying scanning fre-
quency from 10 mV s to 20 V s (b). The diode-like part of the
current—voltage measurement of the MABIl 3:1 sample after subtrac-
tion of the ohmic component calculated assuming the equivalent circuit
presented in the inset (c). At 0.8 V (denoted with the dashed line) a
change from Schottky-type to ohmic-type junction occurs, resulting in
a switch from LRS to HRS.

of trap states at the interface. These states, in turn, may modu-
late the height of the Schottky barrier thus constituting the
observed memristive effect. This mechanism also delivers an

Nanoscale, 2019, 11, 1080-1090 | 1083
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explanation for the asymmetry of the hysteresis loop. In the
region of negative bias, the acceptor electron states are being
gradually occupied, resulting in an increase of the Schottky
barrier and transition from LRS to HRS. The existence of a
Schottky-type interface causes a diode-like characteristic of the
HRS state, whereas LRS corresponds to a typical Ohmic con-
duction type (Fig. 5c¢). We have further investigated the
Schottky diode-like behaviour employing the thermionic emis-
sion theory to extract the barrier height from the I~V character-
istics. Assuming the equivalent circuit presented in the inset
of Fig. 5¢ and using the Richardson equation we have calcu-
lated the Schottky barrier height to be 0.55 eV (see the ESI,
section 3, Fig. S2-S57).

Switching effect stability

It has been previously shown that the stability of the state is
dependent on the switching voltage.®® In order to investigate
the stability of switching effects, the MABII 3:1 sample was
tested accordingly. Firstly, the sample was switched to a state
of choice - either HRS or LRS with negative or positive voltage
bias respectively. The initial state of the memristor was probed
for 10 s with —0.5 V readout voltage (black-coloured data
points in Fig. 6). The memristor state was then subsequently
switched to the desired state with 2 s voltage of the given
amplitude in the range from —3 V to +3 V. The state-reading
procedure was applied again after 10 s (red in Fig. 6) and
30 min (blue in Fig. 6). For the tested sample, the switching
effect is very stable for the HRS to LRS transition, i.e. when a
positive bias voltage exceeding +1.5 V was used, whereas some
short-term instabilities can be observed for the HRS to LRS
transition if the bias voltages were below +1.5 V. In conse-
quence, the output current is dependent on the applied
writing voltage. The least degradation of HRS and the most
stable read current were observed after writing with +3 V.
When the memristor is biased with +1 V, which is close to

r—— ——"
g | = ———
i e -
44 ~
£
:é -
3 -10
'g 12 -
o a—
14 'Current read: k‘-&
& before DC bias s
g4 | ® after 105
Lo aher30min ——
-18 T T T T T T T
-3 -2 -1 1 15 2 3
urv

Fig. 6 Dependence of the memristor state stability on the SET voltage.
Black lines indicate the initial state of a device measured at —0.5 V for 10
s. After switching the MABil memristor to LRS (with positive voltage) or
HRS (negative voltage), the reading current was measured with —0.5 V as
indicated by the red lines. Finally, after 30 minutes, the device state was
read again for 10 s (blue lines).

1084 | Nanoscale, 2019, 11, 1080-1090

View Article Online

Nanoscale

the switching voltage, the measurement shows fast relaxation
to the initial HRS state. However, high positive voltages
advance the degradation of MABII. For this reason, in the
STDP tests we have chosen +1.5 V as the switching voltage
from HRS to LRS. In order to ascertain full RESET, from LRS
to HRS the switching was done with —3 V. The decrease in
output current, meaning switching even more to HRS, for posi-
tive voltage bias is related to the readout method done at —0.5
V. Upon first voltage bias layer(s) of different materials consti-
tuting the experimental device act as capacitor(s) — additional
negative voltage (necessary for readout) charges the capacitor
up, decreasing the current allowed to flow. This effect is also
present for positive voltage bias, yet in such cases, the relax-
ation to HRS is the most dominant factor there. This effect
indicated the significant contribution of the surface states at
the interface (e.g MIGS) to the resistive switching process.
When a low switching voltage is applied (up to 1.5 V) only
shallow trap states are involved. They have a relatively short
lifetime due to the possibility of thermal depopulation and
therefore memory retention time is short and they (at least
partially) return to a high resistive state. An appropriately
high switching potential (over 2 V) populates deep traps
as well. Due to the high energy barrier, they cannot be ther-
mally depopulated and the state retention time is much
longer.

Simple neuromorphic functions - learning and forgetting

Controlled and lasting resistance switching can be used for
multilevel resistive state programming by the application of
several consequent pulses of chosen polarity. Here, the sample
was subjected to a train of 15 poling spikes with an amplitude
of +1.2 V and a duration of 5 ms. After each spike, the state of
the device was read with +0.5 V pulses. A lower reading voltage
was chosen in order to avoid perturbation of the memristor
state. The results of the described procedure are presented in
Fig. 7a—c. The learning process was observed for all studied
samples, but the strongest effects were seen for the MABII 3: 1
sample (c¢f. Fig. 8c and d). Therefore, this material has been
chosen for further studies.

The current increases upon stimulation with the train of
positive pulses, which is a result of gradual switching of the
device into the LRS state. This process is associated with
learning phenomenon and has been already described in the
literature."*®® On the other hand, decreasing conductance is
observed upon negative voltage pulses - the device is thus for-
getting the provided information. Such enhancement and
decrease in passed electric signal strength is easily paralle-
lized into weight changes in the synaptic connection between
two neurons and can be used for building artificial neural
networks from memristive devices.®*®® To investigate learn-
ing and forgetting time constants, an exponential function of
the form (1) was fitted to the current values obtained from
+0.5 V reading pulses:

I=Iy+A-exp(—(t—t)/7), (1)

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Learning and forgetting effect in the MABIl 3:1 sample. Visible
increase in the current value upon poling with +1.2 V spikes and current
decrease while poling with —1.2 V spikes are analogous with learning
and forgetting processes in neurons. Between poling spikes there are
+0.5 V pulses used for reading without perturbing the memristor state
(a). Enlarged single cycle of learning and forgetting with distinct poling
and reading spikes (b). In subplots (c) we present a fitted single-expo-
nent function (eqn (1)) to both sample learning and forgetting regimes.

where I, is a parameter used to add or subtract the current
offset, ¢, is a fixed parameter corresponding to the position of
the first spike and 7 is the learning/forgetting time constant.
Determined time constants 7 were estimated to be 186 + 6 ms
(R* = 0.92) for learning and 52 + 4 ms (R*> = 0.82) for forgetting
(full fitting results have been provided in the ESI, Fig. S67).
This means that the forgetting process, which is attributed to
switching the device from the LRS to HRS state and resulting
in current decrease, occurs much faster than the opposite
learning process. In analogy to neural behaviour, the investi-
gated system tends to forget information significantly faster
than is able to learn a new one. On the other hand, if one con-
siders memristors as a memory device, erasing the infor-
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mation would occur much faster than writing the new one into
a memristor. This observation can be explained when the
asymmetry of the Schottky junction is considered. The charge
transfer is easier in the forward voltage scan direction than in
the reverse direction. As the memristive state is dependent on
the charge (by the Chua’s definition of the memristor) and the
electron flow is faster in the forward polarization of the
Schottky junction, the switching from LRS to HRS occurs sig-
nificantly faster.

Metaplastic modulation of spike timing-dependent plasticity
(STDP)

All of the aforementioned characteristics of bismuth-based
materials can be incorporated to achieve the most popular
learning technique designed for neural networks, either for
biological or artificial, which is STDP. The procedure allows
both strengthening and weakening of synaptic connections,
yet contrary to the spike-rate-dependent plasticity process (see
the next section), two-electrode stimulation (presynaptic and
postsynaptic) is necessary. Depending on the test spike charac-
teristic, various synaptic weight vs. time functions can be
achieved."®® In the presented experiments, spikes typical for
the antisymmetric Hebbian learning rule were used (see Fig. S77
for experimental voltage patterns).

Before incorporating STDP learning methods for different
material types, optimal pre-treatment bias voltage values were
established. This was done for the sample with an MAI : Bil;
ratio of 3:1 and the purpose of the pretreatment procedure
was to switch the sample state either way (to HRS or LRS) in a
repeatable manner. Usually devices are set or reset by means
of simple voltage scans — same as for the I-V experiments. The
results of STDP after this pre-treatment are presented in
Fig. 8a, both for depression and potentiation. The outcome of
the STDP experiment, the synaptic weight change Aw, is
defined as:

Aw = ((Iafter - Ibefore)/lbefore) -100% (2)

where Ipefore i the current measured at —0.5 V before applying
the voltage stimulation procedure and I, is the current
measured at —0.5 V after the stimulation. The maximum
signal potentiation is set to be above 500%. However, this
outcome can be either enhanced or decreased by switching the
pre-treatment procedure to DC bias for a short period of time -
2 s in our case. As can be established from the results shown
in Fig. 8b, the bias voltage before the potentiation STDP
sequence (i.e. At > 0) should be —3 V. When —2 V and —1 V
biases were applied, the synaptic weight changes were signifi-
cantly smaller. In the case of depression (At < 0), optimal
results are achieved while using +1.5 V bias voltage — below
that threshold synaptic weight changes are almost stochastic
(see Fig. S8 in the ESIT). This shows that the synaptic plasticity
might be efficiently modulated by DC pre-treatment of a suit-
able amplitude. With STDP measurement parameters estab-
lished, MABII materials with varying MAI: Bil; ratios were
investigated. The decrease of the synaptic weight in the

Nanoscale, 2019, 11, 1080-1090 | 1085
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Fig. 8 Standard STDP learning protocol and metaplastic modulation of STDP. Full STDP with /-V scans between the consecutive poling spikes for
the MABIl 3:1 sample (a). Potentiation regime of the STDP measurement (b). The changed parameter is DC bias voltage applied before each
measurement. The comparison of Aw for samples pre-treated with DC bias and /-V scans reveals that the type and amplitude of the priming activity
can effectively modulate the potentiation. The measurement was conducted on the MABIl 3: 1 sample. Depression (c) and potentiation (d) regimes
of STDP for samples with various MAI : Bils ratios. Experimental parameters were DC bias equal to —3 V for potentiation and +1.5 V for depression
regimes. In each case, the STDP voltage pattern consists of poling spikes of +1.6 V.

depression regime does not exceed 75% for all of the samples,
with a sample of the MAI:Bil; 3:1 ratio possessing the
highest susceptibility to change in the synaptic weight in the
LTD regime (see Fig. 8c). The differences in results are much
more dynamic in the case of the potentiation mode (Fig. 8d) -
the most significant synaptic weight change is measured at
1198% relative increase, however, at the expense of precision -
standard deviation was equal to 424%. In the case of the stoi-
chiometric sample (MAI:Bil; ratio 3:2) the highest poten-
tiation effect for optimal At did not exceed 150%, indicating
that introducing additional defects resulting from the non-
stoichiometric MABiI composition can significantly influence
the outcome of neuromorphic measurements.

Metaplastic modulation of spike rate-dependent plasticity
(SRDP)

Synapse potentiation might be also achieved by increasing the
frequency between poling spikes, emulating spike rate-depen-
dent plasticity, sometimes in the literature denoted also as
rate-driven plasticity.®”®® In SRDP the synaptic weight depends
solely on the time interval At between consecutive pre-synaptic
spikes of the same polarity and increases with the rate of the

1086 | Nanoscale, 2019, 11, 1080-1090

spikes. In this section we present the results for the MABII
sample with an MAI: Bil; 1: 3 ratio.

The voltage pattern utilized in SRDP and an exemplary
current response measurement is presented in Fig. 9. When
the time interval At between poling spikes is sufficiently long,
no potentiation occurs as the system relaxes back to its orig-
inal state before the next spike arrives (Fig. 9a). However, when
the frequency is increased, one can observe a modification of
the state of the device, which can be attributed to memory
effects (Fig. 9b and c). Under poling with the set of spikes, an
increase in current is observed and is identified as the short-
term plasticity (STP) effect.”® Immediately after the train one
can observe a gradual decrease in the reading current, which
is attributed to the relaxation process of memory. However,
when a certain threshold level is reached while poling, the
transition from short-term plasticity to long-term plasticity
(LTP) occurs."®®® Here, when the plateau is reached (Fig. 9c),
the readout current is at a higher level than it was before the
poling spike train. As the time regime is significantly different
from the relaxation rate, this means that the state of the device
is maintained due to the LTP effect and satisfies the demand
of memristor’s non-volatile memory.

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Memory consolidation after the SRDP measurement. Exemplary
voltage pattern (red lines) and the corresponding current response (blue
line) in SRDP measurements. In part (a) with time interval At = 10 s no
potentiation occurs, as the system relaxes between consecutive spikes
(top). Potentiation revealed by an increase in current intensity as the
interval decreases to At = 70 ms (middle). Full SRDP experiment pattern
including the dynamic changes immediately after the poling procedure
is completed, which implies the consolidation process of STP to LTP
(bottom). The measurement was conducted on the MABIl 3: 1 sample.

This behaviour strongly resembles memory consolidation
in the human brain.”® In physiological systems in order for
information to be retained in the memory, a time-dependent
stabilization process is necessary. Whereas in the brain syn-
thesis of new proteins and RNA in the hippocampus is
required for the consolidation, in the case of the investigated
materials this is supposedly caused by filling of deep, ther-
mally stable electron traps. It can be parallelized into a situ-
ation when learning something new, part of the information is
forgotten (STP regime), although another part is consolidated
(LTP regime). Such an effect was not present in STDP measure-
ments - the memristor was rather transferred directly into the
LTP regime (see Fig. S9F).

In order to investigate how the DC pretreatment affects
plasticity in the SRDP experiment, before each measurement
the MABII 3 : 1 sample was poled for 2 s with different voltages
(Fig. 10). Next, a single SRDP sequence consisting of 30 poling
spikes of 1.2 V voltage was applied. The duration of a single
poling spike was ¢ = 25 ms and the time interval between
spikes was set to At = 30 ms. The current was read with —0.5 V
before and 21 s after the poling spike train. As in the previous
STDP experiment, the highest LTP occurs when the sample is
pre-treated with —3 V. Interestingly, when the pre-treatment
voltage was +1 V (which is a voltage below the threshold
switching value from HRS to LRS) the state of the device was
transferred to the LTD regime. This proves that the pre-treat-
ment of the sample might strongly affect or even alter the
SRDP output.
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Fig. 10 Metaplasticity in the SRDP measurement induced via the DC
bias pre-treatment. Before SRDP measurement with a fixed time interval
At = 30 ms, the MABIl sample 3:1 was treated with a DC bias of the
given amplitude. When the bias was in range of -3 V to +0.5 V, a poten-
tiation is observed. However, when the initial bias was +1 V, the synaptic
weight decreased, resulting in depression.

For each of the four investigated samples we have per-
formed the SRDP measurement with varying time intervals At
between poling spikes. Each sample was pretreated with —3 V
for 2 s prior to the measurement. The synaptic weight change
Aw was calculated as previously and plotted against the time
interval between poling spikes (Fig. S10 and S11%). For all
measured samples the LTP increases as At¢ approaches 0;
however, the magnitude of changes is different for different
samples. The smallest relative differences are observed for the
3:2 ratio and the biggest one for 3:1, following a similar
trend as in STDP measurements — the MABII 3:1 sample also
showed high potentiation even at large At values (Fig. S117).
However, the data for non-stoichiometric samples cannot be
interpreted considering single-exponential functions. A careful
analysis indicated a more complex character of SRDP
responses in non-stoichiometric samples (see section 8 in the
ESIt). The existence of two types of electron traps with distinct
dynamics (trapping time) might be responsible for the
memory consolidation process as well.

Conclusions

With neuromorphic computing overcoming silicon electronics
limitations, such as Moore’s law and von Neumann’s bottle-
neck, seems to be achievable. For now, memristors are a good
candidate for non-linear computing elements due to the
ability to store multilevel information as a passive electrical
element. Here we present a reliable and air-stable®® candidate
for future memristive network devices - based on non-stoichio-
metric methylammonium iodobismuthate thin layers, which
can be easily and inexpensively prepared via a simple spin-
coating technique and, depending on the pretreatment poten-
tial, can mimic various neural features: STDP, SRDP, metaplas-
ticity and memory consolidation.

Nanoscale, 2019, 11, 1080-1090 | 1087
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Our results show that the memristive properties of MABil
are a consequence of several cooperative effects. The most
dominant are charge carrier dynamics and electron trap
mechanisms. The proposed putative memristance mechanism
entails further research though - mostly spectroscopic investi-
gations towards unravelling the true electronic structure with
the inclusion of all inter- and intra-layer interactions.

Memristive materials based on Bil; and MAI have the
potential to become universal cells in artificial neural net-
works mostly due to their ability to change the synaptic
weight (i.e. learn) via many strategies, including SRDP and
STDP, which can be further modulated by metaplasticity.
The metaplasticity can be exceptionally beneficial for neuro-
morphic computing since it allows the increase of synaptic
weight changes in both SRDP and STDP and thus the cre-
ation of many additional, separate memristive states, which
can be easily utilized in many-value logic. Moreover, the
light-modulated energy of iodine vacancies being able to
affect the memristive effect makes them potential promising
candidates for a new field of research in neuromorphic
optoelectronics.

Materials and methods

Bismuth methylammonium iodobismuthate (MABII) layers
were prepared by a one-step spin coating method.
Methylammonium iodide (MAI) was mixed with bismuth
iodide (Bil;) and dissolved in N,N-dimethylformamide (DMF)
in the following molar ratios of MAI: Bil3: 1:3, 1:1, 3:2, and
3:1. Prior to spin coating, inks were sonicated in 70 °C for
20 minutes and then filtered through a PTFE 0.45 um syringe
filter. The initial masses and concentrations for each ratio are
presented in the ESI, section 1. The FTO/glass substrate was
cleaned sequentially (20 minutes of sonication in 50 °C) with
deionized water with a small amount of 2% Hellmanex, de-
ionized water and isopropanol and dried in air. Next, 50 pl
of PEDOT: PSS solution in water (Sigma Aldrich) was spin
coated on the cleaned FTO at 2000 RPM for 30 s. The layer was
next dried on a hotplate at 100 °C for 20 minutes under an
ambient atmosphere. The ink MABII; layer was spin-coated at
2000 RPM for 30 s and dried on a hotplate at 100 °C for
20 minutes.

All the samples were measured in a device of our design in
order to assure the highest possible measurement reproduci-
bility. Briefly, the sample is put in a holder and a plastic cylin-
der with incorporated metal rods acting as working electrodes
is pressed against the sample surface with a fixed force, thus
creating electrical contact on the MABI/metal interface. In our
experiments 99.99% pure Cu metal rods (Sigma Aldrich) with
a diameter of 2 mm were used, which let us estimate the
surface contact area to be 3.14 mm?. Prior to each measure-
ment, the electrode surface was polished with abrasive paper
(4000 grade) to a mirror-like surface. However, as the contact is
purely mechanical and might depend both on the metal rod
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texture and the sample surface roughness, the effective contact
surface might vary a little from sample to sample.

The measurements were conducted under an ambient
atmosphere. Current-voltage characteristic (I-V) and spike-
timing-dependent plasticity (STDP) experiments were per-
formed on a Keithley 4200 SCS system with two SMUs con-
nected respectively to a FTO and Cu electrode (see Fig. 2a for
the experimental setup). For the I-V measurements, the
applied DC voltage sweep direction was 0 V- 3V - 0V —
-3V = 0 Vat 500 mV s . In each technique, readout pulses
were set up at —0.5 V.

In the STDP measurements the voltage pulse sequence was
as follows: first, the memristor state was read three times with
—0.5 V. Then symmetric bipolar sawtooth pulses of +1.6 V were
applied on the pre- and postsynaptic electrode with a fixed
time interval. Then, the state was read again with three —0.5 V
pulses (for schematics of the utilized voltage pattern please
see the ESI, section 57). After the measurement the memristive
device was reset to the initial state with either -V scan or DC
voltage bias (as indicated in the text). To induce long-term
potentiation, the time interval between the two poling pulses
was gradually decreased.

Spike-rate-dependent plasticity (SRDP) and memristor’s
state retention measurements were performed on a Metrohm
Autolab PGSTAT302N system with a two-electrode setup. The
working electrode (WE) was connected to Cu electrodes, while
the counter electrode (CE) and reference electrode (RE) were
short-circuited and connected directly to the FTO layer. Before
conducting the actual experiments, samples were conditioned
with multiple I-V scans (typically about 30) at 500 mV s .
Voltage and current sequences are presented in the ESI,
section 5.7

An X-ray diffractometer (XRD, RINT 2100, Rigaku) with Co
Kol radiation (4 = 1.78892 A) was used to record the X-ray
diffraction diagram at 10° to 100° at a scanning step of
0.01° s™*. The presented results were recalculated for Cu Kol
(1 =1.54056 A) to compare diffractograms with the literature data.
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1. Preparation of bismuth perovskite starting solutions

Weighted amounts of methylammonium iodide (M, = 159 g/mol) were mixed with bismuth iodide (Mg
=590 g/mol) and dissolved in 0.5 mL of N,N-dimethylformamide (DMF) with following molar ratios:

Table S1 Substrates used in MABIl thin films preparation.

MAI:Bil; ratio mass of MAI mass of Bil;
1:3 26.5 mg 295.0 mg
1:1 79.5 mg 295.0 mg
3:2 59.6 mg 147.5 mg
31 159.0 mg 196.7 mg

2. UV-Vis spectra of pure precursors solutions in DMF

UV-Vis spectrum (325 nm — 800 nm) of pure MAI in DMF is characterized by one absorption maximum at
366 nm (MAI) and Bil; in DMF has a maximum at 435 nm, originating from [Bil,]- complexes.

——Bil,
— MA

1,0

Abs (normalized) / a. u.

. :
400 500 600 700 800
wavelength / nm

Figure S1 UV-Vis spectrum of pure precursors - methylammonium iodide (MAI) and bismuth triodide Bils - dissolved in DMF.
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3. Calculation of Schottky barrier height

To study the character of the interface we have employed the thermionic emission theory to extract the
information from the I-V measurement curve. The Schottky character of the MABII3/Cu junction is clearly
visible while scanning from 0 V to 0.8 V. The reverse saturation current and the ideality factor can be

calculated from the equation defining Schottky diode current for forward bias voltages:

I/ mA

4,0

HRS

3,5
3,0 1
2,51

2,01

Model

Equation

Plot

Ir

n

T

Reduced Chi-Sqr
R-Square(COD)
Adj. R-Square

Schottky (User)
Ir(exp((V*e)/(n*kB*T))-1)
|

2,70245E4
11,3445
298
3,16288E-10
0,99974
0,99973

1,54

1,0 1

0,54
voltage scan direction
0,04 E——

0,0 0,2 04 0,6 0,8
u/v

I = Ir(exp (%) - 1)
B (1)

Figure S2 Schottky diode-like I-V characteristics during forward voltage scan direction.

The fitting results are presented in Figure S2. The calculated saturation current is I, = 0.27 mA and the
ideality parameter is 11.35, indicating strong deviance from the ideal current values. This might originate
from the fact, that investigated device is not just a pure diode, but rather can be described as a circuit. The
character of the junction changes from Schottky-like to Ohmic when the memristor is in LRS (Figure S3).

One can exclude the filament formation, as the switching is not abrupt but rather changes gradually, which
might result from changes in junction properties. Moreover, the prepared devices did not need any
electroforming procedure in order to exhibit memristive behaviour, which is often necessary for
memristors with filament resistive switching mechanism.! As mentioned before, the current flowing
through the junction at the MABIl/Cu interface is not ideal (as indicated by the n parameter). To further
investigate this behaviour we have focused only on one part of the loop, strongly resembling the Schottky
diode characteristic (consisting of 0V > +3 Vand -3 V = 0V parts of the I-V curve). Since the current

LRS
10 o’
[ ]
.
.
8 ®
L]
.
6 o*
< °7 L]
€ o
~ L]
— 44 ®
.
.
L]
24 o*
°®
o voltage scan direction
0+ . -+
T T T T T
0,0 0,2 0,4 0,6 0,8
usv
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Figure S3 Ohmic |-V characteristic during the reverse voltage scan direction.

response differs from this for the ideal diode and the Ohmic component is present, we suggest that the
junction acts not as a single diode, but rather a circuit as shown on the diagram in Figure S4:

I }
R1

)=

R2
Schottky diode

Figure S4 Equivalent circuit consisting of parallel connected Schottky diode and resistor R1 with additional resistor R2 in series. The former
was used to take into the consideration the higher resistance of HRS.

When the diode is polarized with a forward bias, the total circuit resistance is approximately equal to R2.
Under reverse bias polarization, the sum of two resistors determines the circuit resistance, which accounts
for the transition to HRS. In order to calculate the resistance, the linear function has been fitted to both
regions of the data (Figure S5).

In the HRS the function has been fitted only to the linear current response. The calculated resistances from
slopes of fitted functions are: R2 = 49.90 Q (LRS part) and RI+R2 = 689.66 Q (HRS part), meaning R1 =
639.76 Q. To calculate the reverse saturation current, we have eliminated the Ohmic component by
subtracting the theoretical current flowing through R2 from the measured current values. As the R2
resistance is present only in HRS, the correction was made only for voltages below the switching voltage,
i.e. 0.8V (as indicated in Figure S5 by the vertical line):

5,0x10%
MAI:BIl, ratio: :
5 o 31 |
4,0x10 )
I
Equation y=a+b'x 1
3,0x10%  [por ratio 3:1 \
Weight No Weighting \
< Intercept 1,13018E-5 1
£ 2,0x107 - |Siope 0,00145 | LRS
~ Residual Sum of Squares 1,90833E-9 ]
- Pearson's ¢ 0.99961 ! Equation y=a+b*x
1,0x1 0'2 - | R-Square(COD) 0,99923 I Plot ratio 3:1
Adj. R-Square 0,99919 Weight No Weighting
Intercept -0,01118
0,0 ! Slope 0,02004
! Residual Sum of Squares 1,14592E-5
! Pearson's r 0,99828
1,0x107% HRS : R-Square(COD) 099657
Adj. R-Square 0,99649
T T T T T T —L T T T T 7
-3 -2 -1 0 1 2 3

u/v

Figure S5 The fitting data of linear functions used to estimate resistance of R1 and R2. The functions were fitted to linear current response
in both HRS and LRS to determine R1+R2 and R2, respectively.

These calculations led us to estimate the reverse saturation current of the diode to J, = 4.87x10-2 mA
(calculated as the average current for voltages in the linear range from -1 V to 0 V). After these calculations,
the Schottky barrier height can be calculated from the Richardson equation:

Jo=A"" Tzexp (
(2)
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where J, is the reverse saturation current, T is temperature, q. is the elementary charge, g is Schottky
Haﬁrr_iezi %ei%tvkltq}lsibe Boltzmann constant and A* is the effective Richardson constant defined as follows:

=amnq.m, , Where m.” is the electron effective mass and h is the Planck constant. In MA;Bi,lq the
effective mass m.*,; was calculated to be 0.54? and the temperature at which the measurements were
conducted was 23 °C. Thus, the calculated Schottky barrier height on the MABI/Cu junction is ¢z = 0.55 eV.
We have additionaly investigated the Schottky barrier with Ultraviolet Photoelectron Spectroscopy (UPS).
The measured barrier height was 0.5 V on MABIl/Cu interface, whereas at MABIil/PEDOT:PSS interface the
height was 0 V, indicating Ohmic type of this junction.

4. Simple neuromorphic functions — learning and forgetting (fitting data)

164
184
< <
£ £ )
= = 0
22
T 24 T T
4.8 4.8 5,0 52
t/s
Model ExpDecay1 Model ExpDecay1
Equation y = y0 + AT*exp(-(x-x0)/t1) Equation y = y0 + Al*exp(-(x-x0)/t1)
Plot current Plot current
yo 0,00238 £ 0 yo -0,00186 + 0
) 4,14025+0 X0 467898 +0
A1 -5,3841E-4 + 1,1468E-5 Al -4,11021E-4 + 1,92253E-5
t1 0,1857 + 0,00588 t1 0,05212 + 0,00416
Reduced Chi-Sqr 1,58938E-9 Reduced Chi-Sqr 2,51065E-9
R-Square(COD) 0,92366 R-Square(COD) 0,81905
Adj. R-Square 0,92311 Adj. R-Square 0,81782

Figure S6 Fitting data of exponential function fitted to learning (right panel) and forgetting (left panel).

5. Electric impulses sequences

Here, in we present voltage sequences for most crucial experiments in current publication. Voltage levels
have been established empirically, based on preliminary tests for each type of sample (Figure S7a, b, c).

a. Voltage sequence for I-V hysteresis - before main neuromorphic measurements for each sample,
each sample was tested with |-V scans — several, typically 20 voltage scans, within-3.5Vto 3.5V
range, with moderate scan speed — 200 mV/s.

b. Sequence for STDP measurements - typically, each sample was measured 3 times for each At
value.

c. Sequence for SRDP measurements

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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a) ] voltage 43V
ov
: 3V
+1.2V
b)
oV ot |
-0.5V V V 0.5V
1.2V
Ot
+1.2V
c)
ov
-
0.5V 0.5V D Eme

Figure S7 Voltage sequences used in |-V hysteresis curve experiment (a), STDP experiments —in case of At < 0, the two spikes exchange places
(b), SRDP experiments (c).

6. STDP - DC bias results for negative At (LTD regime)

100
DC bias
pre-treatment:
1500 o 3V
50 o -2V
] e -1V
; w L4 @ CV
0 = T T i Q
< ? T T < 1000
2 E |
< 50 9o § ; <
DC bias
{ |pre-treatment: § ° 500+
@ +05V
-1004 | @ +1V
@ +15V
@ CV
0 -
-150 T T T T T T T T T T T T T T T
-400 -300 -200 -100 0 0 100 200 300 400
At/ ms At/ ms

Figure S8 STDP curve comparison between conventional experiments (CV scan performed before the poling spikes sequence) and
experiments with the priming activity (DC bias pre-treatment before the sequence). The figure shows results of two plasticity regimes — left
part is for depression regime (LTD) and the right part is for potentiation regime (LTP).
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7. STDP - non-volatile learning
In Figure S9 we present the direct transition into LTP regime after the STDP measurement.

80

80
g4
E41:!- *
Rt 1 I s
T 04 0 12 16

20

T T T T L T

0 5 10 15 20 25 30 35
tis

Figure S9 STDP measured as current response for 36 s after applying pair of spikes with At = 20 ms. No significant change in current suggests
that observed effect belongs to LTP regime. Before poling the sample current was read three times at -0.5 V (depicted in inset).

8. SRDP measured for materials made with different MAI:Bil; ratio.

The SRDP of the two least defected samples, i.e. MABIil 1:1 and 3:2, can be described with single
exponential function. The long time constant t; (the constant is called “long” for the sake of the further
discussion) for MABIl 3:2 is 560+397 ms and 533+210 ms for MABiIl 1:1. However this fit is not ideal due to
significant scatter of the data points, the tendency is quite explicit. In the range of the estimated
uncertainty both time constants can be considered as equal (Figure S10).
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Figure S10 Single-exponent functions fitted to MABIl 1:1 and 3:2 samples in SRDP measurement.

However, this simple exponential function doesn’t describe well the data collected for MABIl 1:3 and 3:1. The closer
look at the data collected for this samples reveals that the data can be better described with a more sophisticated
equation consisting of the following form:

te ¢

T,
=] lotAgtAge “-e t<t,

-(t-t )/t
Iy+Age (=t t>t, (3
where y, is the reading current offset, A; and A, are amplitudes for growth and decay region of the function, t, is
the time interval value with the highest current amplitude, t; and t; are the short and long time constants,

respectively.
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Figure S11 Two-exponential function fitting for MABIl 3:1 and 1:3 samples in SRDP measurement. The points marked in red were excluded
from the fitting procedure and y, parameter (y-axis offset) was fixed in the fit for MABIl 1:3.

This suggests that for more defected samples another process with different time constant occurs with a
significantly shorter time constant. The estimated constants are 1, = 5331303 ms and t; = 36£24 ms for
MABIl 3:1 and 7, = 560+129 ms and t; = 237+697 ms for MABIl 1:3. However the fits are far from being
perfect and should be treated rather as qualitative than a quantitative experiment, the presence of the
short time constant is obvious in the mentioned samples. To improve the output of the measurement, we
suggest that sputtered electrodes and current compliance should be introduced to reduce the data points

scatter.
_ MALBIl, ratio!
S @ 13
- B 14
400 - ° 32
@ 31
= 300 +
=
<1 200
@
100 .
e )
0 - °
o 2 4 & 8 10
Atls
Figure S12 Collective graph of SRDP measurement output for different MAI:Bil; with fitted functions.
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The presence of two significantly different time constants indicated the possibility of material evolution,
i.e. relaxation processes that change the occupancy of the trap states and hence the conductivity and
synaptic weights. The presence of two types of electron traps with different dynamics (trapping time) might
also be significant in memory consolidation process. Once again, we conclude that more defected materials
presented higher and more stable synaptic weight changes, proving indirectly the significant role of lattice
defects in the charge trapping processes and hence the observed memristive effects. It does not exclude,
however the role of ion migration, as it has already been postulated for stoichiometric samples of MABIl.

Bibliography:

1 M. Hansen, M. Ziegler, L. Kolberg, R. Soni, S. Dirkmann, T. Mussenbrock and H. Kohlstedt, Sci. Rep., 2015,
5, 13753.

2 M. Pazoki, M. B. Johansson, H. Zhu, P. Brogvist, T. Edvinsson, G. Boschloo and E. M. J. Johansson, J. Phys.
Chem. C, 2016, 120, 29039-29046.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9

Please do not adjust margins



#® ROYAL SOCIETY

Journal of
o~ OF CHEMISTRY

Materials Chemistry C

View Article Online

View Journal

Bismuth triiodide complexes: structure,
spectroscopy, electronic properties,
and memristive propertiesy

’ '.) Check for updates

Cite this: DOI: 10.1039/d0tc00679¢

Ewelina Wlazlak, 2 * Justyna Kalinowska-Ttuscik, ©° Dawid Przyczyna,®

Piotr Zawal 22 and Konrad Szacitowski (2 *@

A new class of semiconducting materials has been prepared based on bismuth(i) iodide in reaction with
ternary amine N-oxides, sulfoxides, and phosphinoxides. Depending on the nature of the ligand, various
structures originating from fragments of the Bils lattice are formed. The band structure of these
materials, optical spectroscopy, and work function measurements indicate the importance of metal—
ligand and intraligand interactions in the electronic properties of these complexes. These materials are
usually p-type semiconductors, but bidentate benzo(c)cinnoline-N,N’-dioxide results in an n-type
semiconducting complex. They can be used for fabrication of MIM (metal—insulator—-metal) type devices,
which show interesting memristive properties, including modulation of the memristive properties simply
due to the change of the type of metallic contact. The operation of the presented devices is based
solely on the interface effects and the modulation of the Schottky barrier height. The change of only
one of the two electrodes leads to a change from the clockwise to the anticlockwise direction of propa-
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Introduction

Bismuth(m) halide systems form a variety of molecular and
ionic structures in which mono- and polynuclear structures can
be found.'® Bismuth(m1) halide organic-inorganic hybrid semi-
conductors attract increasing attention due to their application
as absorbers in photovoltaic cells. One of the reasons behind
the intensive studies on (CH3NH;);Bi,l and related structures
is the much lower toxicity of bismuth in comparison to lead,
present in the most efficient perovskite solar cells (e.g,
CH;NH,;Pbl;)."°** In general, bismuth(ir) halides have several
interesting optical properties, like photoluminescence,'*"®
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gation of the hysteresis loop as well as from the Hebbian to the anti-Hebbian learning mode.

thermo- and photochromism,'®"” and other favorable features

like solubility in organic solvents and air stability."®

Besides the undeniable contribution to the field of photo-
voltaics, both lead- and bismuth iodide compounds marked their
presence in modern electronics, especially in neuromorphic and
memory applications.’®>* The hysteresis loop observed in the
current-voltage characteristics of those materials is often called
a fingerprint of the memristor.>® A memristor is the fourth
fundamental passive electrical circuit element postulated by
Leon Chua as early as 1971.>> For a long time, it was considered
only as a scientific curiosity, but in 2008, for the first time, a
physical device was linked to the theoretical construct called
the “memristor,” as postulated by Leon Chua. R. S. Williams
and coworkers at HP Labs presented a MIM (metal-insulator-
metal) device based on a thin layer of TiO, sandwiched between
Pt contacts.>® It is important to mention that devices with this
feature were reported much earlier.”””® There are various
potential applications of those devices: memory, logic synth-
esis, cryptography, analog computing, and neuromorphic
applications.>* ™

Neuromorphic applications of memristors are possible for
many reasons. First, memristors have two or more (resistive)
states. Second, the switching between the states is time-
dependent. Finally, memristors have non-volatile memory
and (voltage) thresholds that enable the change of the state
of the device.*® In memristive devices different plasticity types
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and learning rules were observed: spike-timing dependent
plasticity (STDP), spike-rate dependent plasticity (SRDP), long-
term potentiation (LTP) and depression (LTD), habituation and
metaplasticity.>*”~*> Among them, STDP seems to be the most
common indicator of synapse-like behavior.*>** The memris-
tive properties displayed by various solid-state devices can be a
consequence of several physical and chemical processes,
including the formation of conductive filaments,**™* the
migration of ions and/or dopants,*® or the modulation of the
Schottky barrier height.**~>?

Taking into account the successes of ionic bismuth-halide
perovskite-like compounds, we turned our attention to mole-
cular organic complexes of Bil;. Complexes with bulky organic
ligands usually are less prone to hydrolysis but large ligands
like triphelylphosine oxide or tribenzylamine and triphenyl-
arsine oxide do not promote stacking interactions in the crystal
structure.>**® It can result in very low conductivity of the new
material. Therefore, besides two complexes with large organic
ligands, we synthesized two compounds with organic ligands
more prone to develop stacking interactions.

Here we present a group of new bismuth(m) iodide hybrid
organic-inorganic complexes with bulky organic ligands. The
ligand-dependent disruption of the initial layered structure of
Bil; has consequences in the optical and electrical properties
of the compounds. Different numbers of atoms coordinated in
the first sphere of the Bi atom, as well as various metal-ligand
electronic interactions, result in different conductivity types
observed via SPV measurements. Moreover, a memristive device
can be prepared when thin layers of the presented complexes are
placed between two electrodes, and the conductivity type is a
crucial factor governing the shape of the hysteresis loop. Those
devices offer an uncommon mechanism of memristive switching
~ trap state modulation of the Schottky barrier height.*® What
is presented here for the first time is the change of current
propagation in the pinched hysteresis loop from clockwise to
anticlockwise when only one metal electrode was changed (Au to
Cu). The effect is caused by the change in surface charging upon
the formation of a metal/semiconductor junction. The direct
consequence is the change from Hebbian to anti-Hebbian learn-
ing observed during STDP measurements obtained for the device
based on the same compound, but in contact with two different
metals - an effect that has never been described before.
A hardware neural network based on the [Bil;{(C¢Hs);PO},], or
[Bil:{(C¢Hs),SO}1 5]« complexes would have a unique property.
A chip design to take advantage of this unusual Hebbian to
anti-Hebbian learning rule change could allow one to apply a
particular training method: the Remote Supervised Method
(ReSuMe).>®

Results and discussion
Crystal structure description

Bismuth iodide reacts in refluxing methanol with various
O-donor ligands: ternary amine N-oxides, sulfoxides, and phos-
phinoxides. The resulting compounds are stable crystalline,
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Fig.1 Molecular geometry observed in the crystal structures of
[Bil3{(CeHs)sPOYl2 (a). [Bils(CsHsNO), (b), [Bils{(CeHs)2SO}isl4 (€) and
[Bil3(C12HgN2O5)l, (d), showing the atom labeling scheme. Here, asym-
metric units are shown, completed by the symmetry equivalent atoms
to present the bismuth coordination sphere. Displacement ellipsoids of
non-hydrogen atoms are drawn at the 50% probability level. H atoms are
presented as small spheres with an arbitrary radius.

orange and red-colored solids, soluble in organic solvents and
insoluble in water. In contact with water, they undergo slow
hydrolysis but are stable under ambient conditions for at least
one year without any signs of hydrolysis or decomposition. The
coordination of the bismuth ion is octahedral (Fig. 1a—c) in all
but one crystal structure. The mentioned exception is observed
for [Bil3(C;,HgN,0,)], in the case of which, due to the chelating
character of the organic moiety, seven atoms are in the first
coordination sphere of the central ion (Fig. 1d). In the archi-
tecture of [Bil{(CeHs);PO},], (described previously’’) and
[Bil{(CeHs)2SO}4 5]a crystals, isolated coordination motifs can
be distinguished. For the first-mentioned crystal structure,
centrosymmetric dimers are observed, formed by two bismuth

This journal is © The Royal Society of Chemistry 2020
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cations bridged by two iodide ions. In the case of
[Bil3{(C¢Hs),S0}1.5]4, the motif is more complicated due to
two non-equivalent bismuth coordination schemes. In the Bil
coordination sphere, there are 4 iodide anions in the equatorial
position of the distorted octahedron with 2 oxygen atoms
occupying axial positions, while B2 is surrounded by 5 iodides
and only one oxygen atom. Thus, the isolated motif consists
of four bismuth cations, bridged by iodide ions, forming three
4-member rings fused at the bismuth position. The angle
between the mean planes defined for these rings is 81.90(1)°.
Additionally, the motifs are linked by centrosymmetric I1- - -11
interactions (distance 3.75(1) A), forming waving chains propa-
gating parallel to the [001] direction. In contrast to the above-
mentioned structures, the coordination spheres of bismuth in
[Bil;(CsH5NO)],, and [Bil3(C;,HgN,0,)], form only chain motifs,
propagating parallel to the [100] axis along the crystal. The
angles between the mean planes defined for similarly linked
4-member rings are 88.51(1) and 80.36(1)° for [Bil3(CsH5NO)],
and [Bil3(C1,HgN,0,)],, respectively. In the octahedral coordi-
nation of the central ion, the Bi-O distances vary between
2.31(1) and 2.47(1) A. In [Bil(C;,HgN,0,)], the chelating character
of the organic ligand results in longer Bi-O distances, being
2.54(1) A and 2.88(1) A for O1 and 02, respectively. The Bi-I
distances differ, depending on the bridging or free character of
the considered anion. Ions which act as the bridging agents are
distanced from bismuth more (in the range 2.89(1)-3.23(1) A;
mean value 3.19(1) A) than the free iodide ligands, for which the
distance varies in a smaller range of 2.86(1)-2.95(1) A.

The main interactions in the presented structures are related
to the coordination of Bi. Additional forces stabilizing the crystals
are C-H---I contacts (H.--T distance approx. 3.2 A), which are
observed in structures [Bilz{(C¢Hs)3PO},),, [Bils(CsHsNO)],, and
[Bil3(C12HgN,0,)],. In the case of [Bilz{(CsHs),SO}1.5)4, Such an
interaction is not observed due to the abovementioned I.--I
chaining contacts.

Interactions that may be responsible for the electronic
properties of the described materials are based on short con-
tacts between aromatic moieties. Only in [Bil;(C;,HgN,0,)]
crystals are the classical - - -1 interactions observed (distance
between the closest atoms 3.4 A), formed by well-overlapping
aromatic systems of two molecules related via the center of
symmetry. This dimer is arranged in a parallel fashion
with respect to the aromatic ring of the translated molecule.
However, in the last-mentioned contact, the edges of the
aromatic rings slightly overlap (shortest distances 3.40 A and
3.45 A for C9- - -C13 and C10- - -C14, respectively). Contacts between
aromatic rings are also observed in the [Bil;{(C¢Hs),SO} 54 crystal.
The shortest distances and the level of overlap do not imply the
n-- - interaction directly. However, the aromatic rings C1-C6
and C25-C30 are relatively close (approx. 3.6 A) and surrounded
by sequential C19-C24 rings arranged parallel to the aromatic
moieties mentioned earlier. Interesting contacts between
pyridine N-oxide rings are observed in the crystal structure of
[Bil3(CsH5NO)],. In this case, centrosymmetric dimers are
formed with O1---C3 interactions (distance 3.19(1) A), followed
by small edge overlapping of the parallel ring of the translated
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dimer (the shortest C- - -C distance 3.65(1) A). Only in the crystal
structure of [Bil3{(C¢Hs);PO},], were the m---m interactions/
contacts not observed. There are several stabilizing C-H---n
interactions instead, which were also observed in the
[Bil:{(CeHs),SO}4 5]4 structure. The packing projections, as well
as the interaction/contact motifs between aromatic moieties, are
shown in the ESI7 file (Fig. S1-S7).

UV-vis absorption spectra

The absorption spectra (and zoom at the absorption band edges)
of the studied complexes and Bil; are presented in Fig. 2.
Bismuth(m) iodide has a broad absorption spectrum with the
absorption onset at ca. 750 nm. In the case of each complex, the
absorption band edge shifts towards shorter wavelengths, which
is tightly associated with the disruption of the strongly bonded
Bil; layers. The coordination of bulky triphenylphosphine oxide
ligands in [Bil3{(C¢Hs);PO},], results in the presence of the
dimer of Bil,L, octahedra in the structure. Among the four
complexes, it is the strongest disruption of the 2D structure of
Bil;. Furthermore, this is the complex with the smallest number
of iodine atoms around the Bi atom; therefore, the blue shift
(up to 550 nm) of the absorption onset is the most distinct.
Intermediate positions of optical absorption onsets are observed
for [Bil3{(CeHs)SO}1 54, [Bils(C12HgN,0,)], and [Bil;(CsH5NO)],,
in which chain-like 1D structures are formed by coordinated

— [Bily{(CgH5),PO}],
—— [Bil{(C4H5),SO0}, ol
—— [Bils(CH;NO)],
— [Bily(Cq;HsN,Os)l,
— Bil,
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Fig. 2 Solid-state electronic spectra of the four studied complexes and
Bils (a) and magnification of the absorption edges of those compounds (b).
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bismuth(m) atoms. The spectrum of the [Bil3(C1,HgN,O,)],
complex significantly differs from the others presented in Fig. 2.
It has a strong absorption band with a maximum of 520 nm but
also small absorption bands in the range 650-750 nm (Fig. 2b).
This band is related to the stacking of benzo(c)cinnoline
conjugated rings - in the rest of the compounds, the
bismuth(m) iodide chains are the only long-range arrangements
present in the structure.

Diffuse reflectance spectroscopy and Tauc plots were used to
determine the optical band gap of the studied compounds.
By plotting (Fxn*v)" vs. hv one can estimate the optical energy
gap value of indirect (n = 1/2) or direct (n = 2) transitions.
For organic compounds in which there is a lack of strong
intermolecular interactions, the n factor is usually equal to
unity.”® The studied Bil; sample has an indirect optical band
gap of 1.68 eV (Fig. S8, see the ESIt), which is consistent with
the literature value of 1.67 eV for a single crystal.>® The nature
of the optical transition in the four complexes is not so obvious.
Therefore the three most common possibilities of the n factor
in a Tauc plot were explored (Fig. S9-S11, see the ESIf).

Due to the lack of any strong intermolecular interactions in
the crystal structure of [Bil3{(C¢Hs);PO},],, 7 = 1 seems to be
the most reasonable choice, which leads to a value of 2.37 eV.
For complexes [Bil;{(CsH5)2SO}15]s, [Bils(C12HgN,O,)], and
[Bil;(CsH5NO)],, one can take into consideration the types of
band gaps obtained with DFT calculations. Assuming that
[Bil3{(C¢Hs),SO0}1 5] has a direct bandgap, the value would be
1.86 €V, while [Bil;(C;,HgN,0,)], and [Bil;(CsH;NO)], have
indirect band gaps of values 1.56 €V and 1.75 eV respectively.
The values of experimentally obtained band gaps and their
theoretical predictions are summarized in Table S2 in the ESL{

The density of states (DOS)

The DOS distributions of the four studied complexes and Bil; are
presented in Fig. 3. The main similarity between Bil; and the
studied complexes is the dominance of iodine atom orbitals in the
composition of the valence band of all five compounds, as can be
observed in the partial DOS distributions. The width of the valence
band is the smallest in the case of the [Bil;{(CsHs);PO},], complex,
which is consistent with the most drastic disruption of the 2D
structure of Bilg octahedra. The decreased width observed in the
case of the other complexes can also be attributed to the partial
disruption of the polymeric structure of bismuth iodide. This
process is associated with a gradual change in the composition
of the conduction band in the series Bils, [Bils{(C¢Hs)sPO},),
[Bilz{(C¢H5)2S0} 5]s, [Bils(CsHsNO)], and [Bil(C1,HgN,Oy)],

The conduction band of bismuth iodide (at least its low
energy fragment) is composed mainly of iodine orbitals with
only a small contribution of bismuth orbitals (which are also
present in the valence band). Such a situation indicates a
significant covalent character of the bismuth-iodine bond.
The three complexes with monodentate ligands present an
increased contribution of bismuth orbitals in the lower part
of the conduction band and also a significantly growing con-
tribution of electronic orbitals belonging to organic ligands.
This contribution is quite small in the case of [Bil3{(C¢Hs5);PO}, ),
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Fig. 3 Density of state distributions of Bils (a), [Bils{(CgHs)sPO}al> (b),
[Bils{(CeHs)2SOMsl4 (c), [Bils(CsHsNO)I, (d) and [Bils(C12HgN2O2)], (e).
The magnified conduction bands of the studied compounds (f).

and [Bil3{(C¢Hs),SO}1 54, Which correlates with the lack of any
strong interactions in the crystal structure that involve the aro-
matic rings of the ligands. This contribution is slightly increased
in the case of the [Bil;(CsH;NO)], complex and originates from the
short distance interaction between pyridine N-oxide ligands in two
adjacent polymeric chains (¢f Fig. 1b). The bidentate complex
[Bil3(C1,HgN,0,)], presents an entirely different composition of
the conduction band. In this case, the dominating contribution of
orbitals from organic ligands is justified by strong intermolecular
interactions of extended aromatic moieties in neighboring chains
within the [Bil3(C;,HgN,0,)], crystal lattice.

Surface photovoltage (SPV) measurements

SPV spectra are useful for determining the nature of majority
charge carriers in semiconducting materials. This method is
based on the change of the surface and near-surface potential
distribution under illumination. Under illumination, the min-
ority charge carriers travel to the surface, which results in the
flattening of the band bending. The bands bend upwards in the
n-type semiconductor (due to the formation of a near-surface
depletion layer) and downwards in the p-type semiconductor
(due to the presence of the accumulation layer). In general:

eACPD = —eASPV

This journal is © The Royal Society of Chemistry 2020



Published on 31 March 2020. Downloaded by Universit&#233; de Paris on 4/22/2020 6:36:43 AM.

Journal of Materials Chemistry C

View Article Online

Paper

Work Function / eV

S (Bil{(CeH5), SO}, ol

[Bily(C,zHgN,0,)l,

b

[Bil3(C5HsNO),

40
%"
2039900909209, o™
S I o %
% /
g e ... ? b
90 @ @D
> — @ | a®
E 201, @ - ™
-~ Pag00, - 9“9
o
-40-
5 B‘o'ﬂ I
< 60 gaea®” © [ BIL(CeH),POL,
O @ [Bil{(C¢Hs5), SO}, sl
-80 - @ [Bily(C5Hs;NOJ],
@ [Bily(Cy;HgN,O,)],
100 s Bil,
3[I)U 460 560 G(I]!O T(I)O B(I)I]
il nm

Fig. 4 Differential surface photovoltage spectra of Bils and its complexes.

where e is the electric charge, SPV is the surface photovoltage,
and ACPD is the contact potential difference.®® The studied
bismuth complexes might be p-type or n-type semiconductors if
the crystal structure would allow an excess of intercalated
iodine atoms or the presence of iodine vacancies, respectively.
Fig. 4 presents the SPV spectra of Bil; and the studied com-
plexes. Bismuth triiodide is an n-type semiconductor due to the
tendency to lose iodine, so ACPD is negative in most of its
absorption range.®>®®> The positive ACPD below 650 nm is
related to additional surface states induced most probably by
the OH groups present at the surface. The [Bil3(C;,HgN,0,)],
complex also exhibits the tendency to lose some of the iodine
atoms. In this complex, a chelating ligand enforces a coordina-
tion number of seven, which is higher than usually found in
bismuth complexes. We speculate that this kind of coordina-
tion geometry might have a tendency to lose one iodine atom to
form a more relaxed octahedral coordination site. Complexes
[Bil3{(CeHs);PO},, [Bils{(CeHs5),SO} 5]s and [Bil;(CsH5NO)],
have typical octahedral coordination geometry around the Bi
atom, and their p-type conductivity might be associated with
iodine intercalation.

Work function measurements

The reduction of the work function values after coordination of
electron-donating ligands to Bil; is presented in Fig. 5. The
work function values of all five compounds are in the 5.35-4.99 eV
range. The literature work function value of polycrystalline Au and
Cu surfaces under a vacuum is 5.2 and 4.6 eV, respectively.®> The
work function of the metal surface is extremely sensitive to the
conditions in which the metal is measured (vacuum or ambient,
humidity level, presence of absorbable gases) as well as the surface
type (crystallographic orientation) and its roughness.®*”° The
decreasing values of the work function reflect the increasing
electron donor properties of the applied ligands.

The largest change is observed in the case of triphenylphos-
phine oxide, which is a ligand that induces a significant decrease
of the Racah B parameter, ie., the formation of a coordination
bond between a metal ion and a ligand results in electron cloud
expansion and reduction of electron-electron repulsion. This effect
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Fig. 5 Work function values of Bils and Bils complexes measured in
ambient conditions.

is usually attributed to the partial covalent metal-ligand bond
character.”" While on the basis of sole work function measure-
ments the nephelauxetic effects cannot be unambiguously eluci-
dated, the partial density of state distributions corroborate this
analysis - a significant increase of the contribution of ligand
orbitals to the valence and conduction band indicates covalent
character of the metal-ligand interaction, which is associated with
an increase in electron density at metal centers and, consequently,
a decreased work function.

Current-voltage (I-V) characteristics

The conductivity type verified with SPV measurements is crucial
in the construction of Schottky junction-based devices,”>”*
including memristors - a two-terminal component whose resis-
tance depends on the current that is passed through the
device.>>’*7% Usually, there are two distinct states of the device:
high and low resistive states (labeled HRS and LRS, respectively),
but multistate memristive devices are also known.”® Memristive
devices usually consist of two metallic contacts and layers
of a compound (a metal oxide, chalcogenide, metal iodide
perovskite, polymer, or another medium in which ions can
travel). Depending on the compound and electrode material,
different mechanisms are responsible for the performance of
the memristive device and the shape of its fingerprint: the
pinched hysteresis loop always crossing the origin of the
voltage—current plane when driven by any periodic input
(voltage or current) with zero DC component.”*”® In most
cases, memristors (or more generally memristive elements)
consist of a layer of active material sandwiched between two
identical contacts. However, in order to observe the role of
interfacial processes, an asymmetrical arrangement with one
metallic and one indium-tin oxide-based contact has been
used. Moreover, the metallic contact has been neither sputtered
nor evaporated in order to leave the surface of the semiconductor
layer undisturbed. On the contrary, the semiconductor layer
has been spin-coated on FTO glass, and the metallic contact
has been tightly pressed (with controlled force) against the thin
layer. The same setup was found to be very successful in recent
studies on other lead- and bismuth-based semiconductors.”"””
Typical hysteresis curves are observed in all studied cases.
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Moreover, devices based on n-type materials exhibit rectifying
character of the junction, however with a low on/off current
ratio. Thus, the device can be approximated with a Schottky
diode and a low resistance resistor (or memristor) in parallel, as
discussed previously.”"””

The presented devices are analog memristive devices based
on Bil; or [Bil;L] complexes, a metal electrode (Au or Cu), and
an FTO second electrode.*® The performance of these devices
relies on the surface interaction between the metal and semi-
conductor surfaces. A Schottky barrier forms at the metal/
semiconductor interface and the height of this barrier depends
on the charge collected at the interface. This resultant charge
has three main components:

(i) Surface states resulting solely from the character of the
semiconductor, ie., n-type (p-type) semiconductors, tend to
cumulate negative (positive) charge on the surface and have
upward (downward) band bending. It is a result of the presence
of surface states that originate from crystal imperfections,
surface adsorbates, dangling bonds, and electron delocalization
at the interface.

(if) Metal induced gap states (MIGS) arising from abrupt
termination of metal and semiconductor lattices (which renders
some of the forbidden states allowed), followed by electron flow
between the metal and semiconductor in order to equilibrate the
Fermi levels of both materials. The sign of the cumulated charge
of MIGS depends on the work function of the metal ¢y and
semiconductor ¢g. Electron density can shift toward the semi-
conductor if ¢y < ¢, which results in downward band bending
and positive interface charge. By analogy, when ¢y > ¢s the
bands bend upwards due to negative interface charge. Most likely
MIGS add a small positive charge to the surface because the work
functions of the five compounds are quite high (5.35-4.99 eV) in
relation to the literature value of ¢, and ¢4, especially due to the
tendency of the metal to reduce its work function in the presence
of humidity or surface roughness - which is the case of the
presented metal electrodes (see the Methods section).

Finally, (iii) states that are a result of the formation of
chemical bonds between the metal and the semiconductor also
lead to a charge carrier shift at the interface. As a result, the
copper/complex interfaces gain additional negative charge due
to the formation of I-Cu bonds.

It is extremely difficult to measure the individual contributions
of the three components, but the overall outcome is easy to assess
by measurement of the I~V characteristics. In the case of a
negatively charged interface, a neutral or negative bias (ie., the
junction polarized in the reverse direction, Fig. 6a) results in
charge accumulation in traps, which increases the height of the
Schottky barrier, resulting in a high resistivity state. When a
forward (positive) bias is applied, the traps are gradually emptied,
which at some point leads to abrupt shrinkage of the barrier and
switching to the low resistivity state (Fig. 6b). If the surface state
has a donor-like character, and the surface is charged positively
(Fig. 6¢), then the application of a positive bias increases the
barrier height and leads to a more positive surface charge (Fig. 6d).

Moreover, the memory effect can be only observed if the rate
of the depopulation of the trap states is higher than the reverse
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Fig. 6 The diagrams present: negative interface charge upon neutral (a)
or positive (b) bias; and positive interface charge upon neutral (c) or
positive (d) bias applied to the metal electrode.

process (in other words, the activation energy for discharging
the trap states is lower than the activation energy of charge
trapping at reverse bias), therefore along with weak rectification
a pinched hysteresis loop is observed. As already reported, such
processes can be a source of memristive behavior in organic’® and
coordination compounds,”™”® and inorganic®**"** materials.

Fig. 7 presents the current-voltage characteristics of
[Bil3(C1,HgN,0,)], and [Bilz{(C¢Hs),SO} 5)4 (for I-V character-
istics of all five studied compounds see Fig. S13 in the ESIf).
The blue curve represents I-V of the device that is negatively
charged at the interface (Fig. 7a, ¢ and d), while the red
represents a positive interface charge (Fig. 7b).

Irrespective of the sign of the charge accumulated at the
interface, all devices exhibit bipolar switching. The insets
present the most likely contributions of the three components.

Fig. 7a and c present devices with the Au metal electrode.
With the lack of interfacial chemical bonding (iii) at the metal/
semiconductor interface, the dominant factor in the overall
interface charge is the presence of the surface states that
originate from the semiconductor itself (i), i.e., negative charge
for n-type [Bil;(C;,HgN,0,)], and positive charge for p-type
[Bil3{(CeHs),SO} 5 )a-

When the second electrode is made of a metal with a more
reactive metal electrode (i.e., Cu, Fig. 7b and d), the situation is
different. The results clearly show that all examined devices in
contact with copper have a negative interface charge and the
same direction of changes in the current-voltage characteristics
(Fig. S13, ESIT). The fact that the p-type semiconductor in the

This journal is © The Royal Society of Chemistry 2020
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presence of positively charged MIGS (ii) and positively charged
surface states (i) is charged negatively at the interface with a
metal of small ¢ means that a surface reaction took place, and
copper atoms attracted iodide anions closer to the surface
forming negative charge (iii). It is a dominant factor that
contributes to the interface charge of the [Bil;L]/Cu junction.
Therefore, by the change of only the metal electrode from Au to
Cu, the direction of the hysteresis loop propagation changes
from clockwise into anticlockwise.

The weak interaction between the metal electrode and the
semiconductor layer allows observation of these subtle effects.
Sputtered or evaporated electrodes provide much stronger
interaction between the metal and semiconductor and are
usually involved in the formation of conductive filaments
within the active layer. These effects dominate the more subtle
charge trapping processes involving MIGS and other interfacial
states. In the case of filament formation, the metal-dependent
switching characteristics (Fig. 7c and d) could not be observed.
Filamentary processes involving different metals should only
affect the ON/OFF ratio and the rate of switching, but not the

This journal is © The Royal Society of Chemistry 2020

symmetry of the hysteresis loop. The mechanical contacts
presented here offer an additional possibility of subtle control
of Schottky barrier properties with the interface devoid of
any defects which can be formed under harsh sputtering
conditions. The devices presented here can be regarded as
analog memristive devices - their ON/OFF ratio is low, but they
show significantly nonlinear characteristics. Therefore, while
not very useful for memory application, they should demon-
strate their utility in neuromorphic and signal processing
devices, as postulated by Chen et al®* Other materials
with similar electrical properties were successfully applied in
reservoir computing systems.”””°

Chronoamperometric measurements

The analysis of the current-voltage characteristics presented
in Fig. 7 and Fig. S13 (ESIt) allows determining the potential
windows in which the state of the devices can be read. In the
case of the memristor based on the [Bil3{(C¢Hs),SO} 5]a/Au
interface, the state of the device should be read in the —0.5 to
1 V range. Fig. 9 presents two series of chronoamperometric
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measurements in which the switching behavior of the memristor
was tested. In both series, the set impulses (which induce the
change from the HRS to the LRS) have an amplitude of —2.5 V and
a duration of 0.25 s, and the reset impulses (which induce the
change from the LRS to the HRS) have an amplitude of 2.5 V
and duration of 0.5 s. The series have different read potentials:
Fig. 8a—c present the data in which the state of the memristor was
checked at 0.3 V, while Fig. 8d-f show the data acquired with a
read potential of —0.3 V. In each series the state of the device was
changed from the HRS to the LRS and from the LRS to the HRS
about 1000 times to test the endurance of the device. In both
series, the points representing the HRS have the lower inter-
quartile range (IQR). In general, the points acquired with a read
potential of —0.3 V are more dispersed and seem to drift slightly
towards smaller currents, but the HR states are still well separated
from the LR states. The LRS/HRS ratios are 1.28 and 1.17 for
measurements performed with 0.3 V and —0.3 V, respectively.
These values are rather modest, especially when compared
with sulphide or oxide-based memristors, which the switching
mechanism is usually based on the formation of conductive
filaments;** however, the devices presented in this work were
not optimized for the best performance or On/Off ratio but
rather to get reliable qualitative results. Among devices based
on metal-halide organic perovskites higher ratios (~10) have been
observed, even in memristors with an interface-type resistive
switching mechanism.*®** Interestingly, in the devices built with
organic metal-halide perovskites various types of the resistive
switching source were proved. The reported memristors differ in
the compound layer type and thickness, type of metal contact,
surface area, and thin-film preparation methods, and as a result
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both filamentary and interfacial mechanisms were observed.>*
The memristive devices presented in this work do not show any
typical indicators of filament formation and seem to be governed
by the modulation of the Schottky barrier hight. This type of
switching in general ensures better cycle-to-cycle uniformity
(see Fig. 7) than that based on creation and rupture of CFs. This
results in small current variance within each resistance state
and allows one to easily distinguish the HRS and LRS, even with
the measured HRS/LRS ratios. The persistence of the states was
also tested. Both the HRS and LRS last for at least 1 h when
the read potential (0.3 or —0.3 V) is applied. The stability
measurements are presented in Fig. S14 (see the ESIf). The
collected data highlight the durability and versatility of the
[Bilz{(CHs)2SO}4 5)a/Au memristor. The possibility to operate
the memristor in both positive and negative read potential
ranges might be significant when a crossbar architecture is
applied or during integration with other elements.

Synaptic-like behavior
Due to the ability to mimic some of the functions of biological
neurons, memristors are often investigated in terms of artificial
synapses. The communication between neurons relies on the
modulation of the conductance of the synapse - the connection
between two neural cells. The phenomenon of adjustment of
the strength of this connection is called synaptic plasticity and
is considered to be responsible for learning and memory
processes in the brain.

Spike-timing dependent plasticity is a form of Hebbian
learning in which the change and direction of the synaptic
weight are dependent both on the order and temporal interval
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Fig. 8 Chronoamperometric measurements performed on the [Bilz{(CgHs),SO}4 514/Au device. Voltage pattern (black line) used to test the switching
behavior of the memristor and the corresponding current response (red line) (read potential of 0.3 V (a), read potential of —0.3 V (d)), endurance test of
the resistive switching (1000 cycles) (read potential of 0.3 V (b), read potential of —0.3 V (e)), and boxplots depicting the stability of the resistive switching

(read potential of 0.3 V (c), read potential of —0.3 V (f)).
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between the pre- and the postsynaptic spike.®® According to the
canonical asymmetric Hebbian learning rule, as the time
interval between pre-synaptic and post-synaptic decreases, the
synapse exhibits long-term potentiation (LTP). Inversely, when
the post-synaptic spike precedes the pre-synaptic one, the
conductance of the synaptic connection decreases, resulting
in long-term depression (LTD).*® The magnitude of the resulting
synaptic weight changes is governed by the time intervals between
the pre- and post-synaptic spikes. This learning rule is frequently
summarized as “neurons that fire together, wire together,” which,
on the other hand, cannot be understood literally.*” In memristors,
the synaptic plasticity is realized through gradual resistive switching
between the HRS and LRS as a response to trains of pulses with
variable time intervals.®®*°

The STDP with Hebbian learning is presented in Fig. 9a for
[Bil3{(CcHs),SO}1.5]4 with the Cu electrode. The pre-synaptic
spike preceding the post-synaptic spike (At > 0) leads to LTP,
whereas when the post-synaptic spike arrives before the pre-
synaptic spike (A¢ < 0) LTD is observed. Interestingly, with the
same voltage pattern applied to [Bilz{(C¢Hs),SO}s5]4 with
the Au electrode, we have obtained anti-Hebbian learning with
roughly the same temporal windows for LTP and LTD (Fig. 9b).
This effect coincides with the reversal of the pinched hysteresis
loop on the change of the metallic contact from Cu to Au. The
STDP in memristive materials depends on many parameters,
such as the amplitude, shape,*>°° number, and frequency of
spikes® and pre-treatment of the sample.”" In the case of the

This journal is © The Royal Society of Chemistry 2020
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presented materials, the inversion of the STDP symmetry is
induced by the same mechanisms that govern the changes in
the I-V loop direction. Therefore, in addition to the already
known mechanisms, modulation of synaptic plasticity can be
achieved by changing the electrode material as well (Fig. S15 and
S16, ESIt). Therefore, the presented system shows unprecedented
flexibility, leading to a variation of the hysteresis loop shape as
well as of the learning scheme (Hebbian vs. anti-Hebbian) within
the same material. This learning rule variability can be utilized in
the remote supervised method (ReSuMe) and implemented on a
memristor array for supervised learning application in Spiking
Neural Networks (SNNs).”’ ReSuMe relies on balancing two
opposite (Hebbian and anit-Hebbian) learning rules between
remote “teacher” and “student” neurons and the resulting synap-
tic efficacy is dependent on the correlation of their activities. This
method has already proven to be a highly successful supervised
SNN algorithm, as the memristor array-based SNNs trained with
this method have achieved ~96% accuracy in handwritten digit
recognition, approaching the limit of human capabilities.>®

Conclusions

New bismuth complexes with bulky organic ligands show pro-
nounced semiconducting properties. The band structure of these
materials, along with optical spectroscopy and work function
measurements, indicated the importance of metal-ligand
and intraligand interactions in the electronic properties of bulk
materials. They have relatively low bandgap energies ranging from
1.6 to 2.4 eV and electrical conductivity high enough to sustain an
electric current in the milliampere range. Thin layer devices with
metallic (Cu and Au) and FTO contacts show analog memristive
switching. The dependence of the switching characteristics on the
nature of the metal contact and conductivity type allows elucida-
tion of the switching mechanism as modulation of Schottky
barrier parameters associated with trapping of electrons at the
interface states. These phenomena can be observed in the case of
unperturbed interfaces, therefore sputtering or evaporation of
metallic contacts is avoided. Mechanical pressing seems a less
viable methodology, but in this way one can avoid partial decom-
position of soft materials.

The differences in the electronic and crystal structures in the
series of complexes led to different semiconducting properties
(e.g., n and p-type conductivity). As a result, different interface
charging and different types of I-V hysteresis patterns are
observed. What is interesting is that both clockwise and anti-
clockwise I-V curves can be observed in devices based on the
same compound, but in contact with different metals. The
opposing behavior of the complex/Au and complex/Cu junc-
tions may be a result of the higher reactivity of copper, which
leads to the formation of Cu---I bonds at the metal/complex
interface.

The different I-V characteristics result in Hebbian and anti-
Hebbian learning rules obtained for the same compound
in contact with two different metals - such an effect has
never been described before. This dualistic behavior should
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be observed in devices based on other representatives of the
metal halide family if other processes like conductive filament
formation or ionic movement will not interfere.

The interfacial phenomena reported here open a pathway
towards the design of information processing devices based on
interfacial processes and charge trapping dynamics. Elucida-
tion of the mechanistic details governing the nonlinearity of
the electrical characteristics and memristive switching allows
the design of devices with desired characteristics. While the
technology of fabrication is not matured, further exploration of
memristive materials susceptible to interfacial control of resis-
tivity may contribute to new electronic devices with prospective
applications in in-materio computing.

Experimental section

Caution! These syntheses are potentially hazardous due to
the toxic, irritating, and lachrymatory properties of iodine.
Appropriate means of personal protection should be applied.
All waste should be properly disposed of due to high toxicity
toward aquatic organisms.

Material synthesis

Benzo(c)cinnoline N,N’-dioxide synthesis was performed
according to ref. 92 Commercially available Bil;, triphenylpho-
sphine oxide, diphenyl sulphoxide, pyridine N-oxide (Sigma
Aldrich), methanol, toluene, and acetonitrile (Avantor) were
used without prior purification. The methanol used during
the syntheses has up to 0.01% of water.

[BiI3{(C6H5)sPO},],. Triphenylphosphine oxide (2.2 mmol)
was dissolved in 15 ml of methanol and added dropwise to
bismuth triiodide (1 mmol) dissolved in methanol (100 ml)
under reflux. The solution was filtered and condensed to about
1/3 of the volume. Light orange, cubic crystals precipitated
from the solution (yield 45%). Elemental analysis: C, 38.14%,
H, 2.53%.

[BiI3{(C6H5)2SO}4 5]s. Diphenyl sulphoxide (3 mmol) was
dissolved in 15 ml of methanol and added dropwise to bismuth
triiodide (1 mmol) dissolved in methanol (100 ml) under reflux.
The solution was filtered and condensed to about 1/3 of the
volume. The crystals precipitated from the solution were fine
and orange (yield 25%). Elemental analysis: C, 25.08%; H,
1.71%, S, 5.50%.

[BiI;(CsH5;NO)],.. Pyridine N-oxide (2.2 mmol) was dissolved
in 15 ml of methanol and added dropwise to bismuth triiodide
(1 mmol) dissolved in methanol (100 ml) under reflux. An
orange, fine solid precipitated immediately. The product
was recrystallized from a mixture of toluene and acetonitrile
(10:1 v/v) (yield 52%). Elemental analysis: C, 10.55%, H, 0.93%,
N, 2.27%.

[Bil3(C1,HgN,0,)],.- Benzo(c)cinnoline N,N-dioxide (1.05 mmol)
was dissolved in 15 ml of methanol and added dropwise to
bismuth triiodide (1 mmol) dissolved in methanol (100 ml) under
reflux. The solution was filtered and methanol was evaporated.
A dark red solid was recrystallized from toluene: methanol
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mixture (3:1 v/v). The final product has a form of red-orange
crystals (yield 25%). Elemental analysis: C, 18.48%, H, 1.05%,
N: 3.54%.

Crystal structure determination

X-ray diffraction data for single crystals of the presented
compounds were collected at 130(2) K, using a SuperNova
(Rigaku - Oxford Diffraction) four circle diffractometer with a
mirror monochromator and a microfocus MoKa radiation
source (A = 0.71073 A). The obtained data sets were processed
with CrysAlisPro.”> The phase problem was solved with
SIR2004°* or SUPERFLIP®® software. The parameters of the
obtained models were refined by full-matrix least-squares on
F* using SHELXL-2014/6.°° All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were positioned at
the idealized geometry and refined using the riding model with
the isotropic displacement parameter Ujso[H] = 1.2Ucq[C]. Crystal/
experimental data and structure refinement results are shown in
Table S1 in the ESLf Calculations were performed using the
WinGX integrated system (ver. 2014.1).°” Figures were prepared
with Mercury 4.0.%%

Crystallographic data have been deposited with the
Cambridge Crystallographic Data Centre as supplementary
publication no.: CCDC 1941007 [Bil3{(C¢Hs);PO},],, 1941005
[Bil;CsHsNO],, 1941008 [Bil3{(C¢Hs),SO} 5]s and 1941006
[Bils(clesNzoz)]n-T

UV-vis spectroscopy

Diffuse reflectance spectra were recorded on a Lambda 750
(PerkinElmer, USA) spectrophotometer in a spectrally pure
BaSO, matrix. The same material was used as a reference
sample.

Computational details

All calculations were performed using density functional theory
with the generalized gradient approximation (GGA) of the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional and dispersion correction proposed by Grimme,”® with
Becke and Johnson damping (PBE-D3(BJ)) and scalar relativistic
corrections within the Zero Order Regular Approximation
(ZORA)'° implemented in the BAND2018 SCM package.'** %
Basis functions of valence triple zeta quality with two polariza-
tion functions (TZ2P) were adopted with a medium frozen core.
The geometry optimization of the atomic positions was carried
out with fixed experimental lattice parameters. The k-point
mesh over the first Brillouin zone was sampled according to
the Wiesenekker-Baerends scheme."*®

Kelvin probe measurements

Surface photovoltage (SPV) measurements were performed
using a Kelvin probe-based surface photovoltage spectrometer
(Instytut Fotonowy, Poland, and Besocke Delta Phi, Germany)
equipped with a 150 W xenon arc lamp and a monochromator.
The measured compounds were deposited on the ITO surface
by the drop-casting method. The work function measurements
were performed under ambient conditions.
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Device fabrication and electrical measurements

The compounds were dissolved in dimethylformamide (except
[Bil3{(Ce¢Hs)3PO}, 5, which was dissolved in methanol) and
spin-coated on the surface of an FTO/glass substrate. A solid
polished (with an aqueous suspension of Al,O3) piece of gold or
copper metal was pressed against the Bil; or [Bil;L,] complex
layer. The electrical measurements were conducted in a two-
electrode setup with working and counter electrodes connected
to the metal and FTO electrodes, respectively. Current-voltage
characteristics and chronoamperometric measurements were
recorded on a Biologic SP-150 potentiostat. Devices were pre-
pared and measured under an ambient atmosphere at room
temperature. STDP was measured with a Keithley 4200-SCS in a
two-electrode setup with the following voltage pattern: firstly,
the resistive state of the device was read with —0.5 V pulses.
In order to induce LTP (LTD), a pair of temporally correlated
+/— 1.6 V symmetric sawtooth spikes was applied firstly to the
top (bottom) electrode and to the bottom (top) electrode. The
state of the device was subsequently read with —0.5 V voltage
pulses (for the full voltage pattern see the Supporting Information
SXX). The time interval between the poling spikes was measured
from peak to peak and changed from 400 ms to 20 ms.
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Crystallographic details

Table S1. Crystal/ex

perimental data and structure refinement results

Empirical moiety . . . .
formula [Bils{(CcHs)3PO}] [Bils(CsHsNO)] [Bils{(C¢Hs5).SO0}1 512 [Bil3(C12HsN,0,)]
Formula weight
1146.22 684.78 1786.14 801.88
[g/mol]
Crystal system Monoclinic Triclinic Triclinic Triclinic
Space group P2./c pl pl pl

a=12.7693(3) A
b =11.7066(1) A

a=7.6306(7) A
b =8.6042 (9)A

a=11.2571(4)A
b = 13.8388(5)A

a=7.6873(3)A
b =9.9765(4)A

. . . c=30.5274(7) A c=9.2988(9) A c=16.8099(7)A c=11.2378(4)A
Unite cell dimensions
a=90.0° a= 80.893(8)° a= 82.885(3)° a= 104.186(4)°
b=127.090(3)° b= 86.043(8)° b= 77.008(3)° b=93.222(3)°
g=90.0° g=80.695(8)° g=67.450(4)° g=99.194(4)°
Volume [A3] 3640.17(17) 594.30(10) 2354.54(17) 820.73(6)
YA 4 2 2 2
Deaic [Mg/m3] 2.091 3.827 2.519 3.245
i [mm1] 7.506 22.582 11.561 16.385
F(000) 2136 584 1604 704
Crystal size [mm?3] 0.3x0.2x0.2 0.2x0.1x0.1 0.1 x 0.08 x 0.08 0.1x0.1x0.1
O range 3.05° to 28.57° 3.04° to 28.45° 2.98° to 28.57° 3.13° to 28.65°
Index ranges -15<h<17, -7<h <10, -14<h <15, -10<h<)9,
-15<k<14, -10<k <11, -18<k<17, -12 <k <13,
-40<1<39 -12<1<12 -22<1<21 -15<1<14
Refl. collected 48661 4361 32076 10984
Independent 8712 2659 10795 3820
reflections [R(int) =0.1173] [R(int) = 0.0721] [R(int) = 0.0713] [R(int) = 0.0501]
éo:qu:zt:f’ess Blto | g9 6 99.8 99.8 99.9
Absorption s . . X
. Analytical " Analytical Analytical Multi-scan
correction

Tmin. and Tmax.

0. 073 and 0.295

0.178 and 0.644

0.384 and 0.605

0.859 and 1.000

Data/

restraints/parameter | 8712 /0/397 2659/0/70 10795/0/ 433 3820/0/181

s

GooF on F2 1.048 1.089 1.035 1.019

Final R indices | R1=0.0464, R1=0.0629, R1=0.0464, R1=0.0268,

[1>2sigma(l)] wR2=0.1015 wR2=0.1157 wR2= 0.0598 wR2= 0.0493

R indices (all data) R1=0.0544, R1=0.0969, R1=0.0903, R1=0.0333,
wR2=0.1099 wR2=0.1417 wR2=0.0738 wR2=0.0520

AP rmaxs APmin [€-A3] 3.20 and -2.57 3.56 and -3.77 2.54 and -1.36 0.99 and -1.61

*) CrysAlisPro 1.171.40.14e (Rigaku Oxford Diffraction, 2018); Analytical numeric absorption correction using a multifaceted
crystal model based on expressions derived by R.C. Clark & J.S. (Clark, R. C. & Reid, J. S. (1995). Acta Cryst. A51, 887-897)




View along [100] View along [010]
Figure S1. Packing in the crystal of [Bil3{(C6H5)3P0}2]2 showing isolated centrosymmetric dimers. Hydrogen atoms were omitted
for figure clarity.

View along [100] View along [010]
Figure S2. Packing in the crystal of [Bil3(CsHsNO)], showing bismuth-iodide chains propagating parallel to [100] axis. Hydrogen
atoms were omitted for figure clarity.
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Figure S3. Packing in the crystal of [Bil3{(CsHs),SO} 514 showing the isolated motives formed by 4 bismuth ions, bridged by iodide.
Hydrogen atoms were omitted for figure clarity.

View along [100] View along [010]
Figure S4. Packing in the crystal of [Bil3(C1,HgN,05)], showing bismuth-iodide chains propagating parallel to [100] axis. Hydrogen
atoms were omitted for figure clarity.




Figure S5. C...O short contacts between aromatic moieties in the crystal of [Bilz(CsHsNO)],. Hydrogen atoms were omitted for
figure clarity.

Figure S6. Short contacts between aromatic moieties (ring C1-C6, with shown Ctl centre of gravity) in the crystal of
[Bilz3{(CHs),SO}4 5]4. Hydrogen atoms were omitted for figure clarity.



Figure S7. Short contacts and m...1t interactions between aromatic moieties in the crystal of [Bil3(C1,HgN,0O,)],. Hydrogen atoms
were omitted for figure clarity.



Tauc plots and band gaps
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Figure S8. Tauc plots for Bils.
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Figure S11. Tauc plots for [Bils{(C¢Hs),SO}; 5].
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Figure S12. Tauc plots for [Bil3(C1,HgN;0,)],.

Table S2. Experimental and theoretical band gaps of studied compounds.

Compound Experimental band gap / eV Theoretical band gap / eV
Direct Indirect Undefined

Bils — 1.68 — indirect 1.18

[Bil3{(Ce¢Hs)3PO},1, 2.49 2.22 2.37 Indirect 2.12

[Bil3{(CsHs)>SO}1 514 1.86 1.77 1.82 direct 1.87

[Bil3CsHsNOI, 1.84 1.75 1.8 indirect 1.81

[Bil3(C12HgN,0,)]1, 2.13 1.56 2.05 indirect 1.33
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Figure S13. Current-voltage characteristics of
Bils memristors measured with Au (a) and Cu
(b) as second electrode, [Bil3(C1,HgN>05)],
memristors measured with Au (c) and Cu (d)
as second electrode [Bil3(CsHsNO)],
memristors measured with Au (e) and Cu (f)
as second electrode, [Bil3{(CsHs)>SO}5la
memristors measured with Au (g) and Cu (h)
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memristors measured with Au (i) and Cu (j) as
second electrode. Ten scans with 100 S13
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The stability of the states
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instability in the I-V scans during the STDP measurement as well.

Figure Si5. Spike-timing dependent plasticity
(STDP) of the memristive materials measured of
Bil; memristors measured with Au (left column)
and Cu (right column) as second electrode,
[Bil;(C,,HsN,O,)],, memristors measured with Au
(a) and Cu (b) as second electrode [Bil;(CsH;NO)],,
memristors measured with Au (c¢) and Cu (d) as
second electrode, [Bil;{(C¢H;),SO}, 5], memristors
measured with Au (e) and Cu (f) as second
electrode, [Bil,{(CsHs);PO}], memristors
measured with Au (g) and Cu (h) as second
electrode.

[B"3(C12H8N202)]n
Due to narrow hysteresis loop in the |-V scan and
rectifying character of the junction,

[Bil3(C1,HgN,0,)], shows no synaptic plasticity.
Synaptic weight changes that can be seen both in
Figure S14(a) and (b) are almost of constant value.
This suggests that the applied voltage pattern

caused only slight resistive  switching,
independent on the temporal interval between
the spikes.

[Bil3(CsHsNO)],

While [Bil3(CsHsNO)],|Au shows the expected
antisymmetric anti-Hebbian behaviour, we have
observed unipolar Hebbian learning rule with the
Cu electrode. This phenomenon occurred due to
instability of the current response to the applied
voltage pattern or DC bias during the STDP
measurement. The instability was monitored with
-V performed during the STDP
measurements. The direction of resistive
switching changes throughout the measurement.
[Bils{(CcHs),SO}1 514

This material was presented and described in the
main text of the article (with the averaged Aw and
error bars calculated as standard deviation). Here,
we present the data collected during the 3 runs of
the measurement.

[Bils{(CsHs)3PO}],

Similarly to other materials measured with the Au
electrode, [Bil:{(C¢Hs)3sPO}], also exhibits anti-
Hebbian learning rule. However, data collected
during the measurement with the Cu electrode is
considerably scattered and differs among the
This  material

scans

measurement  series. show
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Light-Induced Synaptic Effects Controlled by Incorporation
of Charge-Trapping Layer into Hybrid Perovskite Memristor

Piotr Zawal,* Tomasz Mazur,* Maria Lis, Alessandro Chiolerio, and Konrad Szacifowski

Organic-inorganic perovskites despite being known for their extraordinary
performance in solar cell research areas are also a workhorse in the field of
unconventional information processing. Here, a neuromimetic behaviour

is presented in a perovskite device with the potential to act as an artificial
synapse. In addition, perovskite layer is combined with one of the non-
stoichiometric polymeric forms of carbon nitride (C3N,). Such a device can
operate not only according to the principles of non-von Neumann architecture
but also utilizes two different stimuli as information carriers—electric current
and/or light. This in turn can lead towards the development of next-generation

information processing/storage units.

1. Introduction

Organic-inorganic perovskites possess a unique set of optoelec-
tronic properties.!! The high absorption coefficient, defect toler-
ance, and low exciton dissociation energy make them suitable
for solar cell applications. So far, perovskites achieved efficien-
cies comparable with traditional silicon solar cells. On the other
hand, the low activation energy of defect migration and mem-
ristive properties make perovskite materials intensively inves-
tigated for neuromorphic applications.”) Many learning rules
and synaptic effects can be induced by applying a proper set of
voltage spikes to the memristive device. It was found, however,
that even non-volatile memristive devices have limited infor-
mation retention time. Each readout operation induces subtle
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changes in their electronic structure and
therefore the number of readout cycles is
limited.l3! Despite the fact that volatility of
the memristor is undesirable in memory
application, it is an advantageous feature
for the application in Spiking Neural Net-
works and reservoir computingl® and for
mimicking neuromorphic effects such
as synaptic plasticity. Moreover, despite
numerous studies, the relation between
memristive and photoelectric phenomena
is still not fully recognized, though it could
lead to the development of novel devices,
such as mem-sensorsl® and extend the
applicability and functionality of synaptic
devices to optoelectronic and photonic systems.”! Particularly, the
interplay between memristive properties and light-induced syn-
aptic plasticity still remains to be thoroughly investigated due to
its remarkable potential in the field of neuromorphic computing.
Lead iodide perovskites or, more generally hybrid organic-inor-
ganic perovskites (HOIPs) seem to be materials of choice for
these applications: they show very well-characterized memristive
propertiesi?®l and their leading position in solar energy conver-
sion is unquestioned.’ The exploration of HOIPs in photomem-
ristive devices requires appropriate interface engineering in
order to activate processes which are detrimental for solar cells,
but highly desired for memristive devices (e.g., extended hys-
teresis, charge trapping, charge carrier recombination). On the
basis of our former reports(!% charge trapping at the chosen inter-
face seems to be here the most desired feature of a photomem-
ristive device. Therefore, carbon nitride, especially in the form of
nanoparticles, has been considered as a charge trapping material
for a new generation of memristive devices: its well-known elec-
tron acceptor character!™ combined with relatively high band gap
energy!' suits very well the desired performance of the device.

Here we present novel memristive photoactive devices based
on a thin lead iodide perovskite (CH3;NH;Pbl;) layer sandwiched
between conductive pads. We have additionally incorporated
carbon nitride nanoparticles (CN-NPs) exhibiting charge-trap-
ping properties into the perovskite-based memristive device. We
found that the addition of this layer provides new neuromimetic
features to the studied devices: a tenfold increase in Hebbian
learning efficiency, a decrease in response time by two orders
of magnitude as well as long-term depression/fading memory
features. The latter may be very important for nonstandard com-
putational applications, e.g. in reservoir computing.!'*!

By illuminating the perovskite device with short light pulses
(200 ms, 465 nm), we have observed an increase in the photo-
current with consecutive pulses. However, the device with
additional charge-trapping layers exhibits an altered mode of

© 2021 Wiley-VCH GmbH
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learning. After initial fast photocurrent growth, a slow decrease,
presenting dynamic features and a time scale of long term plas-
ticity, is observed. Here, we present a fabrication and properties
of synaptic devices which operate either stimulated by optical
or electrical signals. We report that incorporation of a thin layer
of C3N, nanoparticles into the HOIP memristive device signifi-
cantly changes its performance regarding optical stimulation
(SRDP mode), whereas the response to electrical stimulation
(STDP mode) is not affected by this modification. Our results
show that light-induced synaptic effects can be qualitatively
altered by the incorporation of a charge-trapping layer into a
perovskite-based memristor, whereas the dark characteristics is
only slightly modified. The understanding of the mechanisms
that govern the observed effects would be an important step
towards the design of light-sensitive artificial synapses.

2. Results and Discussion

2.1. Spectroscopic Characterization of Components and Devices

The C3;N, nanoparticles have been prepared by the hydro-
thermal decomposition of thiourea according to a previously
reported protocol. The identity of the polyheptazine modi-
fier was confirmed by FTIR and UV-Vis spectroscopies (SI
Sections 4, 5 and 6) alongside with TEM imaging in Section 2.
Both spectra are almost identical to those previously reported.[”]
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FTIR spectrum suggests the presence of cyano groups
(Ven = 2090 cm™) bonded with the carbon framework. The
strong shift of this oscillation with respect to potassium mel-
onate (tris(cyanamidoheptazinate), vey = 2166 cm ™) sug-
gests either partial carbodiimide (C =N =C) character of
nitrogen centres, or their interaction with electron acceptor
moieties (e.g., polyheptazine-like structures). Considering
further observations (vide infra), the latter option seems more
justified.

UV-Vis absorption spectrum of nanoparticles suspension
shows a broad shoulder within 300450 nm range as shown in
Figure 1c. The profile of the spectrum is almost identical to pre-
vious reports, moreover, it closely resembles a blue-shifted spec-
trum of a polyheptazine sample.[”l The low energy tail shows a
series of low intensity narrow peaks within 315-370 nm, which
may be associated with weak electronic transitions involving a
group of various trap states of slightly different energies. The
photoluminescence spectrum (Figure 1d) exhibits one strong
and broad emission centred at 450 nm (with excitation at
370 nm), which gradually shifts towards lower energies with
decreasing excitation energy. Two energy regions with linear
non-unity slope of the Stokes shift (inset in Figure 1d) are
separated by a narrow (=0.3 eV) region of a constant Stokes
shift, which may be interpreted in terms of the so-called red
edge effect,™ which is a consequence of the heterogeneity
of the luminescent species and their environment!"” and is
frequently observed in nanoparticles suspensions.?”! In the
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Figure 1. a) FT-IR spectra (normalized transmittance) of CN-NPs purified by Soxhlet extraction and purified CN-NPs mixed with crystalline Pbl,. b) The
theoretical IR spectrum of the pure CN-NP model-tris(cyanamidoheptazinate) and its two lead(ll) complexes, serving as perovskite- CN-NPs models.
A significant splitting and red shift is a fingerprint of this interaction. ¢) UV-Vis absorption spectrum of a colloidal solution of CN-NPs in toluene.
Red line represents a magnified section of the isolated spectral component related to the trap states manifold. d) Fluorescence spectra of purified
CN-NPs in toluene. Excitation wavelengths range from 370 to 500 nm. Inset shows Stokes shifts versus the excitation energy. e) Fluorescence spectra
of purified CN-NPs on a glass substrate. Excitation wavelengths range from 370 to 460 nm. Inset shows the same sample after deposing of OIP layer
on top of the CN-NPs. f) Differential UV-Vis spectrum showing absorption attributed to the charge trapping process together with absorption spectra
of OIP and CN-NPs/OIP thin layer devices.
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studied case the observed red edge effect implies the presence
of two intraband gap states, the shallow non-emissive state and
a deeper, emissive one, at least 0.3 eV below the shallow trap
state. Interestingly, these spectral features are observed also in
thin (=50 nm) films of polyheptazine nanoparticles (Figure le).
This explanation is corroborated by the weak trap-related peaks
in the absorption spectrum spanning the range of =0.5 eV
(cf. Figure 1c). These luminescent transitions are completely
quenched when a thin layer (=340 nm) of lead iodide perovskite
is deposited on top of this layer (inset in Figure le), which may
indicate an efficient photoinduced electron transfer involving
perovskite as an electron donor and polyheptazine nanoparti-
cles as an electron acceptor. Such a hypothesis is fully justified
in the light of the well-known electron acceptor character of
g-C;N, and other polyheptazine (nano)materials(?! and is con-
sistent with previous reports of similar systems.[?!

The interaction between the C3N4 nanoparticles and HOIP
has been investigated by the means of FTIR spectroscopy.
Experimental results have been supplemented with the DFT
modelling. It can be assumed that among all components
of HOIP only lead ions can be engaged in interactions with
CN-NPs, especially those with cyanamido terminations: lone
electron pairs on these ligands can interact with empty 6p
orbitals of Pb?". Indeed, the FTIR spectra of CN-NPs impreg-
nated with PbI, solution show a significant rearrangement of
the vibrational spectrum in the vcy region: the single band
is the vey band is split into three bands, two of which are
bathochromically shifted (red shifted) with respect to the vey
vibration in nanoparticles as depicted in Figure 1a.

The same effect was observed in the case of a theoretical
model system, in which the lead ion was complexed with
tris(cyanamidoheptazinate) anion. Interestingly, the splitting
and shifts were observed irrespectively of the binding mode
(side-on versus face-on, cf. Figure 1b), however only side-on
interaction results in the pattern observed in the experiment.

UV-Vis transmission spectra of these films of perovskite
layers are consistent with a direct bandgap semiconductor
character of methylammonium iodoplumbate of E, = 1.5 eV.[*’]
The absorption spectra of layered structures are, however, sig-
nificantly different. Whereas the band gap of the perovskite
material seems to be unaffected, new transitions at =565 and
1403 nm appear (Figure 1f). These new transitions may be
attributed to the absorption spectra of anionic forms of poly-
heptazine nanoparticles, i.e., electron-trapped forms. Electron
trapping in polyheptazine materials is usually accompanied by
a broad absorption spanning across the visible rangel?! or sig-
nificant spectral changes at 530 and 1300 nm,? however the
contribution of metal-to-ligand charge transfer processes in
heptazine-lead(II) assemblies cannot be excluded.

Finally, the acceptor character of polyheptazine nanoparti-
cles can be deduced from work function measurements (Sup-
porting Information, SI, Section 7). The work function of
freshly prepared perovskite layers of ITO was estimated to be
4.60 £ 0.01 eV in ambient air. Upon deposition of nanoparticles
the work function of the surface increased by =0.51 eV yielding
the final value of 5.11 + 0.01 eV under identical experimental
conditions. This behavior is fully consistent with the presence
of an electron acceptor at the semiconductor’s surface resulting
in a dipole moment perpendicular to the surface.?’!
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All these observations constitute solid evidence not only for
strong electronic interactions between perovskite layers and
polyheptazine nanoparticles, but more importantly, they indi-
cate a significant electron transfer process which results in
electron trapping at nanoparticles. This in turn should have a
profound influence on resistive switching and the dynamics of
resistive devices based on these materials.

2.2. Memristive Properties and Synaptic Plasticity

The memristive properties of the device are indicated by a
pinched hysteresis loop in current-voltage measurements
(Figure 2a,b). The device is gradually switched from a high
resistance state (HRS) into a low resistance state (LRS) with
increasing positive polarization—for the configuration where
the metal electrode acts as a working electrode. The reset pro-
cess occurs during the negative scan, setting the device back
into HRS. This indicates that the device is the n-type semi-
conductor Schottky-junction type memristor.'>26 Interest-
ingly, the resistive switching performance of the Au/HOIP/
ITO and Au/HOIP/CN-NPs/ITO observed under potentiody-
namic conditions are the same and do not depend on illumi-
nation (Figure 2c). This indicates, that the resistive switching
(observed here as an I/V hysteresis loop) does not engage the
HOIP/ITO interface but should be attributed to the switching
via modulation of the Schottly barrier at the Au/HOIP inter-
face. This conclusion is fully consistent with our previous
observations in related systems.%26] The device structures
are presented in Figure 2d. Figure 2ef contain spike-timing
dependent plasticity (STDP) represented with an antisymmetric
Hebbian learning rule. STDP relies on adjusting the synaptic
weights Aw according to the order and temporal correlation of
pre- and post-synaptic spikes. When the presynaptic spike pre-
cedes the postsynaptic one, the Aw is positive and the synaptic
connection is strengthened (potentiated). Conversely, when the
postsynaptic spike arrives before the presynaptic one, the Aw is
negative and the synaptic connection is weakened (depressed).
In the Hebbian learning, as the time interval At decreases, the
magnitude of Aw increases for the potentiation and decreases
for the depression. The type of learning curve obtained in
STDP experiments is strongly correlated with the shape of the
pre- and post-spike voltage scheme.?’] For Hebbian learning we
chose bipolar switching pulses.

We measured the current upon the application of a sym-
metric bipolar voltage pattern to the top Au (presynaptic) and
bottom ITO (postsynaptic) electrode and calculated the Aw

lpost - l'pre

according to the formula: Aw= , where iy and i

Tpre
are the currents measured before and after the sequence of the
voltage pulses (see Section 8.2 in SI).

Despite that the character of the Hebbian learning is the
same among the devices, the observed Aw changes are approxi-
mately an order of magnitude higher in CN-NPs/OIP/Au
device. On the other hand, the Aw values became more scat-
tered but the antisymmetric character of the Hebbian learning
curve is more pronounced in the CN-NPs/OIP/Au device.
We emphasize that the crucial feature here is the presence of
antisymmetric Hebbian rules in both of the devices. Along

© 2021 Wiley-VCH GmbH
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Figure 2. a) |-V scans of OIP/Au and b) CN-NPs/OIP/Au. Pinched hysteresis loops indicate memristive character of both types of the devices.

c) Comparison of I-V scans of CN-NPs/OIP/Au device, performed in dark

and with 465 nm light. No significant changes in the hysteresis loops were

observed. Current compliance was set to 10 mA. d) Schematic representation of the layered devices. Hebbian learning rule represented by spike-timing

dependent plasticity (STDP). e,f)The character of Hebbian learning of the
yet the Aw increased ten-fold.

with improved Hebbian learning features, the interaction with
light has been significantly altered by the incorporation of the
charge-trapping material. Owing to their high absorption coef-
ficient, defect tolerance, long charge carrier lifetimes and low
exciton binding energies, perovskites can efficiently generate
charge carriers upon illumination. The influence of light on
memristive properties involves modulation of the Schottky
barrier height.?® Illuminating perovskite memristive devices
increases the energy barrier for migration of iodine vacancies in
the electric field gradient, which in turn allows tuning synaptic
functions with light.?) However, the field of light-sensitive arti-
ficial synapses still remains largely uninvestigated.

[-V scans were performed in the voltage range of +1.5 V and
with current compliance (CC) set to 10 mA to prevent electrical
breakdown of the devices. The potential was applied to the top
Au electrode with the bottom ITO electrode grounded.

In order to compare the conducting mechanisms between
the OIP/Au and CN-NPs/OIP/Au, we fitted the -V curves
according to different conducting mechanisms. In both devices,
the LRS is dominated by ohmic conduction. The high sym-
metry of [-V curves in positive and negative regimes suggests
that no Schottky barrier (or very low barrier) is present at the
Au/OIP interfaces. This is a consequence of the similar work
functions of OIP and Au (Figure 3).

However, the HRS contains more complex conduction
mechanisms. Both devices exhibit large ohmic components
with the addition of space-charge limited current (SCLC).
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memristive device remained the same after incorporation of CN-NPs layer,

However, the slope of the line fitted in the non-Ohmic con-
duction mechanism regime shows an increase from 1.12 to
1.33, which is not present in OIP/Au device. Moreover, in the
CN-NPs/OIP/Au device, switching occurs at 0.87 V, which is
a higher potential value than in OIP/Au device (0.62 V). The
observed current amplitude changes were higher in CN-NPs/
OIP/Au device. All these observations suggest a different kind
of charge traps and a higher charge trap concentration in the
CN-NPs/OIP/Au device.

To investigate the possibility of inducing synaptic effects
with light, we have applied trains of light pulses (¢ = 200 ms,
At =200 ms, 1 =465 nm, [ = 60 mW cm™2) to devices switched
to HRS with different voltages. Devices at LRS generated
photocurrent orders of magnitude lower, which is again con-
sistent with the Schottky junction memristor properties
(see SI, Figure S8). The putative mechanism of this behavior is
described in the subsequent section. The OIP/Au devices gen-
erate photocurrent, the amplitude of which gradually increases
with time and finally reaches a plateau. The facilitation is pro-
duced by a train of 5 Hz light pulses and closely resembles
the short-term facilitation (STF), which is a form of short-
term synaptic plasticity (Figure 4a).% Interestingly, we have
observed that incorporation of a charge-trapping layer altered
the photocurrent generation dynamics, resulting in different
types of synaptic learning. In the CN-NPs/OIP/Au device,
after a short increase of photocurrent amplitude, we have
observed a gradual decrease of photocurrent amplitude with

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED

www.advancedsciencenews.com

a) OIP/Au
22,04
non-Ohmic ~1.49
- 254 p p-assisted SCLC ~2.95
0 Ohmic~1.02 _g#
[=]
= non-Ohmic ~1.12
304,
Ohmic ~1.00
-3.5 . . |

0.0
log(U)

ELECTRONIC
MATERIALS

www.advelectronicmat.de

b) CN-NPs/OIP/Au

-2.0 4
non-Ohmic ~1.45
trap-assisted
SCLC ~B.04
= 251
E? non-Ohmic ~1.33
= nor-Ohmic ~1.12
-3.0 4

0.5
log(V)

Figure 3. Current-voltage characteristics of a) OIP/Au and b) CN-NPs/OIP/Au devices in a double logarithmic plot, positive bias. The different conduc-

tion mechanisms and corresponding slopes are listed in the plots.

each consecutive spike (Figure 4b). This behaviour is analo-
gous to long-term depression (LTD), a phenomenon occurring
in synapses experiencing depletion of neurotransmitters (vide
infra, cf. Equation 1). Here, the long term is associated with
timescales of particular effect which are several orders of mag-
nitude larger than the initial excitation phenomena. STF and
LTD both play an important role in adjusting the sensitivity of
sensory networks to correctly process sensory signals.BU It is
noteworthy, that the initial growth in the photocurrent ampli-
tude is observed regardless of the switching voltage pulse
length and waiting period after switching (see SI, Section 9.1).
Moreover, the photocurrent amplitude depends on the conduc-
tivity of the device and can be used for optical reading of the
resistive states (see SI, Section 9.2).

There are some reports on light-controlled memristive
devices,|®! which in principle belong to three classes: transistor-
like structures, where light excitation changes the conductivity
of the channel,?? systems in which excitation increases the
conductivity due to the efficient removal of oxygen vacancies,?*!
and devices in which light disrupts conductive filaments,?’!
no light-induced plastic behavior in a memristive system have
been reported so far, however some recent contributions indi-
cate the importance of such features for the development of
self-powered neuromorphic computing systems.”! We have pre-
sented a short comparison of the available systems in Table 1.
A term solaristor has been conned for light-sensitive hybrid
devices, combining features of phototransistor with that of a
ferroelectric memory cell.*¥ The current study shows a new
implementation of this idea: a light-sensitive memristor, with
two different plasticities: voltage-driven and light-driven, which
operates with various inputs and at different time scales. This
device also offers a possibility for facile realization of light-
induced neuromorphic functions in a simple two-terminal
device based on common materials.

2.3. Photomemristive Switching Mechanism
OIP and related materials usually form Schottky junctions
with metal electrodes, whereas junctions with ITO are close to

Ohmic ones."2% The electronic structure of the Au/OIP/ITO
cell is shown in Figure 5a,b.
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Figure 4. a) The distinct dynamics of photocurrent generation measured in
perovskite device (OIP/Au) and perovskite memristive device with incorpo-
rated charge trapping layer of carbon nitride nanoparticles (CN-NPs /OIP/
Au). The devices were irradiated from the side of the ITO electrode with short
(200 ms) 465 nm light pulses with frequency of 5 Hz and the photocurrent was
measured at the Au electrode. Without the charge-trapping layer, the photo-
current amplitude and generation dynamics are independent on switching
voltage. The gradual growth of photocurrent can be attributed to learning
(green arrow). b) When the charge-trapping layer was incorporated, after the
initial growth (short-term facilitation, green arrow), we observed a gradual
decrease of photocurrent amplitude (long-term depression, red arrow).
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Table 1. Memristive Devices Systems with both Light and Electric-Driven Functionalities.

Device structure Device unique features ELECTRIC signal characteristics PHOTONIC signal Neuromorphic functionalities Ref.
(working voltage ranges) characteristics
Au/Pentacene/Al,03/ Due to asymmetric structure, SET: +40 V; RESET: —60V; light pulses of 365 nm electric: hysteresis [35]

CsPbBr;/SiO2 it is possible to reversibly
accumulate charge in the

semiconductors junction.

Au/Pentacene/ PMMA/
2D imine polymer (2DP)/SiO,

Very low operating voltage and
ultralow energy consumption of
~0.29 p) per synaptic event. Electron
trapping in 2D polymer layer.

Au/MAI,FAI,Pbl;/ITO MA halide-doped perovskite
artificial synapse can be tuned
by light irradiation and electric

stimulus simultaneously.

Au-MoS; nanospheres—Au One of the first multiresistive
photoswitchable devices. Under
irradiation ON/OFF resistance

ratio increases.

(planar design)

Au/PMMA/(CdSe/ZnS QDs)/ Photonic plasticity is attributed
CsPbBr; QDs/ITO to charge trapping/de-trapping
processes in CdSe/ZnS

nanoparticles.

Au/MAPbI;/CN-NPs/ITO Exhibits plasticity effect upon
stimulation with light; different
plasticity type then for the device

without charge-trapping layer.

electric impulses of 35V/0.5 s

the devices exhibit obvious
synaptic responses under
a voltage of 0.1V

electric impulses:
(-1V,0.21 sup to-5V)

CV scans from 0 V to 8
V, electric pulses of +8 V

CV scans from 0 to =3 V and
from 0 to +3 V, separately

CVsans form —2Vto +2V;
STDP with pulses of +/-1.6 V

(non-linear behavior), PPF,
STDP, Potentiation/depression

light response: PPF

light pulses of 400 nm
and 450 nm

electric: hysteresis, electric [36]
excitatory postsynaptic current
(EPSC)

light response: EPSC, PPF, STM
to LTM transition, and dynamic
filtering

white light pulses electric STP, LTP, potentiation [37]
and depression have been

achieved

light response: changes in
plasticity (metaplasticity)

light pulses from the ranges
of MoS, bandgap (1.5-1.9 V)

boolean logic gates—-TRUE, [38]
AND; “fuzzy logic”-IF; sample
application for photo image
acquisition and compression
hysteresis curve and HRS/
multiple LRS switching

light pulses of 405 nm,
from 0.06 mW cm™ to
168 Mw cm2)

electric response: potentiation, [39]
depression, EPSC, STP, LTP

light induced-learning/forgetting,
STM to LTM transition; In
addition: devices stay fully
operable under bending tests

light pulses of 465 nm electric response: hysteresis,  this work

STDP

light response: SRDP, STF
behavior

In the low resistive state the metal-induced gap states
(MIGS) as well as other intragap states, are empty and there-
fore the Schottky barrier at the metal/semiconductor interface
is low. At the bias voltage close to zero it results in a high hole
injection barrier, the situation close to the flatband state of the
semiconductor favors exciton annihilation or efficient recom-
bination of electrons and holes. This situation should lead to
low photocurrent intensity (Figure 5a and SI Figure S8). This
is actually being observed in the case of LRS devices. Switching
to HRS requires high negative polarization of the metal elec-
trode. It results in the filling of intra-gap states, resulting
in an increased Schottky barrier and consequently efficient
photocurrent generation due to intrinsic electric field gradient
(Figure 5b). Incorporation of carbon nitride nanoparticles intro-
duces another family of intra-gap states (located near the ITO
electrode), which are strongly coupled to the lead centres within
the perovskite layer (cf. Figure 1). These states, which origi-
nally are only partially filled induce the formation of a second
Schottky-like barrier at the OIP/ITO interface (Figure 5c). This
barrier, however, should be very low due to the passivation of
perovskite surface states by interaction with terminal cyano
groups (cf. Figure 1).2%’l During illumination some photo-
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generated electrons are trapped at CN-NPs (as heptazine deriva-
tives are very efficient electron traps),*! which in turn results in
an increase of Schottky barrier height. In consequence, photo-
current intensity is decreased due to possible charge carrier
recombination and disfavored electron transfer to the ITO sub-
strate (Figure 5d). The interplay between two charge trapping
processes (at MIGS of the Au/OIP junction and CN-NPs ones)
results in complex photocurrent profiles, which, by analogy to
biological systems,* can be approximated with the exponential
growth/decay function (Equation 1):

Iphotocurr (t) = AfC_L/Tl — Ade"/‘fz (1)

where Ayis the facilitation coefficient and A is the depression
coefficient, whereas 7; and 7, are time constants for facilitation
and depression processes, respectively. Based on fitted function
the time constants were 12.3 s and 2070 s for the facilitation and
depression of the OIP/Au device, respectively, with the depres-
sion coeflicient being negligibly small. Thus almost only poten-
tiation signal is registered for undoped samples. For the carbon
nitride enriched sample much faster photocurrent dynamics
is present. The two exponential function indicate a dynamic
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Figure 5. A tentative mechanism of resistive switching and photocurrent generation in a,b) Au/OIP/ITO and c,d) Au/OIP/CN-NPs/ITO devices: charge carrier
recombination in the LRS state (a) and efficient photocurrent generation in the HRS state (b); photocurrent generation and charge trapping at CN-NPs in
the HRS state (c) results in a built-up of a second barrier, which effectively prevents photocurrent generation (d). Band edge potentials of OIP are taken from
Ref. [42] the position of trap stated of carbon nitride nanoparticles is estimated according to Ref. [43] CN stands for carbon nitride nanoparticles.

change for both growth/decay-time constants were 0.640 s and
24.1 s for facilitation and depression, respectively. Difference
between constants of two orders of magnitude alongside with
comparison: time constant-pulse length indicates long-term
character of described depression effects.

Incorporation of charge trapping particles at one of the inter-
faces enables electrical and optical control of two energy bar-
riers at both sides of the device, which translates into improved
Hebbian learning (but with slightly distorted symmetry, in
which facilitation is more pronounced than depression in the
case of reversed order of pre- and post-synaptic pulses, which
is observed in the case of resistive switching involving ferroe-
lectric materialst*), much faster responsivity (facilitation time
constant increases by two orders of magnitude, and the depres-
sion one by one order of magnitude) and a complex resistive
switching. The lack of symmetry of learning curves is a conse-
quence of different time scales for facilitation and depression
processes,] i.e. different rate constants of charge trapping
near the Au and ITO terminals.

In spite of previous reports (vide supra), mutual charge trap-
ping at two interfaces with different yields results in a unique
plastic behavior, combining short time facilitation and short
time depression within a single structure. This unprecedented
behavior may be useful for advanced information processing
approaches which utilize dynamic memory and a continuum
of resistive states, e.g. reservoir computers and liquid state
machines. ]

3. Conclusions

In the present study, we have demonstrated that incorporation of
a charge-trapping layer to the HOIP-based memristor does not
induce its electrical plasticity in a qualitative way, but deeply mod-
ifies a parallel, light-induced plasticity. The two parallel plasticity
regimes are a result of charge trapping phenomena at the device’s
interfaces: they are separated in space due to the device’s archi-
tecture and in time due to the different time scale of voltage- and
light-induced phenomena. The possibility of independent modi-
fication of one plasticity regime created a possibility of the con-
struction of novel optoelectronic synaptic devices with complexity
much higher than the devices reported so far. We have shown
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that both Au/HOIP/ITO and Au/HOIP/CN-NPS/ITO devices
exhibit a very similar form of spike-timing dependent plasticity,
however, two distinct types of plasticity effects (short-term facili-
tation and long-term depression) were observed in these devices
upon stimulation with light. We have attributed the different
characters of light-induced synaptic-like effects to the trapping
properties of the CN-NPs layer. We have also demonstrated that
light-induced processes may be used for optical reading of the
resistive state of perovskite memristive devices.

4. Experimental Section

Synthesis of carbon nitride nanoparticles was conducted with
a modified method described elsewhere.¥ Thiourea (0.46 g) and
citric acid (0.42 g) were dissolved in 10 ml of water, colorless solution
was placed in an ERTEC microwave reactor where hydrothermal
synthesis was carried out at 200 °C for 2 h at a working pressure
between 14-16 atm. The black solution was obtained and then water
was evaporated on a rotary evaporator to give a dark green product
insoluble in toluene. The purification of the synthesis from the organic
contamination consisted of the extraction in toluene using the Soxhlet
apparatus for 4 h following the literature.’” As a result of this process,
a greenish-yellow toluene solution was received and subjected to further
spectroscopic examination. To synthesize comparative carbon QDs, the
same synthesis with glucose (0.54 g) instead of thiourea was performed.
The purification process was the same as for CN-NPs.

Methylammonium lead iodide (OIP) was synthesized with the
conventional two-step method. All the steps were conducted in the ambient
atmosphere. Pbl2 (Sigma Aldrich) solution was prepared by dissolving
461 mg of Pbl2 in DMF and stirred at 70 °C for several hours. Immediately
before spin coating, the solution was filtered with a 200 um PTFE filter.
0.3 M methylammonium iodide (MAI, Ossila) solution was prepared by
dissolving 53 mg of MAI in T ml of isopropyl alcohol. ITO substrates were
sonicated for 5 min in a 1% solution of Hellmanex in hot water, followed
by the same protocol executed in hot water and in isopropanol. The last
cleaning stage consisted of exposing ITO to oxygen plasma for 10 min.

The CN-NPs layer was deposited at 3000 rpm and placed on the
hotplate at 70 °C for 10 min. The heated substrate was subsequently
coated with a Pbl2 layer (4000 rpm, 45 s) and dried for 10 min at 70 °C
on a hotplate. Next, 100 ul of MAI solution was spin coated (3000 rpm,
60 s) on the hot substrate and within 6-8 s later 200 pl of ethyl acetate
was dripped on the spinning surface. The substrate was subsequently
placed on a hotplate for 10 min at 100 °C to crystallize. Finally, 70 nm
thick Au electrodes were sputtered on top through a shadow mask. The
active area of the device was 2.25 mm? To measure the thicknesses
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of the OIP and CN-NPs layers, the layers on silicon substrates were
deposited according to the above protocol. The thickness was measured
with the Bruker Dimension ICON XR AFM. The OIP and CN-NPs layers
were determined to be 300 nm and 33 nm thick, respectively. (Figure S2
in the Supporting Information).

UV-Vis spectra of the as-prepared CH3;NH;Pbl; were measured on
Bruker Lambda 750 spectrophotometer in transmission mode. The
absorbance spectrum is shown in Figure S3, Supporting Information.

FT-IR spectra were measured on a Bruker Tensor Il FTIR
spectrophotometer. The NEC QDs sample was dried by evaporation of
toluene and the dry product was transferred on ATR crystal. To prepare
the CN-NPs/Pbl2 sample, the toluene was evaporated from the CN-NPs
sample, added dry CN-NPs to Pbl, dissolved in DMF, sonicated for 20 min
and dried on the microscope substrate. The dry powder was scraped,
transferred onto ATR crystal (Ge) and measured in the ATR mode.

Fluorescence measurements were conducted using an Edinburgh
Instruments Spectrofluorometer FS5 in standard 1 cm quartz cells
(solutions) or in the Front Face sample holder (solid samples).

Work functions of samples have been measured using the KP020
ambient Kelvin probe system (KP Technologies, UK) with 1T mm and
5 mm sensor electrodes. 1000 measurements have been collected for gold
reference and studied samples in the dark. The OIP sample was prepared
according to the previously described protocol. For the measurement,
CN-NPs were spincoated (3000 rpm) on top of the OIP layer.

The |-V scans and spike-timing dependent plasticity (STDP)
measurements were performed on Keithley 4200-SCS in a two-electrode
setup with Au as the active electrode and the bottom ITO electrode
grounded. The electrical connections to ITO and Au electrodes were
established by pressing a tungsten probing tip (Everbeing Int'l Corp.)
installed in micropositioners to the corresponding electrodes. -V scans
were performed within the £1.5 V voltage range with current compliance
(CC) set to 10 mA to prevent electrical breakdown of the sample. The
potential was applied to the top Au electrode with the bottom ITO
electrode grounded.

DFT modelling has been performed using the Gaussian 09 Rev.
E.O1 software package at the B3LYP/SDD level of theory. This choice is
motivated by simplification of computational approach: the SDD basis
set comprises the D95 basis set*® for lighter elements and a Stuttgart/
Dresden Effective Core Potentiall*) for heavier ones, therefore can be
used for the whole system containing both light and heavy elements,
and yield results of satisfactory quality.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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1. Synthesis of carbon nitride nanoparticles (CN-NPs)

Synthesis of carbon nitride nanoparticles was conducted with modified method described
elsewhere."> Thiourea (0.46 g) and citric acid (0.42 g) were dissolved in 10 ml water, colorless
solution was placed in ERTEC microwave reactor where hydrothermal synthesis was carried out at
200°C for 2 h at working pressure between 14-16 atm. The black solution was obtained and then
water was evaporated on a rotary evaporator to give a dark green product insoluble in toluene. The
purification of the synthesis from the organic contamination consisted of the extraction in toluene
using the Soxhlet apparatus for 4 h following the literature.”” As a result of this process greenish-

yellow toluene solution was received and subjected to further spectroscopic examination.

To synthesize comparative carbon QDs, we have performed the same synthesis with glucose (0.54 g)

instead of thiourea. The purification process was the same as for CN-NPs.



2. TEM measurements

Transmission electron microscopy (TEM) images were obtained by Tecnai TF 20 X-TWIN (FEI)

operated at accelerating voltage of 200 keV to confirm the presence of nanoparticles and estimate

their size.

L ———sm NN ——20m |

Figure S1. TEM image of purified CN-NPs samples.

3. Device preparation

Methylammonium lead iodide (OIP) was synthesized with the conventional two-step method. All the
steps were conducted in the ambient atmosphere. Pbl, (Sigma Aldrich) solution was prepared by
dissolving 461 mg of Pbl, in DMF and stirred at 70°C for several hours. Immediately before spin
coating, the solution was filtered with 200 pum PTFE filter. 0.3 M methylammonium iodide (MAI,
Ossila) solution was prepared by dissolving 53 mg of MAI in 1 ml of isopropyl alcohol. ITO substrates
were sonicated for 5 minutes in 1% solution of Hellmanex in hot water, followed by the same
protocol executed in hot water and in isopropanol. Last cleaning stage consisted of exposing ITO to

oxygen plasma for 10 minutes.

The CN-NPs layer was deposited at 3000 rpm and placed on the hotplate at 70°C for 10 minutes. The
heated substrate was subsequently coated with a Pbl, layer (4000 rpm, 45 s) and dried for 10
minutes at 70°C on a hotplate. Next, 100 ul of MAI solution was spincoated (3000 rpm, 60 s) on the
hot substrate and within 6-8 s later 200 pl of ethyl acetate was dripped on the spinning surface. The

substrate was subsequently placed on a hotplate for 10 min at 100°C to crystallize. Finally, 70 nm



thick Au electrodes were sputtered on top through shadow mask. The active area of the device was
2.25 mm?®. To measure the thicknesses of OIP and CN-NPs layer we have deposited the layers on
silicon substrates according to the above protocol. The surface was scratched and thickness was
measured with Bruker Dimension ICON XR AFM. The OIP and CN-NPs layers were 300 nm and 33 nm
thick.

a) b)
OIP/Si CN-NPs / Si

vertical distance: 300 nm vertical distance: 33 nm

400 nm
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Height Sensor 8.0 um
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Figure S2. AFM images of Surface height profiles of a) OIP on Si substrate layer and b) CN-NPs on Si substrate layer



4. UV-Vis spectroscopy

UV-Vis spectra of the as-prepared CH3;NH;Pbl; were measured on Bruker Lambda 750
spectrophotometer in transmission mode. The absorbance spectrum is shown in Error! Reference
source not found.. The measured spectrum exhibits steep onset at ~788 nm and rising absorption
for lower wavelengths — the typical features of lead iodide perovskite.®> We have chosen the
wavelength of 465 nm for the photosynaptic experiments to fall within the absorption spectrum of
the perovskite layer and out of absorption spectrum of CN-NPs (see Figure 1c in the main text) in

order to assure the generation of charge carriers in the perovskite layer only.
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Figure $3. UV-Vis spectra of CN-NPs, OIP and CN-NPs/OIP layers deposited on glass. The 465 nm wavelength (marked with
vertical line) chosen for irradiation falls within the absorption band of OIP layer



5. FTIR spectra

FTIR measurement was performed to identify characteristic vibrations of bonds in QDs and to
examine interactions with the lead(ll) iodide using spectrophotometer FTIR Tensor Il (Bruker). The
NEC QDs sample was dried by evaporation of toluene and dry product was transferred on ATR
crystal. To prepare the CN-NPs/Pbl, sample, we have evaporated the toluene from CN-NPs sample,
added dry CN-NPs to Pbl, dissolved in DMF, sonicated for 20 min and dried on microscope substrate.

The dry powder was scraped, transferred onto ATR crystal (Ge) and measured in ATR mode.

———CN-NPs
———Pbl, + CN-NPs
1.0 4
S
©
S
@ 0.8+
c
G
=
=
£ 06-
c
©
| -
ey
D
~ 0.44
©
e
-,
2
0.2 4
0.0 - 3420 cm! 12089 cm | 1680 e 800 cm™
. —NH streching L —C=N- » ~NH streching . RNH,

4000 3500 3000 2500 2000 1500 1000 500
wavenumber / cm™

Figure S4. FT-IR spectra of CN-NPs species (blue) alongside with Pbl, + CN-NPs mix (orange). In both cases peaks arising
from —N-H interactions are present.



6. Fluorescence measurements

To confirm the fluorescent properties and of nitrogen-enriched carbon quantum dots in comparison
to carbon quantum dots, the fluorescence maps were obtained using Edinburgh Instruments
Spectrofluorometer FS5. 100 pl of basic solutions of CN NPs and carbon QDs were dissolved in the
2.5ml of toluene, exact concentrations of initial solutions are impossible to designate. The intensity
of fluorescence of carbon QDs is significantly lower than CN-NPs, despite using more excitation
energy (broader slit). No evidence of Stokes shift in regard of excitation energy is present, what

implies only the nitrogen doped QDs own trapping states in structure.
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Figure S5. Fluorescence spectra of carbon QDs measured at excitation wavelength increasing from 370 nm to 500 nm.



7. Work function measurements

Work functions of samples have been measured using KP020 ambient Kelvin probe system (KP
Technologies, UK) with 1 mm and 5 mm sensor electrodes. 1000 measurements have been collected
for gold reference and studied samples in the dark. The OIP sample was prepared according to
previously described protocol. For the measurement, CN-NPs were spincoated (3000 rpm) on top of

OIP layer .

8. Electrical measurements

The |-V scans and spike-timing dependent plasticity (STDP) measurements were performed on
Keithley 4200-SCS in two electrode setup with Au as the active electrode and the bottom ITO
electrode grounded. The electrical connections to ITO and Au electrode were established by pressing
tungsten probing tip (Everbeing Int'l Corp.) installed in micropositioners to the corresponding

electrodes.

8.1. Spike-timing dependent plasticity (STDP)

To measure STDP — a form of Hebbian learning — we have used symmetric sawtooth pulses of +1.6 V
lasting 300 ms which were applied to the top and bottom electrode with varying time interval
(Figure S6). To induce potentiation, the voltage was firstly applied to the top Au electrode acting as a
presynaptic neuron. After given time, the same voltage pattern was applied to the bottom ITO
electrode (postsynaptic neuron). To induce the depression we have changed the temporal order of
the voltage pattern, applying first pulse to the bottom (presynaptic) electrode and the second to the
top (postsynaptic) one. To calculate the synaptic weight Aw, the state of the device was read three
times at -0.5 V for 60 ms before and after applying the voltage spike pair. The time interval between

pulses varied between 20 ms and 400 ms to induce changes in the magnitude of Aw.
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Figure S6.Voltage pattern used for STDP measurements. The presynaptic spike occurs before the postsynaptic spike,

inducing potentiation. To induce depression, the spike order was altered so that postsynaptic spike was applied before
presynaptic one.



9. Photocurrent generation

9.1. Photocurrent transient — influence of switching voltage time stamp

In order to investigate the switching mechanism, we have measured the photocurrent after
switching with -2 V DC voltage (to high resistivity state, HRS) for 10 s (as compared to standard 60 s).
The amplitude of the photocurrent, observed after longer voltage bias (60 s) was higher, yet there
were no significant changes in the characteristic of further photocurrent evolution (exponential
decay). To assert that response to light pulses does not originate from some kind of intrinsic
electrical or thermal relaxation of the device, we have switched the sample into HRS state and left
for 3 minutes in the dark. After this time, we started measuring photocurrents. We found that the
photocurrent amplitude was lower as compared to when the device was irradiated immediately
after switching. The photocurrent decreased with time, reaching the same plateau as in the
alternate experiments. During the measurement, the , the long-term photocurrent amplitude was

approximately the same height — cf. results after 100 s.
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Figure S7. Relaxation processes of the CN NPs/OIP/Au devices, probed with varying switching parameters: DC bias -2 V for
10s (grey), DC bias -2 V for 60 s (red) and DC bias -2 V for 60 s and 3 min delay after photoirradiation (green).



9.2. Photocurrents - switching voltage dependency (dependence on resistive state)

To assess the possibility of reading the resistive state of the CN-NPs/OIP/Au, we have measured the
photocurrents in the device switched to HRS with =2 V and to LRS (+2 V). Despite that photocurrent
generation dynamics remained unchanged, the amplitude in LRS was significantly lower than in HRS.
Therefore, the state of the device can be inferred from photocurrent value. It is noteworthy, that
optical reading is generally considered as having lower impact on the resistive state, as it has been

shown that numerous voltage read cycles in non-volatile memristors can affect the conductance.™
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Figure S8. Photocurrents measured in the CN-NPs/OIP/Au device switched to high resistive state (HRS) with -2V and to low
resistive state (LRS) with +2 V. The distinguishable photocurrent amplitude in two different states can be used to read the
resistive state of memristive device by measuring photocurrent.



9.3. Photocurrents — pulse frequency dependency

Device photoresponses were also tested with varying pulse frequency. In each case before
photocurrent generation, sample was switched to HRS (-2 V DC voltage for 30 s). The length of
465 nm light pulses was 200 ms. Variations of the time between pulses (dt) are different for the
OIP/Au and CN NPs/OIP/Au devices. First separation time is of the order of pulse length, second one

is 2-3 times longer, third one falls within the 7-15 times longer regime.
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Figure S9. Photocurrent transients during first 40 s of measurements, with varied time between pulses, dt, for OIP/Au
device (a) and CN-NPs/OIP/Au device (b).
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ABSTRACT

Among many artificial neural network architectures, spiking neural networks are the ones
capable of processing information in a biologically faithful manner. For their development, the
search for devices that could efficiently implement the spiking signal system of the brain is a
crucial task. Among the potential candidates, volatile memories exhibit properties that are
advantageous for temporal data processing with short-term synaptic plasticity. Here, we
introduce a diffusive memristor based on a novel compound — butylammonium bismuth iodide
(BABI) — and evaluate its memristive and neuromorphic properties. In contrast to non-volatile
memristors, the BABI memristors exhibit diffusive dynamics which enable them to store the
information only for show periods of time. We utilized this property to mimic the short-term
synaptic plasticity described by the leaky integrate-and-fire model of a biological neuron.
Combined with high switching uniformity and self-rectifying memory, these devices showed
high classification accuracy in artificial neural networks simulations, paving the way for their

application in neuromorphic computing systems.

KEYWORDS

diffusive memristor, neuromorphic computing, synaptic plasticity, resistive switching

INTRODUCTION

Information processing is a highly demanding process. High-performance supercomputers,
as well as large data centers, consume huge amounts of energy, comparable to the energy
demands of cities and countries!. Neuromorphic computing, performing the same tasks, holds

promise to consume much smaller amounts of energy due to (i) different physical background



of computation and (ii) different systems architecture, free from von Neumann bottleneck and
other limitations of current CMOS technologies®. One of the devices that are considered the
workhorse of unconventional and, more specifically, neuromorphic computing are memristors
and related elements. Since the introduction of the memristor as the fourth — next to the resistor,
conductor and capacitor — passive electronic element® and its first physical implementation?,
high effort is paid to the development of new memristive devices, their characterization, and
application in different types of unconventional computing systems.

Memristors are two-terminal electronic devices with the ability to store information as their
physical property — conductance — which can be further modulated either by voltage or current
to alter the information stored in them. Their low energy consumption®, multibit memory®’,
exceptional ON/OFF ratio®, potential for downscaling®® and integration in 3D with CMOS

compatibility!®!!

contributed to their widespread application in neuromorphic implementations,
such as hardware neural networks and data storage'?.

With regard to the ability to retain the resistive state, memristors can be categorized into non-
volatile and volatile devices. While the former can retain the low resistance state (LRS) for a

long time ranging from minutes to months!*!*

, the wvolatile (diffusive) memristors
spontaneously return to the high resistance state (HRS) after the removal of the external voltage
bias within nanoseconds to seconds'>. Non-volatile devices have already shown to be suitable
for a variety of applications, stretching from memory storage, implementation of physically

1718 and optoelectronics' to non-conventional

unclonable functions'®, matrix multiplication
computing®. In particular, the ability of memristors to mimic synaptic plasticity makes them
potential candidates for future systems for neuromorphic computing. On the other hand,
although the diffusive memristors can’t be utilized for information storage, the volatility of the

resistive state allows mimicking the synaptic plasticity in a more biomimetic way by encoding

the temporal information with sparse and asynchronous binary spikes, thus paving the way for



their application in spiking neural networks (SNNs)?!. Benefitting from the time domain
encoding, low energy consumption, and spatiotemporal learning, SNNs are more accurate
emulations of the way in which human brain processes information. Furthermore, the simple
two-terminal device architecture of the memristor provides a unique opportunity for high-
density neuromorphic computing in a crossbar array (CBA). However, rapid usage of CBA is
hindered by the well-known sneak path current-related issue, which limits the read-out
efficiency. The use of a selector element accompanying the memory cell is proposed as a viable
approach to overcome such a sneak path issue. For example, Sasago ef al.??> utilized poly-Si
diodes and Zhang et al.> used epitaxial Si-diode selectors. However, the complex fabrication
method and high production costs introduce challenges for using such selector elements.
Therefore, the development of a self-rectifying memory cell using a simple and low-cost
fabrication method is crucial.

Here, we show hybrid bismuth-based memristive devices fabricated with low-cost chemical
methods that exhibit polarity-dependent hysteretic behavior and self-rectifying characteristics.
Such a simple fabrication method not only eases the production cost but also enables
multifunctional device features. The devices show filamentary resistive switching and exhibit
volatile memory, the retention time of which can be tuned with voltage. The same devices are
also capable of mimicking neuron-like behaviors with distinct characteristics depending on the
frequency of the stimulus. At low frequency, the device generates random spikes with firing
probability dependent on the voltage of the stimulus, whereas synaptic facilitation rules in the
high-frequency regime.

For the production of the devices, a new type of hybrid organic-inorganic bismuth-based
material was used: butylammonium bismuth iodide (BABI) for which we determined its
structural, optoelectronic and memristive properties. With a simple spin coating method, we

fabricated memristors with diffusive resistive switching characteristics that consist of BABI as



the active layer, which was sandwiched between two conductive electrodes, yielding a two-
terminal device. We showed that the resistive switching in BABI memristors is volatile in
nature and that the LRS can be retained only for a short time ranging from milliseconds to
seconds with the relaxation time constant being modulated by the input voltage amplitude and
duration. Using these properties, we showed that the device can efficiently mimic the behavior
of biological neurons, in particular, the functions described by the leaky integrate-and-fire
neuron model.

The I-V measurements showed that the switching occurs only in the negative branch of the
scan, indicating the inability to retain the LRS. The activation energy estimated from the
Arrhenius plots suggests that the resistive switching originates from the movement of iodine
vacancies within the BABI structure. Therefore, we propose the transfer to LRS originating
from the creation of conductive filaments that are formed by iodine vacancies migrating in the
gradient of the external electric field as the physical mechanism responsible for resistive
switching. Because of the innate instability of the filament, after spontaneous rupture or
dissolution, the device rapidly returns to the original HRS, resulting in volatile memory and
self-rectifying properties of the device.

Despite the fact that long retention times are generally desirable for memory applications, we
show that this type of volatile memory can be effectively utilized to emulate the behaviour of a
leaky integrate-and-fire neuron. For low frequency (2 Hz) pulses of varying amplitude, we have
shown that the device generates current spikes randomly with spiking probability rising with
the voltage amplitude. By moving into a high-frequency regime (0.2, 0.5, 1 and 2 kHz), the
train of short voltage pulses causes an increase in the magnitude of currents, therefore
mimicking the frequency facilitation of the neurons. The memristive characteristics of the
device indicate that it can be incorporated into artificial neural networks performing

classification tasks. The simulation showed that even simple BABI-based network is capable



of recognizing handwritten digits with high accuracy, reaching nearly 95% just within 50
training epochs.

In this study, we report the first diffusive memristor based on a bismuth compound (BABI)
with the resistive switching mechanism governed by the movement of iodine vacancies. Using
the volatility of the device’s resistive states of the device, we showed that it is possible to
emulate the functions of the biological leaky integrate-and-fire neuron model. The presented
results indicate that BABI can be a potential candidate for building blocks of spiking neural

networks.



RESULTS AND DISCUSSION
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Figure 1. a) Diffractogram of n-BABI thin layer together with the theoretical peak positions
calculated from the resolved crystal structure. b) Asymmetric unit of the BABI structure with
the non-hydrogen atom numbering scheme. c) Packing of the structural components as seen

along the [001] direction with marked hydrogen bonds.

To determine the crystal structure of BABI, the compound was studied using XRD methods
both in the single-crystalline form and as a thin layer with the results shown in Fig. 1a. The
diffractogram presents the diffraction pattern of the BABI thin layer crystallized from 0.5 M
solution containing 3:2 BAI:Bil; ratio while the vertical lines indicate the position of the peaks
in the BABI single crystal. The diffractogram of the BABI thin layer reveals the presence of
sharp and well-defined diffraction peaks, therefore indicating a high degree of crystallinity.
The calculated lattice parameters were found to be a = 13.5986(1) A", b =24.1005(2) A’ and c
=17.5189(2) A’ with the unit cell volume of 5741.53 A3. The average grain size calculated using

the Sherrer equation was estimated as 46(1) nm.
Single-crystal XRD measurements at low temperature (T = 120 K) showed that the structure
of BABI is orthorhombic and centrosymmetric (Pccn space group). Table S1 contains crystal

data and details of the refinement procedure. The asymmetric unit comprises three n-



butylammonium cations and one Bils anion as shown in Fig. 1b. The three cations differ in
conformation (Fig. S1, Table S2) and intermolecular interactions. The Bils anion has a slightly
distorted octahedral geometry, with the I-Bi-I angles ranging from 86.47° to 94.36°. Structural
components are connected via hydrogen bonds of N-H---I and C-H---I type (Fig. 1¢). The N-
H---I interactions in this structure are an example of charge-assisted hydrogen bonds, where
both the donor and the acceptor are charged species. The N-H---I" interactions are quite rare and
can be found in ca. 0.08 % of CSD database entries (CSD 5.42). Some of the N-H---I"
interactions (Table S3) can be considered relatively strong, based on the H---I distance (below
2.8 A) and DHA angles (above 170°) analysis®**. Fingerprint plots for the three
butylammonium cations are visible in Fig. S2. From the percentage of interactions, it is clear
that the cations are involved in only two different types of interactions, H---I and H---H, with a
different contribution to the fingerprint for each of the cations.

Interestingly, analysis of single-crystal diffraction data recorded at room temperature reveals
only the presence of the inorganic part, whereas the organic sub-lattice seems to be totally
disordered and thus invisible in XRD measurements. This observation suggests the possibility
of rotational movements of n-butylammonium chains within voids in the lattice. This, in turn,
significantly influences the temperature impact on the conductivity in BABI-based thin layer

devices (vide infra).
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Figure 2. Tauc plots of BABI thin layers synthesized from the 3:1 (a) and 3:2 (b) BAI:Bil3 ratio
with their corresponding absorption spectra in the insets. The change in the precursor ratio from
3:1 to 3:2 increases the optical band gap from 2.25 eV to 2.30 eV. It is noteworthy that the
absorption of the 3:1 sample is nearly twice lower than that synthesized from 3:2 solution (cf.

the insets).

XRD experiments revealed that the BABI stoichiometry is 3:1 which differed from our initial
assumption that BABI will crystallize in a 3:2 cation to anion ratio. The assumption was based
on the stoichiometry of methylammonium bismuth iodide, which is a compound analogous to
BABI but containing methylammonium cation instead of the n-butylammonium one?®.
Therefore, the BABI crystallized from the solution containing the non-stoichiometric BAI to
Bil; ratio of 3:2 is expected to have more structural defects due to the excess amounts of Bilz
which in turn affect the optoelectronic properties of the material.

Diffuse reflectance spectroscopy (DRS) was applied to estimate the optical band gap of
synthesized materials. The Tauc plots shown in Fig. 2 were prepared to determine the optical
gap. The coefficient 7 in (ahv)'" formula fixed at % turned out to be the most suitable for the
investigated samples, suggesting that direct transitions occur regardless of the preparation ratio.
The optical gap of pristine Bil; was estimated to be 1.67 eV?’, whereas the BABI samples
exhibited significantly higher band gap values: 2.25 eV for stoichiometric samples (3:1) and
2.30 eV for nonstoichiometric (3:2) ones. As expected, increasing the ratio of n-
butylammonium iodide to Bilz leads to a noticeable widening of the optical gap. This
observation can be explained by the Burstein-Moss effect?. Any deviation from stoichiometry
results in lattice defects, which naturally increase the doping state. Increased charge
concentration, in turn, results in an apparent increase in the band gap value, due to partial filling

of the low-lying conduction band states. This makes the energies of the lowest allowed

transitions slightly higher?*!.
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Figure 3. Band structure (a) and total and partial density of states of BABI material (b) as

calculated using DTF approach.

The determination of the semiconductor’s band structure is crucial for its potential application
in optoelectronic devices. We optimized the geometry of the BABI structure and calculated
electronic spectroscopy using the density functional theory (DFT) method. The calculated band
structure is shown in Fig. 3a, where the Fermi level is marked with a red dotted line. BABI is
a p-type semiconductor and it can be seen that the studied material has a direct band gap because
both the valence band maximum (VBM) and the conduction band minimum (CBM) are located
at the same symmetry points within the Brillouin zone. In fact, the positions of the bands do not
significantly depend on the wave vector. This indicates that the studied structure, being an ionic
crystal, should have heavy electrons and holes (high effective mass), which result in low
conductivity. The calculated band gap value is 2.816 eV, which is slightly overestimated in
relation to the experimental value of 2.25-2.3 eV (Fig. 2).

To fully understand the band structure of BABI, we calculated the density of states (DOS)
and the partial density of states (PDOS). The DOS presented in Fig. 3b shows broad maxima

between —2 and 0 eV indicating that these filled valence bands are quite close to each other. On



the other hand, one may observe much fewer unfilled conduction bands between 2.8 and 3.6
eV, resulting in lower density of states. In-depth analysis of PDOS for individual atoms (Fig.
S3a-S3f) reveal that the most prominent HOMO-LUMO electronic transitions are from p-type

iodide orbitals to p-type iodide and p-type bismuth orbitals, while the remaining atoms do not

contribute to DOS near the bad bap region.
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Figure 4. XPS spectra of a) C 1s, b) N 1s, c¢) Bi 4f, and d) I 3d of the BABI film prepared from

the 3:2 precursor ratio.

X-ray photoelectron spectroscopy (XPS) was also performed on the BABI films to probe the
elemental composition at the surface of the film. The obtained XPS spectra are presented in
Fig. 4 and show the characteristic peaks for bismuth, iodine, nitrogen, and carbon. More
specifically, the C 1s spectrum (Fig. 4a) shows both the C-C and C-N bonds, as expected due
to the butyl ammonium cation, and their calculated ratio is reasonable with slightly higher
content of adventitious carbon (23.18% C-C vs 4.97% C-N). The N 1s signal, due to the
butylammonium cation, is found at around 402 eV (Fig. 4b), as expected. The Bi 4f spectrum

(Fig. 4¢) shows that Bi is predominantly in the +3 oxidation state with a spin-orbit splitting of



around 5.3 eV, while a small amount of metallic (undercoordinated) Bi also exists on the
surface. However, the Bi 4f7» appears at 159.48 eV, close to what is expected for the Bils
compound*. The shoulders on both the 47, and 4fs» peaks are due to a difference in neighbors:
the main peaks are due to Bi connected to iodine, while the shoulders are due to Bi connected
to iodine vacancies. Finally, in the I 3d spectrum (Fig. 4d), the peaks at 631.1 and 619.6 eV
correspond to 1 3ds» and I 3ds2 of I ions. These results indicate the presence of iodine vacancies
which have been already reported to be responsible for the resistive switching phenomena in

the related types of materials®*-*,
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Figure 5. a) Schematic illustration of a single BABI memristor’s cross-section with the active
layer sandwiched between ITO and Ag as bottom and top electrodes, respectively, and PMMA

interlayer. b) SEM cross-section photo of BABI memristor. ¢) 10 consecutive [-V scans with



arrows depicting the resistive switching direction. d) Negative-only I-V scans showed that the

low resistive state is not retained from scan to scan.

The memristive devices were prepared by spin-coating the n-butylammonium bismuth iodide
solution in DMF on ITO substrate followed by annealing at high temperature and subsequent
spin coating of the PMMA interlayer and magnetron sputtering of the Ag electrode. The
schematic drawing of the device is shown in Fig. 5a while Fig. 5b presents the SEM picture of
the cross-section of BABI memristor. The BABI and PMMA layers showed high uniformity
with their respective thicknesses of ~300 nm and ~20 nm as determined by stylus profilometry.
A PMMA interlayer was used to prevent the reaction of Ag with BABI, which led to rapid
degradation of the device just within a couple of hours when Ag was deposited directly on
BABI and resulted in an overall high scan-to-scan variability (Fig. S4). With PMMA, the
lifetime of the devices was significantly increased and the devices exhibited stable resistive
switching for more than a week of measurements conducted in the ambient air, although it
should be noted that the devices were stored under an argon atmosphere overnights.

One of the fingerprints of the memristors resulting from their nonlinear dynamics is the
pinched hysteresis loop when the device is subjected to bipolar voltage sweeps. I-V scans of
the BABI memristive device are shown in Fig. Sc. During the initial voltage scan, 0 V — 0.5
V — 0V (arrow no. 1 in the graph), almost no resistance switching is observed. When submitted
to the voltage sweep with the opposite polarity (arrows 2-3), the device that initially was in the
high resistance state (HRS) switched abruptly to the low resistance state (LRS) at a low
threshold voltage of ~0.23 V, which is only twice the threshold voltage of the atomic-scale state
of the art synapses based on 2D MoS,*. Moreover, the process of resistive switching falls
within a narrow range, indicating a high cycle-to-cycle uniformity of the BABI device.
Switching to LRS resulted in a current increase from 3.1x1077 A to 1.6x10> A (measured at

—200 mV) which is 50 times higher than the initial current. However, we also obtained devices



in which the resistive switching window was as high as 10 indicating that the investigated
devices can be further optimized to maximize the HRS/LRS ratio (Fig. S5). During the final
—0.5 V -> 0 V part of the sweep (arrow 4), the device spontaneously returns to its initial HRS,
characterized by low current amplitudes during the next I-V scan. Whereas the rapid return to
HRS holds for most of the measurements, several scans show that LRS is being retained in the
low-voltage range during the positive scan from 0 to 0.5 V with the abrupt conductance drop at
around 25 mV as indicated by the vertical arrow (cf. Fig. S5). More precisely, during the
positive scan (denoted with arrow 4), initially the devices were in LRS and then made a
transition from LRS to the HRS at a notably low voltage ~0.025 V (formally called the reset
process). Finally, above 0.025 V, the hysteresis contracted rapidly and the devices exhibited
mostly self-rectifying behavior until 0.5 V. These results indicate that BABI is a potential
multifunctional device that organizes self-rectifying memory behavior without using any
additional selector element, and therefore it could very attractive for its implementation in large-
scale CBA.

The spontaneous return to the low conductivity was further confirmed by performing
negative-only scans in the —0.5 V range (Fig. 5d). Resistive switching was present during each
scan, showing that the LRS is not retained and the decay to LRS occurred even when the voltage
scan range was extended to —1 V. Interestingly, the currents in LRS were higher than compared
to —0.5 V range, indicating that the device can exhibit states of different conductivity, although
none of these states is retained from scan to scan. Such abrupt transition to LRS with a relatively
high LRS/HRS currents ratio is characteristic for the creation of the conductive filament
whereas the relaxation to HRS occurs probably due to its spontaneous rupture of dissolution.

The electronic structure of BABI was further investigated with UPS measurements which
revealed that BABI crystallized from the 3:2 ratio is a p-type semiconductor with an optical

band gap of 2.3 eV and the valence band located 1.0 eV below the Fermi level. The structure is



presented in the inset of Fig. S¢ where the ITO and Ag work functions of —4.6 eV and —4.26
eV, respectively, were taken®®*’. It is noteworthy that conducting the UPS measurements on a
3:1 sample was impossible due to the excess charging of the sample indicating the insulating
character of the material crystallized from the stoichiometric ratio of substrates. Meanwhile, the
non-stoichiometric material did not charge which additionally signalled the role of the structural
defects in the BABI conduction mechanism. To support this hypothesis, we analyzed the
logarithmic form of the I-V scans from which the physical mechanism that governs the resistive
switching phenomena can be deduced. Fig. 6a shows the log-log plot of the negative branch of
the I-V scan with slopes obtained by fitting the linear functions to the I-V scan data. The small
gray points were excluded from the fits. The fitting values around 1 suggest that the majority
of the conduction mechanism is governed by Ohmic conduction. Increasing the negative bias
lead to an increase from almost purely Ohmic (slope 1.12) to non-Ohmic (1.35) conduction
followed by an abrupt increase in conductance. Subsequently, decreasing the bias resulted in
an increase from 1.18 to 1.59 followed by 0.98 and 0.91 regions, which showed that — except
for one region — LRS is also dominated by Ohmic conduction. This mechanism is primarily

observed in memristors with resistive switching based on the formation of conductive filaments.
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Figure 6. a) log-log plot of the negative part of the I-V scan. The linear dependence between
the current logarithms and the voltage with slope ~1 indicates that conduction has Ohmic

character in both in HRS and LRS. b) Arrhenius plot showing the temperature dependence of



the currents in the positive branch of I-V collected at different voltages in the non-switching

branch.

To extract more information on the transport properties, we recorded the I-V scans at
temperatures from 373 K to 243 K every 10 degrees (Fig. S6) from which the current values at
varying temperatures were extracted to form an Arrhenius plot shown in Fig. 6b. We observed
a rapid degradation of the device above 373 K; therefore, 373 K was the highest operational
temperature. To ensure the device is in the non-switching voltage regime, the data points were
extracted from the positive branch of the I-V scans’®. It can be noticed that the conductivity of
the devices is almost constant (within experimental error) in the range 243-293 K; however, at
higher voltages, a small decrease of conductivity with increasing temperature can be observed.
As it was indicated by the XRD measurements, at room temperature cations were strongly
disordered, yielding a flexible structure that may affect the electronic transport within the
material. Therefore, the observed lowering of conductivity is presumably due to the rotational
movements of zn-butylammonium cations in the BABI lattice which result in an increased
electron scattering. At higher temperatures (293-373 K), a significant increase in current
amplitudes was observed which was linearly correlated with the temperature. This behavior
suggests a complex electrical transport phenomenon and not just a simple conductivity
mechanism. Since BABI is a p-type semiconductor, the low-temperature energy regions may
be attributed to electron conductivity in a heavily doped semiconductor, whereas the high-
temperature region to a thermally-activated ionic transport. The value of activation energy was

extracted from the linear fit (1):

In(I) ~ — 252 4 In(4) (1)
T kp
where Ej is the activation energy, 7T is the temperature, ks is Boltzmann constant, and A4 is a

constant. The calculated value of E, was ~0.1 eV, corresponding to the reported energy barrier

for iodine vacancies migrating in the external electric field in perovskites which was calculated



to be in the range of 0.1-0.6 eV3**°. For Bils, the energies of activation of iodine vacancies were
calculated to be 0.73 eV but only 0.16 ¢V for the material with a deviation from stoichiometry,
meaning that the defects in bismuth iodide form much easier compared to its lead counterpart*.
Migration of iodine vacancies and the formation of iodine vacancies-rich regions which
subsequently build conductive paths throughout the material is considered the major factor
behind the resistive switching in iodide materials*****!. Both results in Fig. 6a and 6b,
supported by the conclusions from the spectroscopic measurements, indicate that the formation
and spontaneous dissolution of the conductive filaments made of iodine vacancies is the most
plausible mechanism of resistive switching in the case of BABI. When sufficiently high voltage
is applied (i.e. above 0.25 V as seen in the [-Vs) the iodide vacancies form a conductive path
moving the memristor into LRS. Upon removal of the voltage, the filament can be maintained
only for a short period of time. When it spontaneously dissolves in the structure, the device
returns to HRS. The decay of the resistive state is a significant distinction from the nonvolatile
memristors, in which usually voltage of opposite polarity is required to reset the device*>.
Artificial memristor-based synapses have already been shown to be capable of efficiently
emulating synaptic plasticity and other various neuromorphic effects**#’. Communication
between biological neurons relies on sending and receiving short pulses of electrical activity.
When one neuron releases neurotransmitter molecules into the synaptic cleft, they diffuse
towards the membrane of the other cell. As soon as they reach the second neuron, they trigger
a set of reactions that lead to a diffusion of Na" ions from the extracellular fluid into the neuron’s
body. The flux of ions depolarizes the membrane and, when a certain threshold is reached, the
neuron produces an action potential — a short electrical pulse acting as a basic unit of the neural
signal transmission. Among several mathematical models describing the neuronal dynamics,
the leaky integrate-and-fire (LIF) model seizes the temporal dynamics of the membrane

potential which is prone to spontaneous decay regardless of whether the action potential was



generated or not. In the latter case, the more frequently the neuron receives a stimulus, the more
likely it is to fire a spike (integration). On the contrary, if stimulation occurs at intervals longer
than the relaxation time constant, spiking is much less likely*®.

Owing to the diffusive dynamics, i.e. the spontaneous return to HRS, BABI memristor can
emulate the leaky function of the LIF model. Fig. 7a shows the current relaxation dynamics
after applying a short pulse with an amplitude ranging from —0.5 V to —5 V. For low voltages
the current decayed at much higher rates than for the high ones. However, regardless of the
amplitude, the system relaxed to the original HRS in just several seconds. Similar relaxation
behaviour was measured when the voltage had fixed amplitude of —3 V but the pulse duration
was decreased from 100 ms to 20 ms as shown in Fig. 7b. For a 100 ms pulse, the device
required around 10 seconds to return to HRS, whereas for 20 ms the relaxation was almost
instantaneous. Fig. 7c¢ shows the dependence of the relaxation time constant #y as a function of
the switching pulse voltage that was extracted from the data presented in Fig. 7a by modeling

the relaxation dynamics with an exponential function:

I(t) = I, + Aexp (:—:) )
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Figure 7. a) Relaxation dynamics of the BABI device after applying 100 ms single voltage
pulse of different amplitudes and b) single voltage pulse with fixed =3 V amplitude and
different duration. The relaxation time increases with both the amplitude and the duration. c)
The relaxation time constant as a function of the pulse voltage shows that as the voltage
becomes more negative, the device takes longer to return to HRS from LRS. d) Conductance
adjustment with 30 voltage pulses (-2 V, 100 ms) read at —50 mV that show a rapid increase in

conductance followed by steady growth.

The relaxation constant increases almost linearly with the voltage amplitude and increases
almost 30x from 0.12 s for —0.5 V to 3.27 s for —5 V. This effect can be attributed to the
movement of iodine vacancies — under external bias the vacancies are being displaced from
their equilibrium positions and the higher the bias amplitude, the more iodine species moves
and/or further they are displaced, which results in a longer relaxation time. Unfortunately, due

to abrupt current drops, a similar analysis could not be fitted reliably to the data in Fig. 7b.



Although the BABI memristor can retain information only for short time, this feature can be
used to temporarily tune the conductance of the memristive device. Fig. 7d shows the evolution
of the conductance with 30 consecutive voltage pulses with —2 V amplitude and 100 ms duration
separated by 100 ms interval. Immediately after each pulse, the resistive state was measured
with =50 mV for 100 ms, showing that the conductance of the device can be adjusted with the
number of pulses.

The communication between neurons is based on the exchange of short voltage spikes known
as action potentials. We investigated the behaviour of BABI under pulse mode operation by
applying a voltage pattern consisting of short 100 ms pulses separated by 50 ms intervals. After
each measurement, the voltage was increased, resulting in the device randomly firing current
spikes as shown in Fig. 8a. When the voltage amplitude of the stimulus was —300 mV, the
device did not produce any output spikes. Increasing the voltage to =500 mV, —800 mV and
—1000 mV caused the device to fire more frequently and —1500 mV voltage induced the current
spikes almost with every pulse. This behavior closely mimics the integrating function of the
LIF neuron, where the local graded potential (LGP) resulting from spatial and temporal
summation of synaptic inputs to the neuron has to exceed a certain threshold value above which
the neuron generates an action potential in an all-or-none fashion. It is noteworthy that upon
integration of a certain set of input voltage pulses and firing high-amplitude current spikes, the
device returns to its resting state with lower currents (Fig. S7) which complies with the leaky
function of the LIF model****. This model may be thus interpreted as consisting of a part
performing the synaptic signal integration function that is implemented by the memristor and a
part performing the action potential firing function that has to be implemented by an additional
external circuit®’. As seen in the graphs, higher voltage pulse amplitudes result in an increased
probability of firing a current spike. To represent this behavior quantitatively, we calculated the

probability of spiking as a function of the voltage (Fig. 8b). Due to the large variance in the



current amplitudes, the threshold above which the output signals were considered a spike was
arbitrarily chosen as 30% of the highest current in the given set and was indicated with dashed
horizontal lines in Fig. 8a. Therefore, every current spike exceeding this threshold value was
considered as a suprathreshold event representing the LGP that can trigger an all-or-none action
potential in the LIF neuron®'. The calculated probability of spike generation rose slowly to 5%
for voltages from —300 mV to —1000 mV but jumped to 30% when the voltage was set to —1500
mV. This abrupt change is presumably related to the narrow voltage window within which the
conductive filament is formed. The high amplitude pulses are more likely to induce filament
formation, which transfers the device to LRS and results in high current spikes. Upon

dissolution of the filament, the device switches back to HRS exhibiting low-amplitude currents.
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Figure 8. a) Current spikes randomly generated by applying 100 voltage pulses. The number
of spikes exceeding the threshold in each set increases with the voltage of the stimulus. The red
dashed lines indicate the threshold amplitude above which the current spike was classified as
“neuron firing”. b) Spiking probability as a function of voltage calculated as the percentage of

current spikes exceeding the threshold (red dashed lines in plot a).

The volatile character of memory can be utilized to emulate another short-term synaptic
plasticity effect: synaptic facilitation. The efficacy of some biological synapses can be
temporarily increased by a train of unipolar, closely spaced pulses in a process termed synaptic
facilitation. Facilitation of excitatory postsynaptic potentials during bursts of activity of

presynaptic neurons allows synapses to influence postsynaptic cells stronger®’. When



presynaptic trains consist of only two pulses, paired-pulse facilitation (PPF) occurs. As the time
interval separating these two stimuli becomes shorter, the magnitude of enhancement increases.
Thus, pulses that are distant from each other in terms of time will cause a lower enhancement
than pulses applied with high frequency. Despite the fact that PPF involves only two pulses, it
can be extended to include numerous pulses, which is known as frequency facilitation. In
memristors, the synaptic enhancement will manifest itself as a gradual increase in the currents
with the magnitude of this enhancement dependent on the frequency of the applied bias. The
enhancement of the current with frequency can be explained by the volatility of the BABI
memristor. When the system relaxes after being stimulated with a voltage pulse and the second
pulse arrives before it fully returns to the HRS, the current induced by the second voltage pulse
will have a higher amplitude. Fig. 9 shows the current induced by a train of short 100 us pulses
at different frequencies. Here, shorter pulses were used to stretch the current enhancement over
time, since longer pulses caused abrupt facilitation followed by a plateau, as shown in Fig. 7d.
For 200 Hz behaviour similar to random spiking was observed, suggesting that the same effect
can be obtained with shorter pulses at higher frequencies. Increasing the frequency to 500 Hz
leads to the generation of a block of spikes in the latter part of the train with higher amplitude
than those observed for 200 Hz. Increasing the frequency further leads to even higher currents.
For 1000 Hz after rapid increase within several first pulses, steady growth of amplitude was
maintained over the pulses train. Similar behavior was observed for 2000 Hz; however, in this
case, the growth that occurred during the measurement was the most significant along with the
highest amplitudes. These results show that the current facilitation is dependent on the
frequency of the voltage train, mimicking the behavior of frequency facilitation in biological

synapses in the brain.
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Figure 9. Frequency facilitation is represented as an increase in the current growth dynamics
with frequency. Short voltage pulses (=3 V, 100 us) of high frequency induced overall higher

currents with noticeably faster growth dynamics.

The fabricated BABI memristive devices were investigated for synaptic potentiation and
depression characteristics similar to those of biological synapses. To achieve such features, the
devices first exposed 158 pulses of —2 V amplitude and duration of 25 ms followed by 159
pulses with an amplitude of +2 V were exposed on the devices, facilitating a gradual change in
post-synaptic conductivity (Fig. S8). This alteration of synaptic conductivity is presented on a
double normalized scale (Fig. 10a) and was fitted with the following equations to extract the

non-linear weight parameter y for LTP (y =4.5) and LTD (y = 0.01).

P
Gurp = Gumin + Go <1 — exp (;)) 3)
P_Pmax
Girp = Gmax — Go (1 —exp (- T)) ©
GO _ Gmax—Gmin (5)

- -P
1—exp(—7;”1x)
In the above equations, Guax and Gumin represent the maximum and minimum conductance
values obtained at the LTP and LTD, respectively, and P denotes the number of pulses used in

the experiment.
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Figure 10. a) Variation of normalized conductance with normalized pulse no. b) Schematic
representation of ANN with fully connected layers. c¢) Classification accuracy (~95%) of
MNIST handwritten digits using the BABI memristor device parameters for the different

numbers of training images used per epoch.

Next, artificial neural network (ANN) simulations were run based on the experimentally
extracted parameters of BABI memristors to find the classification accuracy of the modified
National Institute of Standards and Technology (MNIST) database of handwritten digits, which
includes 10000 images in the training set and 60000 in the testing set. The ANN used for
simulation (Fig. 10b) consisted of three layers that were connected with the standard
feedforward algorithm. The input layer, the hidden layer, and an output layer are composed of
400, 100, and 10 neurons, respectively. To minimize recognition inaccuracy, the stochastic
gradient descent optimizer was used. A systematic improvement in the classification accuracy
was achieved (Fig. 10c¢) by varying the number of train images per epoch from 2500 to 10000.

In general, the proposed model achieved an excellent classification accuracy of ~95% within



just 50 epochs, highlighting the potential of current research for the hardware accelerator of

neural network hardware accelerator>>*,

CONCLUSION

We exploited volatile memristor based on a novel butylammonium bismuth iodide active
layer to mimic short-term dynamics. Despite the close compositional similarity with
methylammonium bismuth iodide that crystallizes in a perovskite-like structure, this novel type
of hybrid material was determined to be an ionic crystal. With simple and low-cost chemical
methods, memristive devices with diffusive resistive switching dynamics were prepared and
investigated for their application in neuromorphic information processing. The resistive
switching in BABI is presumably due to the migration of iodine vacancies in the external
electric fields, which form a conductive filament, transferring the device from HRS to LRS.
However, the high-conductance state is not retained and the device returns to its HRS, which
can be attributed to the instability of the filament. Using this phenomenon, we achieved firing
response behaviors corresponding to the leaky function of the LIF neuron model, namely
relaxation rate dependence on both voltage and duration of the switching pulse. Upon low-
frequency input, the BABI memristor generated current spikes randomly, but the probability of
firing depended on the voltage of the voltage pulses, mimicking the integrating capabilities of
neurons described by the LIF model. In the high-frequency regime, the BABI mimics the
frequency facilitation by exhibiting both an increase in amplitude with the frequency and
facilitation with the number of pulses. Finally, we showed the possibility of utilizing BABI
diffusive memristors in artificial neural networks by conducting simulations with the resistive
switching dynamics extracted from the pulse experiments. By using the MNIST handwritten
digits dataset, the simulated ANN achieved nearly 95% recognition accuracy within only 50

epochs.



In summary, this work shows an application of a novel type of hybrid bismuth-based material
in a volatile memristor capable of mimicking the short-term behaviors of biological neurons.
With their diffusive dynamics, high resistive switching window, low production costs and long
stability in the ambient atmosphere compared to the hybrid perovskite-based artificial synapses,
BABI memristors could potentially serve as a building block of neural networks for the next

generation of brain-inspired computing platforms.

METHODS

Synthesis of n-butylammonium bismuth iodide (BABI). Complexes of n-butylammonium
bismuth iodide were synthesized using an antisolvent precipitation process as a promising
technique to prepare ultrafine crystals. The n-butylammonium iodide (3 mmol; 0.60315 g) and
bismuth iodide (2 mmol; 1.18 g) were dissolved in methanol and exposed to dichloromethane
as an antisolvent (in which they are insoluble) in a large jar; gradually the evaporation of
solvents results in pure crystalline materials.

Device fabrication. Devices used in this work consisted of BABI as the active material, with
ITO and Ag serving as the bottom and top electrodes, respectively. Before device preparation,
ITO substrates (Ossilla Ltd.) were cleaned in an ultrasonic bath with water with detergent
(Hellmanex), DI water, acetone and isopropyl alcohol and subsequently dried with No.
Immediately before spin coating, ITO substrates were cleaned with Oz plasma for 10 min.

To form the BABI solution, bismuth(III) iodide (Bil3) (Sigma Aldrich) and butylammonium
bismuth iodide (BAI) (Ossilla Ltd.) were dissolved in N,N-dimethylformamide (DMF) to
obtain a concentration of 32% by weight and stirred for 30 min. To deposit the PMMA buffer
layer, a solution of 5 mg ml™! PMMA (120,000 MW, Sigma Aldrich) was prepared by

dissolving the polymer in toluene and stirring for 12 h.



The BABI layer was formed by spin coating the solution on the ITO substrates at 2000 rpm
for 60 s, after which the substrate was immediately transferred to a hotplate and annealed at 100
°C for 30 mins. Then the PMMA solution was spin-coated on top of the substrate at the same
speed and annealed on the hotplate at 100 °C for 10 mins. All of the preparation steps, including
the preparation of the solutions, were conducted under an inert atmosphere. The fabrication of
the device was completed by sputtering 70 nm of Ag with a shadow mask, producing metal-
semiconductor-metal structures with an electrode area of 2.25 mm?.

UV-vis spectroscopy. BABI thin layers for spectroscopic measurements were prepared in
the same way as the memristive devices, excluding the sputtering of the top electrode. UV-vis
spectra were collected with a PerkinElmer Lambda750 spectrophotometer in transmission
mode.

Electrical measurements. Electrical measurements were conducted with Keithley 4200-
SCS using Everbeing manual probe station equipped with micropositioners to connect to the
electrodes. During the measurements, the Ag electrode was the working electrode whereas the
ITO electrode was grounded. All electrical measurements were conducted in ambient air.

X-ray diffraction. SCXRD measurements were conducted on an XtaLAB Synergy-S X-ray
diffractometer using MoKa radiation at 130 K. The CrysalisPro 1.171.41.122a (Rigaku OD,
2021) software was used for data collection and reduction. The structure was solved using direct
methods (SHELXT) and refined using the least squares procedure (SHELXL incorporated into

a WinGX package)> 7. Thin layer XRD measurements were performed at room temperature
on the Empyrean diffractometer (PANalytical) with Cu Ka radiation in the reflection mode. The
data were collected during a continuous scan performed applying parallel beam geometry
(Gobel mirror in the incident beam optics and parallel plate collimator in the diffracted beam

optics).



Computational methods. The electron band structure was determined by Density Functional
Theory (DFT)>*% calculations using the CASTEP software®!*>. To describe the non-local
exchange correlation energy we used the generalized gradient approximation (GGA) with the
Perdew-Burker-Ernzerhof (PBE) functional. CASTEP-specific On-the-Fly Generated Ultrasoft
(OFTG Ultrasoft) pseudopotentials were adopted with a plane-wave kinetic energy cutoff of
517 eV (fine quality) for further accuracy. To include wan der Waals interactions in the system,
a semi-empirical dispersion correction was applied with the Tkatchenko-Scheffler (TS) scheme.
The studied material was considered not magnetic, therefore the spin polarization effects were
omitted. Before we performed the band structure calculations, we conducted the geometry
optimization. The BABI structure is characterized by a relatively large unit cell (approximately
5742 A?), so the I'-point sampling of the irreducible part of the first Brillouin zone turned out
to be sufficient. The calculations for geometry optimization and electron spectroscopy were
considered convergent when the energy change per atom was less than 107 and 107 eV,
respectively. Gaussian-like Fermi smearing was used. The distance cut-off point for bond

populations was set to 3.0 A.
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Table S1. Crystal data, measurement conditions and structure refinement details.

Chemical formula
M;
Crystal system, space group

Lattice parameters (A)

T (K)

V (A%)

Z

Dx(g/cm?)

Radiation type

p (mm™)

Theta range

Diffractometer

Absorption correction
Crystal size (mm)
Reflections collected
Independent reflections
Tmin/Tmax

Data / restraints / parameters
Goodness-of-fit

Final R indices [[>2sigma(I)]

Apmin/ApmaX (e/A3)

Ci2H36Bil6¢N3

1192.82
orthorhombic, Pccn
a=13.5986(1)

b =24.1005(2)
c=17.5189(2)

130(1)

5741.52(9)

8

2.760

MoKa

12.596

2.540 to 33.596°
Rigaku, XtalLAB Synergy S
multi-scan

0.120 x 0.120 x 0.030
63360

9897 [R(int) = 0.0356]
1.000 and 0.336
9897/9 /229

1.023

R =0.0257, wR2 = 0.0456
1.631 and -1.364




Table S2. Selected torsion angles observed in the studied crystal structure (°).

Table S3. Experimental geometry of hydrogen bonds and weak interactions (A,°).

atoms

Torsion angles

C(14)-C(13)-C(12)-N(11)
NG 1)-C(32)-C(33)-C(34)
N(21)-C(22)-C(23)-C(24)
C(12)-C(13)-C(14)-C(15)
C(22)-C(23)-C(24)-C(25)

C(32)-C(33)-C(34)-C(35)

179.73)

-177.13)
-179.0(3)
-176.2(3)
-176.0(3)

73.0(5)

D-H-A d(D-H)  d(H-A)  d(D-A) <(DHA)
N(11)-H(11A)..1(5)" 091(1)  2.88(3) 3.641(3) 142(3)
N(11)-H(11A)..1(4)* 0.91(1) 3.02(3) 3.641(3) 127(3)
N(11)-H(11B)...I(6)" 091(1)  2.92(1) 3.825(3) 170(3)
N(11)-H(11C)...I(3)" 091(1)  2.86(2) 3.692(3) 153(3)
N@21)-H(21A)..I(1)* 0.91(1) 3.14(4) 3.618(3) 115(3)
N(21)-H(21A)..1(2)* 091(1)  2.85(2) 3.611(3) 142(3)
N@21)-H21C)...I(1) 091(1)  2.68(1) 3.590(3) 174(3)
N(21)-H(21B)...I(6)* 0.90(1)  2.77(2) 3.637(3) 160(3)
N@31)-H(31A)..1(3)" 0.91(1) 3.042) 3.821(4) 145(3)
N(31)-H(31B)...I(5) 091(1)  2.84(2) 3.682(3) 155(4)
N@31)-H(31C)..1(2) 091(1)  2.94(4) 3.595(3) 130(4)
C(32)-H(32A)...I(1)** 0.99 3.32 4.156(4) 143.3
C(32)-H(32A)...1(6)* 0.99 3.27 4.019(4) 133.6
C(32)-H(32B)..1(2)" 0.99 3.17 4.078(3) 153.7



C(22)-H(22B)...I(6) 0.99 3.31 4.050(4) 132.9
C(12)-H(12A)..1(1)" 0.99 3.26 3.931(4) 126.3

Symmetry transformations used to generate equivalent atoms:

#1 x-1/2,-y+1,-z+1/2; #2 x-1,y,7; #3 -x+1/2,y,2-1/2; #4 -x+3/2,-y+1/2,z; #5 -x+2,-y+1,-z+1; #6 x+1/2,-y+1,-z+1/2

Figure S1. Three butylammonium cations: A: marked in red (atoms as viewed from the top:
N11, C12, C13, C14, C15), B- marked in violet (atoms N21, C22, C23, C24, C25) and C-

marked in green (atoms N31, C31, C32, C33, C34, C35).

The conformation of cations A and B (marked in red and violet in Fig. S1, respectively) is
almost identical, whereas the C- cation (drawn in green) has a different carbon chain torsion

angle (73.13°in C, —175.85° in A and —176.16° in B).



2.6 de 2.8 de 2.5 de
2.6 Z.6 2.
2.4 2.4 .1
2.z 2.2 2.2
2.0 2.0 2.0
1.8 1.2 1.8
1.6 1.5 1.6
1.4 1.4 1.4
1.2 1.2 1.2
1.0 1.0 1.0
0.8 0.8 0.8
" cation A ' ‘ d "' cationB ‘ ai **cation C d
) 2.60.87.01.21.41.671.82.02.22,42.62.8 ) 0.80.81.01.27.41.61.82.02.22.42.82.8 () 0.60.81.01.21.41.6§1.82.02.22.42.62.8
WmH..| ®mH.H EmH.|] ®H.H mH.l mH.H
Figure S2. Fingerprint plots for the three butylammonium cations.
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Hydrogen
10

Energy {eV)

] 30 50 %0 120 1% 10 20 240
Partial Dansity of States (electrons/eV)

Figure S3e. PDOS for hydrogen atoms in the
BABI structure, the division into orbitals is

shown.

Mitragen
1%

&
1

Energy (eV}

'S

T T T

] 30 5 #0 120 150 180 20 40
Partial Density of States (electrons/eV)

Figure S3d. PDOS for nitrogen atoms in the
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Figure S4. I-V scans of BABI/Ag memristor without PMMA buffer layer.
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Figure S5. I-V scans of a device exhibiting large HRS/LRS ratio.
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Figure S6. I-V scans at different temperatures. The data for Arrhenius plot was extracted from

the positive branch of the scan to assure the device is in the non-switching regime.
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resting state with low current spikes.
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Oswiadczenie o udziale w publikacjach mgr Piotra Zawala

Ja, nizej podpisany Konrad Szacitowski o§wiadczam, ze mdj udziat w wymienionych ponizej
publikacjach mgr. Piotra Zawala polegat na:

1. Klejna, S., Mazur, T., Wlazlak, E., Zawal, P., Soo, H. S., Szacitowski, K. Halogen-containing
semiconductors: From artificial photosynthesis to unconventional computing, Coordination
Chemistry Reviews, 2020, 415, 213316:

napisaniu dwoch pierwszych rozdziatéw publikacji oraz korekcie scaleniu wszystkich pozostatych
fragmentow;

2. Lis, M., Onuma, S., Przyczyna, D., Zawal, P., Mazur, T., Pilarczyk, K., Gentili, P. L., Kasali,
S., Szacilowski, K. From Oscillatory Reactions to Robotics: A Serendipitous Journey Through
Chemistry, Physics and Computation, Handbook of Unconventional Computing, 2021, 1-79:
napisaniu fragmentéw dotyczacych analizy energetycznej przetwarzania informacji, fragment analizy
poréwnawczej PID/rezerwuar oraz ontegracji tekstu catego rozdziatu;

3. Przyczyna, D., Zawal, P., Mazur, T., Strzelecki, M., Gentili, P. L., Szacitowski, K. In-materio
neuromimetic devices: dynamics, information processing and pattern recognition, Japanese
Journal of Applied Physics, 2020, 59 (5), 050504:

napisaniu fragment poswieconego synapsom fotoelektrochemicznym, prztwarzaniu sygnatow
akustycznych oraz kryptografii, a takze koncowej redakcji tekstu;

4. Mazur, T.*, Zawal, P.x, Szacitlowski, K. Synaptic plasticity, metaplasticity and memory
effects in hybrid organic-inorganic bismuth-based materials, Nanoscale, 2019, 11 (3), 1080-
109:
analizie danych spektroskopowych oraz nadzorze nad przebiegiem pomiaréw elektrycznych,
koordynowaniu badan, oraz koncowej korekcie manuskryptu;

5. Wilazlak, E., Kalinowska-Thuscik, J., Przyczyna, D., Zawal, P., Szacitowski, K. Bismuth
triiodide complexes: Structure, spectroscopy, electronic properties, and memristive properties,
Journal of Materials Chemistry C, 2020, 8 (18), 6136-6148:

analizie danych spektroksopowych i interpretacji zmian pracy wyjscia probek,

6. Zawal, P.x, Mazur, T.x, Lis, M., Chiolerio, A., Szacitowski, K. Light-Induced Synaptic
Effects Controlled by Incorporation of Charge-Trapping Layer into Hybrid Perovskite
Memristor, Advanced Electronic Materials, 2022, 8 (4), 2100838:

opracowaniu modeli teoretycznych, planowaniu i czgsciowej realizacji pomiaréw spektroskopowych
oraz wykonaniu pomiaréw pracy wyjscia materiatdw a takze pomocy w okresleniu mechanizmu
generowania fotopradu;

7. Zawal, P., Das, D., Gryl, M., Stawek, A., Abdi, G., Gerouville, E., Marciszko-Wiackowska,
M., Marzec, M., Hess, G., Georgiadou, D., Szacitowski, K. Leaky integrate-and-fire model
and short-term synaptic plasticity emulated in a novel bismuth-based diffusive memristor,
Advanced Electronic Materials (w recenzji):

projektowaniu pomiaréw temperaturowych oraz pomocy w interpretacji wynikow.



Krakow, 19.09.2022
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Klejna, S., Mazur, T., Wlazlak, E., Zawal, P., Soo, H. S., Szacitowski, K. Halogen-containing
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Chemistry Reviews, 2020, 415, 213316.
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e badaniach literaturowych
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Through Chemistry, Physics and Computation, Handbook of Unconventional Computing,
2021, 1-79.
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e badaniach literaturowych
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Tomasz Mazur
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Oswiadczenie 0 udziale w publikacjach mgr Piotra Zawala

Z uwagi na brak mozliwosci kontaktu z wspotautorkg wymienionych ponizej prac, ja, nizej podpisany
Konrad Szacitowski o§wiadczam, ze:

1. W publikacji “From Oscillatory Reactions to Robotics: A Serendipitous Journey Through
Chemistry, Physics and Computation”, Handbook of Unconventional Computing, 2021, 1-79
(autorzy Lis, M., Onuma, S., Przyczyna, D., Zawal, P., Mazur, T., Pilarczyk, K., Gentili, P.
L., Kasai, S., Szacitowski, K.) udziat Marii Lis polegat nha napisaniu fragmentu poswieconego
elektrochemicznym reakcjom oscylacyjnym (podrozdziat 1.2.2, strony 8-14).

2. W publikacji ,,Light-Induced Synaptic Effects Controlled by Incorporation of Charge-
Trapping Layer into Hybrid Perovskite Memristor”, Advanced Electronic Materials, 2022, 8
(4), 2100838 (autorzy Zawal, P., Mazur, T., Lis, M., Chiolerio, A., Szacitowski, K.) rola Marii
Lis polegata na udziale w syntezie nanoczastek azotku wegla, wykonaniu czg$ci pomiaréw
fotoluminescencji oraz pomiar6w technikg FTIR wraz z analizg i wizualizacja wynikow tych
pomiaréw oraz przygotowaniu fragmentu teksu publikacji opisujacego te wyniki.
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Ja, nizej podpisany Dawid Przyczyna os$wiadczam, ze mdj udziat w wymienionych

ponizej publikacjach mgr. Piotra Zawala polegat na:

e Przyczyna, D., Zawal, P., Mazur, T., Strzelecki, M., Gentili, P. L., Szacitowski, K. In-materio
neuromimetic devices: dynamics, information processing and pattern recognition,
Japanese Journal of Applied Physics, 2020, 59 (5), 050504.

przegladzie literaturowym oraz opisie generacji wyzszych harmonicznych oraz liczb losowych w

urzadzeniach memrystywnych.

e Lis, M., Onuma, S., Przyczyna, D., Zawal, P., Mazur, T., Pilarczyk, K., Gentili, P. L., Kasai,
S., Szacitowski, K. From Oscillatory Reactions to Robotics: A Se- rendipitous Journey
Through Chemistry, Physics and Computation, Handbook of Unconventional
Computing, 2021, 1-79

przegladzie literaturowym i opisie regulatoréw PID oraz tematyki obliczania rezerwuarowego

e Wilazlak, E., Kalinowska-Ttuscik, J., Przyczyna, D., Zawal, P., Szacitowski, K. Bi- smuth
triiodide complexes: Structure, spectroscopy, electronic properties, and mem- ristive
properties, Journal of Materials Chemistry C, 2020, 8 (18), 6136-6148.

wykonaniu pomiaréw absorpcji UV-Vis, fotonapiecia powierzchniowego, pracy wyjscia oraz

cyklicznej woltamperometrii badanych prébek

Akademia Gorniczo-Hutnicza

Akademickie Centrum Materiatéow i Nanotechnologii
| al. A. Mickiewicza 30, 30-059 Krakéw

tel. +48 12 617 5283

e—-mail: szacilow@agh.edu.pl




AKADEMIA GORNICZO-HUTNICZA
IM. STANISEAWA STASZICA W KRAKOWIE

Wydziat Fizyki i Informatyki Stosowanej
AGH drinz. Kacper Pilarczyk

Leuven, 20.09.2022
OSWIADCZENIE WSPOLAUTORA

Jako wspolautor wymienionej ponizej publikacyi:

Maria Lis, Shu Onuma, Dawid Przyczyna, Piotr Zawal, Tomasz Mazur, Kacper Pilarczyk, Pier
Luigi Gentili, Seiya Kasai, Kontad Szacitowski

From Oscillatory Reactions to Robotics: A Serendipitons Journey Through Chemntstry, Physics and Computation
In Handbook of Unconventional Computing, Volume 2: Implementations (ed. Andrew
Adamatzky), 2021, World Scientific Publishing

‘o$wiadczam, 1z bylem odpowiedziahly za powstanie rozdzialu 1.4. (Controllers Beyond PID: Fuzzy
and Neuromorphic) - w szczegolnosci podrozdzialow 1.4.3. oraz 1.4.4. — oraz za redakcje innych,
pomniejszych fragmentoéw pracy.

,__‘: -,‘"/_,r' &
Fr | t_?"’“{ #

dr inz. Kacper Pilarczyk

al, A. Mickiewicza 30, 30-059 Krakdw
Wydziat Fizyki i Informatyki Stosowanej
ul. Reymanta 19, budynek D-10
e-mail: kpilarcz@agh.edu.pl




A.D. 1308 e— Prof. Pier Luigi Gentili
Chemistry, Biology, and Biotechnology Department
uni pg UNIVERSITA DEGLI STUDI DI PERUGIA
Via Elce di Sotto, 8 - 06123 PERUGIA
Tel. 075/5855573
UNIVERSITA DEGLI STUDI E-mail: pierluigi.gentili@unipg.it
DI PERUGIA Website: http://www.dcbb.unipg.it/pierluigi
Twitter: @Pier_Complexity

Perugia, the 10t of October 2022

Author contribution statements

In the review paper “Przyczyna, D., Zawal, P., Mazur, T., Strzelecki, M., Gentili, P. L.,
Szacitowski, K. “In-materio neuromimetic devices: dynamics, information processing and
pattern recognition.” Japanese Journal of Applied Physics, 2020, 59 (5), 050504” Piotr Zawal

wrote section 6.2 on the physical unclonable functions built with memristors.

In the book’s chapter “Lis, M., Onuma, S., Przyczyna, D., Zawal, P., Mazur, T., Pilarczyk, K.,
Gentili, P. L., Kasai, S., Szacitowski, K. “From Oscillatory Reactions to Robotics: A Serendipitous
Journey Through Chemistry, Physics and Computation.” Handbook of Unconventional
Computing, 2021, 1-79” Piotr Zawal wrote section 1.3.1 on the implementation of memristors in

hardware for computing.

Best Regards.
Prof. Pier Luigi Gentili
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Marcin Strzelecki

marcin.strzelecki@amuz.krakow.pl

Krakéw, 1 pazdziernika 2022 r.

Oswiadczam, ze moj wktad w powstanie publikacji:

Przyczyna, D., Zawal, P., Mazur, T., Strzelecki, M., Gentili, P. L.,
Szacilowski, K. In-materio neuromimetic devices: dynamics, information
processing and pattern recognition, Japanese Journal of Applied Physics, 2020,
59 (5), 050504.

polegal na:
opracowaniu czesci dotyczgcej probleméw muzycznych, w szczegblnosci
definicji interwaléw muzycznych, z rozréznieniem na dysonanse i konsonanse,

a takze probleméw wyzszego poziomu, jak skale muzyczne, tonalnos$¢ i
harmonia.
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3 October 2022

Piotr Zawal

Academic Center for Materials and Nanotechnology
Faculty of Physics and Applied Computer Science,
AGH University of Science and Technology

al. Mickiewicza 30,

30-059 Krakéw

Poland

Dear Piotr Zawal,

Reg. No. 200604393R

Re: Author Contributions for Halogen-Containing Semiconductors: From Artificial Photosynthesis to

Unconventional Computing

| am writing this letter to confirm that | wrote Section 6: Artificial photosynthesis in perovskite

systems in the following publication:

Sylwia Klejna, Tomasz Mazur, Ewelina Wlazlak, Piotr Zawal, Han Sen Soo, Konrad Szacitowski,
Halogen Containing Semiconductors: From Artificial Photosynthesis to Unconventional Computing,

Coordination Chemistry Reviews, 2020, 415, 213316.

In addition, | helped to edit and proofread the entire paper.

Yours sincerely,

Han Sen Soo
Associate Professor
hansen@ntu.edu.sg
+65 65923182

School of Chemistry, Chemical Engineering and Biotechnology

Nanyang Technological University, Singapore
CCEB-05-03

21 Nanyang Link

Singapore 637371

Singapore

School of Chemistry, Chemical Engineering and Biotechnology

62 Nanyang Drive, Singapore 637459, www.ntu.edu.sg



dr hab. Justyna Kalinowska-Ttuscik Krakow, 01.10.2022
Zespot Biokrystalografii

Zaktad Krystalochemii i Krystalofizyki

Wydziat Chemii UJ

Gronostajowa 2, 30-387 Krakow

Oswiadczenie wspoétautora

Oswiadczam, ze moéj wktad w powstanie publikacji:

Bismuth triiodide complexes: structure,spectroscopy, electronic properties, and memristive
properties

E. Wlazlak, J. Kalinowska-Ttuscik, D. Przyczyna, P. Zawal, K. Szacitowski;

Journal of Materials Chemistry C, 2020, Vol. 8 (18), 6136 - 6148
DOI: 10.1039/d0tc00679c

polegat na wykonaniu pomiardow dyfrakcji promieniowania rentgenowskiego dla czterech
monokrysztatéw zwigzkow kompleksowych bizmutu, opracowaniu uzyskanych wynikéw oraz
przygotowaniu fragmentow publikacji zwigzanych z opisem struktury krystalicznej badanych
zwigzkow.

b1

Justyna Kalinowska-Ttuscik
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ISTITUTO ITALIANO
DITECNOLOGIA

Torino, 4" October 2022

Subject: Author contribution statement

This letter is to confirm that in the research paper “Light-Induced Synaptic Effects Controlled by Incorporation of
Charge-Trapping Layer into Hybrid Perovskite Memristor”, by Piotr Zawal, Tomasz Mazur, Maria Lis, Alessandro
Chiolerio, Konrad Szacitowski, | have contributed to the resistive switching mechanism discussion and proof reading
and commented the final version of the paper.

Yours faithfully,

Alessandro Chiolerio

Prof. Alessandro Chiolerio, PhD, MsC, Eng.

Fondazione |stituto Italiano di Tecnologia
Bioinspired Soft Robotics
Via Morego 30, 16165 Genova (GE), Italia



dr hab. Marlena Gryl -
UNIWERSYTET
Zespot Inzynierii Krystalicznej 1 Analizy Strukturalnej JAGIELLONSKI

Zaktad Krystalochemii i Krystalofizyki :
Wydzial Chemii Uniwersytetu Jagiellonskiego W KRAKOWIE

ul. Gronostajowa 2, 30-387 Krakow

OSWIADCZENIE

Oswiadczam, ze moj wktad w powstanie manuskryptu publikacji:

Wydziat Chemii
Zawal, P., Das, D., Gryl, M., Stawek, A., Abdi, G., Gerouville, E., Marciszko-
Wiackowska, M., Marzec, M., Hess, G., Georgiadou, D., Szacitowski, K.
Leaky integrate-and-fire model and short-term synaptic plasticity emulated in a novel
bismuth-based diffusive memristor

polegat na:
= wykonaniu pomiarow dyfrakcyjnych dla monokrysztalow tytulowego zwiazku
oraz na rozwigzaniu i udoktadnieniu modelu struktury krystalicznej

= analizie i interpretacji wynikdw badan strukturalnych
= obliczeniu powierzchni Hirshfelda oraz map fingerprint

/Marlena Gryl/

Krakow dnia 2022-10-04 cﬁ

ul. Gronostajowa 2
30-387 Krakaw

tel. +48 12 686 26 00
fax +48 12 686 27 50
sekretsr@chemia.uj.edu.pl

www.chemia.uj.edu.pl
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Dr Dimitra G. Georgiadou

Associate Professor

UKRI Future Leaders Fellow

Flexible and Organic Nanoelectronics

Electronics and Computer Science

University of Southampton

Highfield Campus, University Road, Building 59 (Zepler)
Southampton SO17 1BJ, United Kingdom

E-mail: D.Georgiadou@soton.ac.uk
Webpage: https://www.ecs.soton.ac.uk/people/dglvl9

19 September 2022
Re: Author Contribution Statement

This letter is to confirm that in the research paper “Leaky integrate-and-fire model and short-term synaptic
plasticity emulated in a novel bismuth-based diffusive memristor” by Zawal, P., Das, D., Gryl, M., Stawek, A.,
Abdi, G., Gerouville, E., Marciszko-Wigckowska, M., Marzec, M., Hess, G., Georgiadou, D., Szacitowski, K
have contributed in the XPS discussion and proof read and commented on the final version of the article.

Yours faithfully,

,/ 5
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Dr Dimitra Georgiadou

Electronics and Computer Science | University of Southampton | Highfield, Southampton, SO17 1BJ, UK | www.ecs.soton.ac.uk




University of Southampton 19/09/2022

Author Contribution Statement

In the paper: Leaky integrate-and-fire model and short-term synaptic plasticity emulated in a
novel bismuth-based diffusive memristor, under review in ACS Applied Materials &
Interfaces, 2022, | have written the paragraph that discussed the XPS measurement and the

XPS data treatment.




Oswiadczenie wspotautora

Ja, Andrzej Slawek, oswiadczam, ze moim wkladem w prace:

I.  Zawal, P, Das, D., Gryl, M., Slawek, A., Abdi, G., Gerouville, E., Marciszko-
Wiackowska, M., Marzec, M., Hess, M., Georgiadoum, G., Szacitowski, K. "Leaky
integrate-and-fire model and short-term synaptic plasticity emulated in a novel bismuth-
based diffusive memristor ", (praca wystana do recenzji)

Bylo przeprowadzenie modelowania molekularnego z wykorzystaniem teorii
funkcjonatu gestosci (DFT), opracowanie oraz analiza wynikéw obliczen oraz
pomoc w przygotowaniu manuskryptu w czesci dotyczgce] modelowania DFT.
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Co-Author Statement

I, Gisya Abdi, hereby declare that my contribution to publication:

I.  Zawal, P., Das, D., Gryl, M., Stawek, A., Abdi, G., Gerouville, E., Marciszko-
Wiackowska, M., Marzec, M., Hess, G., Georgiadou, D., Szacilowski, K. “Leaky
integrate-and-fire model and short-term synaptic plasticity emulated in a novel bismuth-
based diffusive memristor™

Was Synthesis of single crystal of butylammonium bismuth iodide (BABI) and performing
Diffuse Reflectance Spectroscopy (DRS) of thin layers on ITO glasses for studying optical band
gaps of the synthesized materials.
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Dr. Dip Das
Email: dd209@snu.edu.in
Shiv Nadar University, India.

Author contribution statement

I am glad to contribute to the research titled “Leaky integrate-and-fire model and short-term
synaptic plasticity emulated in a novel bismuth-based diffusive memristor” by Zawal et al. Here, I
performed the simulations for checking the learning accuracy of the MNIST handwritten data sets
based on the experimentally observed BABI memristive device parameters. Besides, I analyzed a
portion of experimental results and wrote a couple of lines in the introduction and the results
sections that justify the self-rectifying behavior of the BABI memristor.

Thanking you!

Date: 20/09/2022 Best wishes,
S Koy



OSWIADCZENIE

Deklaruje si¢, ze kazdy z Autorow przeczytal finalng wersj¢ manuskryptu a wktad

merytoryczny poszczegolnych Autorow w powstanie artykutu:

Zawal, P., Das, D., Gryl, M., Slawek, A., Abdi, G., Gerouville, E., Marciszko-Wiackowska,
M., Marzec, M., Hess, G., Georgiadou, D., Szacilowski, K. ,,Leaky integrate-and-fire
model and short-term synaptic plasticity emulated in a novel bismuth-based diffusive

memristor”

jest nastepujacy:

Marianna Marciszko-Wiackowska
- przeprowadzenie pomiaré6w XRD,
- analizie i dyskusji wynikéw eksperymentalnych,

- korekta gotowego manuskryptu.

data, podpis



Krakéw, 10 pazdziernika 2022 r.
Dr inz. Mateusz Marzec
Akademia Gorniczo-Hutnicza
im, St, Staszica w Krakowie
Akademickie Centrum
Materiatow i Nanotechnologii

OSWIADCZENIE

Os$wiadczam, Ze méj wkiad w powstanie publikacji:
Zawal, P., Das, D., Gryl, M., Stawek, A., Abdi, G., Gerouville, E., Marciszko-Wiackowska, M.,
Marzec, M., Hess, G., Georgiadou, D., Szacitowski, K.

Leaky integrate-and-fire model and short-term synaptic plasticity emulated in a novel bismuth-based
diffusive memristor

polegal na:
- wykonaniu badan metodg spektroskopii fotoelektronéw w zakresie nadfioletu

- analizie i interpretacji wynikéw
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Prof. dr hab. Grzegorz Hess

Zaktad Neurofizjologii | Chronobiologii

Instytut Zoologii i Badan Biomedycznych Uniwersytetu Jagielloriskiego
ul. Gronostajowa 9

30-387 Krakow

Krakéw, 12.10.2022r.

Oswiadczenie o udziale w publikacji

Oswiadczam, ze mdj udziat w publikacji:

Zawal, P., Das, D., Gryl, M., Stawek, A., Abdi, G., Gerouville, E., Marciszko-Wigckowska, M., Marzec,
M., Hess, G., Georgiadou, D., Szacitowski, K. Leaky integrate-and-fire model and short-term synaptic
plasticity emulated in a novel bismuth-based diffusive memristor

- polegat na interpretacji czesci uzyskanych wynikow w kontekscie plastycznosci synaptycznej,
napisaniu fragmentu dyskusji oraz redakcji manuskryptu.
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