Journal of Semiconductors
(2020) 41, 051205
doi: 10.1088/1674-4926/41/5/051205

JOS

REVIEWS
The application of halide perovskites in memristors

Gang Cao' 2, Chuantong Cheng' t, Hengjie Zhang', Huan Zhang’, Run Chen’, Beiju Huang’,
Xiaobing Yan?t, Weihua Pei', and Hongda Chen" 3

'State Key Laboratory on Integrated Optoelectronics, Institute of Semiconductors, Chinese Academy of Sciences, Beijing 100083, China

2National-Local Joint Engineering Laboratory of New Energy Photovoltaic Devices, Key Laboratory of Digital Medical Engineering of Hebei
Province, College of Electron and Information Engineering, Hebei University, Baoding 071002, China

3College of Materials Science and Opto-Electronic Technology, University of Chinese Academy of Sciences, Beijing 100049, China

Abstract: New neuromorphic architectures and memory technologies with low power consumption, scalability and high-speed
are in the spotlight due to the von Neumann bottleneck and limitations of Moore's law. The memristor, a two-terminal syn-
aptic device, shows powerful capabilities in neuromorphic computing and information storage applications. Active materials
with high defect migration speed and low defect migration barrier are highly promising for high-performance memristors.
Halide perovskite (HP) materials with point defects (such as gaps, vacancies, and inversions) have strong application potential
in memristors. In this article, we review recent advances on HP memristors with exceptional performances. First, the working
mechanisms of memristors are described. Then, the structures and properties of HPs are explained. Both electrical and photon-
ic HP-based memristors are overviewed and discussed. Different fabrication methods of HP memristor devices and arrays are
described and compared. Finally, the challenges in integrating HP memristors with complementary metal oxide semicon-
ductors (CMOS) are briefly discussed. This review can assist in developing HP memristors for the next-generation information

technology.
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1. Introduction

Because of the rapid developments in information techno-
logies, massive amounts of data need to be efficiently stored
and processed. However, the traditional computing hard-
ware and memories have been approaching their limits un-
der the current technologies. The human brain shows an abso-
lute advantage over modern computers due to its highly paral-
lel computation and ultralow power consumptionl'. Syn-
aptic plasticity is essential for learning and memory®. The
memristor (short for memory resistor) is a two-terminal cir-
cuit element characterized by a pinched hysteresis loop in
the /-V plane and plastic resistancet3. Hence, the memristor
can work as an artificial synapse and offers novel applica-
tions in neuromorphic computing* 51, information storage®],
and hardware security!l,

To date, various materials have been utilized to fabricate
memiristors, including metal oxides® 9], organics!'%, chalcogen-
idesl', and especially halide perovskites (HP)['2-14l, In the
past few years, metal HP materials have become a game-
changer in the photovoltaic industry due to its remarkable
properties!’> 16, such as high optical absorption coefficients,
high charge carrier mobility, adjustable direct optical band
gap and so onl'7-22. HP has also been successfully used in
light emitting diodes(?3], field effect transistors[24, and photo-
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detectors(25l. And HPs are well-suited for memristor applica-
tions because their mixed ion-electron conduction behavior
allows halide counterions to move under applied optical,
electric, or thermal fields(26: 271,

This review is organized as follows: Section 2 gives a brief
definition and working principles of memristors. Section 3
gives a brief introduction to HPs. In Section 4, recent ad-
vances in HP memristors are reviewed. In Section 5, the fabri-
cation methods of HP-based memristors devices and arrays
are reviewed. Finally, some challenges and perspectives for
the development of HP-based memristors are presented in
Section 6.

2. Menmristors

Memristor is considered to be the fourth basic circuit ele-
ment in addition to resistor, capacitor, and inductor. The
concept was proposed by Chua in 1971. It is a circuit device
with a relationship between magnetic flux and charge, as
shown in Fig. 1(a)i28. Due to the lack of experimental evid-
ence, related theories have not attracted much attention in
the past decades until Strukov et al. successfully produced
the Pt/TiO,/Pt device structure with memristive performance,
as shown in Fig. 1(b)29, In previous reports and studies, most
memristor structures use the sandwich structure as shown in
Fig. 1(c)" in which the metal is used as the bottom elec-
trode (BE) and top electrode (TE), and functional layers con-
sist of insulators, semiconductors, organics, or perovskites.
Such a simple device structure enables the large-scale integra-
tion of memristors in high-density crossbar switch arrays.

Memristor devices can demonstrate different memristive
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Fig. 1. (Color online) (a) Four basic circuit elements: resistor, capacitor, inductor and memristor. Reprinted from Ref. [28]. (b) The variable resist-
ance model of memristor proposed by Strukov et al. Reprinted from Ref. [29]. (c) Schematic diagram of a typical sandwich structure memristor of
Au/MAPDI;_,Cl,/ITO. Reprinted from Ref. [14]. (d) Ta/Ta,05:Ag/Ru high resolution transmission electron microscope (HRTEM) image and typical ab-
rupt /-V curve. Reprinted from Ref. [30]. (e) Schematic of vertical structure Au/MAPbI3/PEDOT:PSS/ITO and dark current of memristor. Reprinted
from Ref. [32]. (f) Schematic diagram of synaptic working principle. Reprinted from Ref. [35]. (g) Diagram of atomic switches in ON and OFF states
via ECM mechanism. Reprinted from Ref. [44]. (h) Schematic diagram of VCM-induced resistance switching behavior. Reprinted from Ref. [45]. (i)
Schematic diagram of Schottky barrier for TiN/SiO,/Si structure. Reprinted from Ref. [53].

characteristics according to different mechanisms by apply-
ing an external electric field, which can be divided into ab-
rupt changes (Fig. 1(d)) and gradual changes (Fig. 1(e))B30-32],
The resistive switching (RS) of the abrupt memristor (also
called resistive random-access memory (RRAM)) is discrete,
also known as a digital memristor. This type of memristor has
multiple resistance states and can be developed for informa-
tion storage and logic applications, where the stored informa-
tion consists of different resistance states (high resistance
state (HRS) and low resistance state (LRS))33 34, The indicat-

ors for measuring RRAM include threshold voltage distribu-
tion, Ryrs/RLgrs ratio, retention, durability, and power consump-
tion. The resistance of the memristor with gradual changes is
continuous, also known as the analog memristor. The conduct-
ance of this type of memristor is continuously adjustable;
thus, it behaves similarly to progressively continuous ad-
justable synaptic weights in biological synapses. The human
brain contains about 10> synapses. The information trans-
ferred in the neuron network is assisted by the biological syn-
apses (See Fig. 1(f)), which adjust the connection strength
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Fig. 2. (Color online) (a) Atomic structure diagram of perovskite. Reprinted from Ref. [60]. (b) Structure of CsPbBr; nanocrystals. Reprinted from
Ref. [64]. (c) Au/CH3NH;Pbl;_,Cl,/FTO device structure chemical diagram and voltage application diagram. (d) Scanning electron microscope
(SEM) image of the surface morphology of the CH3NH;Pbl;_,Cl, film. (e) Cross-sectional SEM image of Au/CH3;NH3Pbl;_,Cl,/FTO. Reprinted from

Ref. [67].

between two neurons via neurotransmitters flux. The synap-
tic plasticity is considered as the basis of brain's learning and
memory functions. Scientists have discovered that memris-
tors can simulate biological synaptic functions, including spik-
ing-time-dependent plasticity (STDP), paired-pulse facilita-
tion (PPF), excitatory postsynaptic current (EPSC), short-term
plasticity (STP), long-term plasticity (LTP), learning, and forget-
ting[36-391, These bionic functions have opened up excellent
prospects for memristors to implement neuromorphic com-
puting systems, and can gradually develop into higher-order
learning and associative memory functions® 40,

To understand the memristive characteristics of a mem-
ristor, it is necessary to study its mechanism. Firstly, the phy-
sical mechanism of the memristor is introduced in detail.
There are two main types of physical mechanisms: formation
and rupture of conductive filaments (CF) and interface
typest#1-431, The formation and rupture of CF are mainly cau-
sed by ion migration and redox reactions inside the material
under the external electric field. According to the type of mo-
bile ions, the RS can be divided into electrochemical metalliza-
tion (ECM) (Fig. 1(g)¥4 and valence change mechanism
(VCM) (Fig. 1(h))“5], Memristors operated by ECM usually use
active metals as the TE (such as Ag and Cu). The migration of
active metal ions is a key factor causing RS 471, When a posit-
ive voltage is applied to the TE of the device, the active met-
al is oxidized to cations. These cations continue to diffuse
downward, passing through the functional layer under the
drive of a positive electric field. Finally, the ions are reduced
to metal at the BE, forming CF. The continuous growth of CF
facilitates the communication between the TE and BE, and
the memristor switches from HRS to LRS. In contrast, when a
negative voltage is applied, the memristor switches from LRS
to HRS. Selecting a functional layer material with excellent per-
formance can effectively control the formation and rupture of
CF18 491 Another type of RS is caused by VCM in which the

memristor operates usually based on the migration and redis-
tribution of anions, thereby changing the valence state of the
functional layer material*> 50, To explain the RS behavior
caused by VCM, we use metal oxide as a functional layer as
an example to explain. When an electric field is applied, oxy-
gen ions and oxygen vacancies (Vos) migrate. During the SET
process (i.e.,, memristor switching from HRS to LRS), Vos accu-
mulate towards the BE under the action of a positive electric
field, resulting in the formation of CF of Vos. During the RE-
SET process (memristor switching from LRS to HRS), Vos com-
bine with oxygen ions, causing the CF to rupturels'. 52,
Moreover, another type of physical mechanism that is a uni-
form interface type physical mechanism (Fig. 1(i))!*3, which is
mainly caused by the Schottky barrier. The memristor function-
al layer typically uses an insulator to build a Schottky contact
point between the insulator and the electrode. The change in
the Schottky barrier is usually accompanied by charge trap-
ping/detrapping or anion migration at the insulating layer
near the electrodel®* 55 Next, the conduction mechanism
model of memristors is briefly introduced. The conductive
mechanism of memristors usually uses some models to fit
the /-V curve, such as space charge-limited conduction
(SCLC, I == V), Schottky emission (In | == V'/2), Poole-Frenkel
emission (In (/V) == W2, trapped assisted tunneling (TAT, In
J o< 1/ E), thermionic emission (/ == V) and Fowler-Nordheim
tunneling (FNT, In (I/\2) o< 1/V)156-59),

3. Halide perovskites

3.1. Structure

Perovskite material is a compound with ABX; crystal
typel6%, as shown in Fig. 2(a), generally having cubic or octa-
hedral shape and excellent physical properties. A is a mono-
valent cation and can be an organic (methylammonium
CH5NH;*) or inorganic (Cs*) cation. B is a divalent cation, such
as Pb2*, Sn2*, and the like, and X is an anion. When X is oxy-
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Fig. 3. (Color online) Properties of halide perovskites. (a) Tunable bandgap. Reprinted from Ref. [72]. (b) Variable structure. Reprinted from Ref.
[76]. (c) High carrier mobility. Reprinted from Ref. [71]. (d) Good light absorption. Reprinted from Ref. [79]. (e) Ultra-high flexibility. Reprinted

from Ref. [80].

gen (O), it is called an oxide perovskite, and when X is a hal-
ide (I or Br), it is called an HP®, |n the past ten years, HPs
have played an important role in solar cells and has become
a hot topic due to its excellent optical and charge transport
characteristicsl®2 631, HPs can be divided into inorganic HP
and organic-inorganic halide perovskite (OHPs) according to
different ions. Inorganic HPs (Fig. 2(b))¥ are a class of func-
tional materials with perovskite structure composed of inorgan-
ic cations (alkaline earth metal cations), transition metals, and
halogens. They possess an adjustable electronic structure and
excellent photoelectric performance. In particular, its advant-
ages of easy solution processing enable low cost and large-
scale applications!'> 951, Inorganic HPs have been applied to sol-
ar cells and light-emitting devices and memristors, and their
challenges such as stability and heavy metal toxicity have
been gradually resolved®®l, OHPs (Figs. 2(c)-2(e))”] have ad-
justable band gap (ABG), high efficiency, strong light absorp-
tion ability, and high crystallinity at low temperatures. There-
fore, they have been widely used in photovoltaic applica-
tions, photodetectors, transistors, light-emitting diodes, and
storage devices(68-70],

3.2. Properties

HPs have widely used active layer materials in the field of
optoelectronics, such as light-emitting diodes, and photode-
tectors. In previous reports, HPs have become a hot topic in
solar cell research because the power conversion efficiency
has rapidly increased by more than 20%, and the precursors
in solution have simple processability”"l. Moreover, since HPs
exhibit light absorption and high carrier mobility, they ex-
hibit good performance as photodetectors!®. In recent years,
HP materials have been demonstrated to have unique opto-
electronic properties, such as high absorption coefficient!72],
small exciton binding energy”Z, long carrier diffusion leng-

thl'7], excellent optoelectronic properties, high mobility3],
low defect density(20], and ABGI74, It has been widely used as
the functional layer in memristors and have shown excellent
resistance-switching performance through tests[’>,

The HP material is usually expressed as ABX3;, where A
and B can be replaced by various elements so that the proper-
ties of HPs can be tailored, as shown in Fig. 3. Firstly, the
most important characteristics of HPs are the ABG and vari-
able structure. Xiao et al. reported an article on the structural
stability and optical properties of CsPb,Brs with a two-dimen-
sional (2D) layer structure under high pressurel72., The report
showed that CsPb,Brs microplates initially showed the narrow-
est band gap and then blue-shifted with pressure. The penta-
hedron pattern of Pb-Br bond length (out of Pb-Br inorgan-
ic layer) and Br-Pb-Br bond angle (perpendicular to the
Pb-Br inorganic layer) in Pb-Br decreases linearly during the
initial compression. After further compression, the Br-Pb-Br
bond angle showed a significant inflection point at 1.65 GPa,
which is consistent with the pressure point of isomorphic trans-
formation. The results indicate that the band gap changes
may be caused by orbital interactions related to the synergist-
ic effect of pressure-induced changes in the Pb-Br pentahed-
ron network, particularly the Pb-Br bond lengths and
Br-Pb-Br bond anglesl72. Biswas et al. reported an article on
the transition from direct band gap 3D CsPbBr; nanocrystals
to indirect band gap 2D CsPb,Br; nanosheets, and the report
also points to the origin of the luminescent properties of the
material7®l, Biswas et al. used a single-pot solution conver-
sion method to convert 3D CsPbBr; nanocrystals into 2D
CsPb,Brs nanosheets. The high temperature and the pres-
ence of long-chain ammonium ligands help to destroy the
3D network of CsPbBr; and reorganize into a 2D flat struc-
ture of CsPb,Brs in the presence of excess PbBr,. However,
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the calculation of the electronic structure of CsPb,Br; shows
that it has an indirect band gap of 3.06 eV between VBM and
CBM at point X and T, so it should not have light-emitting char-
acteristicst¢l. Through experiments and density functional the-
ory calculations, the surface of CsPb,Br; contains amorphous
ammonium complexes of PbBr,2~ and Pb,Brs-, which give
the material its luminescent properties. Secondly, the cha-
racteristics of HPs are high carrier mobility and good light ab-
sorption. The ion migration hypothesis has long been veri-
fied by metal oxide perovskite materials, and nowadays, inor-
ganic HPs have also demonstrated the presence of ion migra-
tion”7, Tress et al. reported a metal halide perovskite (MHP)
as a mixed electron ion conductor”'. The article details the
principle of mobile ion defects related to hysteresis. The de-
fect ion migration is an essential feature of MHP in which
halide vacancies (such as iodine vacancies) have been iden-
tified as the main mobile ion defect type related to hyster-
esis, and other mobile anions and cations can also be ob-
served over a longer period78l, In 2018, Loh et al. reported a
2D hybrid perovskite with tunable optoelectronic properties
due to the reversible surface relaxation of the material79,
Strip a 2D Ruddlesden-Popper perovskite (RPP) consisting of
multiple organic/inorganic quantum wells into several layers.
In the paper, a cm-sized pure single-phase RPP perovskite,
(CH53(CH,)3NHs)5(CH3NHs),,_1Pb,ls,, (0 = 1-4) was synthes-
ized. And a highly efficient photodetector was successfully
prepared with a light gain of 105 using a thin molecular RPP
crystal (n = 4)79, Finally, the HPs have ultra-high flexibility,
low defect density. Shi et al. first reported a high-perform-
ance flexible lead-free 2D perovskite (PEA),Snl,8% in which,
when 30 mol% SnF, was added to the perovskite, the stabil-
ity and repeatability of the device were significantly im-
proved, making it suitable for flexible photoconductors and
synaptic devices. Therefore, based on these excellent proper-
ties of HP, it is expected that HP materials will be used in a
wider range of electronic devices in the near future.

4. Halide perovskite memristors

4.1. Electrical memristors

Memristors are promising candidates for the establish-
ment of synaptic devices in neuromorphic systems due to
their strong expandability, simple structure, and fast switch-
ing speed. At the same time, they are expected to construct
flexible and implantable artificial neuromorphic systems
due to their excellent mechanical and biological characteris-
tics81-831, With the continuous development of semiconduct-
or technology, the trend of combining memristors with physic-
al objects is increasing. The electrical characteristics of the
memristor can be tested to determine whether the device
has a good performance by applying a voltage to the memris-
tor under the driving of the voltage. Choi et al. reported the
first application of OHP materials (Au/CH;NH;Pbl;_,Cl,/FTO)
for non-volatile memory devices with significant RS effect(67.
The device exhibits bipolar RS performance with a switching
voltage of less than 1 V, which has been reported for the
first time. Sun et al. constructed a sandwich structure (ITO/PE-
DOT:PSS/CH;NH5Pbl;/C)#4. The device has an on/off ratio of
approximately 104 at a read voltage of 50 mV, which is the
best result obtained from an OHP-based memristor. Zou et al.
selected electrochemically active metal electrodes and suc-
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cessfully prepared metal (Ag/Cu/Ti/Zn/Al)/CH;NHsPbCl,l5_,/
TiO, compact layer/FTO memristor devices®.. It has a switch-
ing current ratio as high as 1.9 x 109 which is the highest
value among all memristors reported so far. Such a high
switching current ratio may result in faster read speeds, few-
er errors, and lower power consumption.

In electrical memristors, the most critical properties are
switching speed, durability, retention, and power consump-
tion. HP materials show excellent memristive properties, such
as high R,./R. ratios and low switching voltages. In 2019,
Park et al. reported a lead-free perovskite-based material
(MA3Sb,Brg (MA = CHsNHj3)) for the resistive conversion of
memristors and neuromorphic computing with low energy
consumptionl®sl, In this paper, Ag/PMMA/MA;Sb,Bry/ITO
devices are demonstrated for the first time using MA;Sb,Bry
materials, as shown in Fig. 4(a). The presence of metal Sb in
the MA;Sb,Bry layer is the main reason for the CF to show no
forming characteristics. The MA;Sb,Brq crystal exhibits a trian-
gular structure composed of corner-sharing SbBrg3~ octahed-
ron in which MA cations occupy voids in the crystal lattice at
room temperature, as shown in Fig. 4(b). From the cross-sec-
tional SEM image, a uniform MA;Sb,Brg layer with a thick-
ness of about 200 nm can be determined as shown in
Fig. 4(c). Measuring the electrical characteristics of the device,
it was observed that the device switched from HRS to LRS
(SET process) when it was close to —0.18 V. When positive
voltage was applied, the device transitioned from LRS to
HRS (RESET process) at 0.37 V (Fig. 4(d)). Next, the endurance
and retention time of the device were studied, as shown in
Figs. 4(e)-4(f. Among them, continuous voltage pulses
(Vser = —0.5 V and Vgeser = 1.2V, read voltage (0.01 V), and
pulse width (1 ms)) were applied to the device, and stable RS
in 300 cycles was obtained. The R,./R. ratio is approxim-
ately 102. The data retention time for HRS and LRS is estim-
ated to exceed 104 Finally, the power consumption of the devi-
ce was studied, and the power consumption of the device
was found to be 117.9 fJ/um? through calculation, which is
highly promising for low energy neuromorphic computing.

With fast switching speed, high R,./R. ratio, durability
(103 cycles are the minimum standard), low power consump-
tion and tiny size (3D stack and 10 nm or less as the stand-
ard) are key for the practical non-volatile memory applica-
tionsl7%, Table 1 briefly summarizes the electrical perform-
ance of previous HP memristors.

Another important feature of memiristors is that it can sim-
ulate biological synapses and prepare synaptic devices with
biomimetic functions. Park et al. simulated the EPSC, inhibit-
ory postsynaptic current, LTP, long-term depression (LTD),
and STDP using a device made of MA;Sb,Brg8¢. In 2016,
Huang et al. reported a synaptic device based on a two-termin-
al organometallic trihalide perovskite (OTP) with various func-
tions known in biological synapses, including STDP, spike
rate-dependent plasticity, STP, and LTPI, Biological syn-
apses transmit information between two nerve cells. The mem-
ristor BE and TEs serve as pre-synaptic and postsynaptic neur-
ons, respectively. The rate of change in device conductance in-
dicates the strength of the connection between neurons
(also called synaptic weight). In neuroscience, the tunability
of synaptic weight is called synaptic plasticity. Brain learning
and memory are mainly dependent on changes in synaptic
weightB9], STDP (the Hebbian Learning Rule) refers to the rela-
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Fig. 4. (Color online) (a) Schematic diagram of Ag/PMMA/MA;Sb,Bro/ITO device structure. (b) Crystal structure of MA3Sb,Br,. (c) Cross-sectional
SEM image. (d) -V characteristics of a memristor based on MA;Sb,Br,. (e) Durability. (With a write voltage of 0.5V, a reset voltage of 1.2V, and a
read voltage of 0.01 V, the pulse width is 1 ms.) (f) Retention time. (Write voltage is —0.5 V, and read voltage is 0.01 V.) (g) Measure of the HRS and
LRS data reliability of 30 units at 0.01 V. (h) X-ray diffraction pattern of the MA;Sb,Bry layer deposited on ITO. (i) Absorption spectrum of
MA;Sb,Br, film. (j) Device resistance-switching at different compliance currents. (k) Sb 3d XPS spectra of MA;Sb,Br, film on the ITO substrate. Re-
printed from Ref. [86].

Table 1. A summary of the electrical performance of HP-based RS devices.

Structure Operation voltage (V) Ron/Roseratio  Retention (s)  Endurance (cycles)  Power consumption (mW) Ref.
Au/MAPbI;_ CL/FTO 1.47/-1.41 ~104 >4 x 104 >50 ~70 [14]
Ag/CH;NH3Pbl;/Pt 0.13/-0.15 109 N.A N.A <0.1 [87]
Pt/HC(NH,),Pbls/Ag N.A N.A 1200 3x103 N.A [88]
Ag/AIST/MAPDI3/FTO 0.5/-0.5 20 104 >200 ~2 [89]
ITO/CH3;NH;PbBrs/Au N.A >103 104 103 N.A [90]
Au/MAPDI5/Pt 1.0/-1.0 ~104 >105 >500 ~0.05 [91]
Ag/MAPDbI5/Au 0.32/-0.13 107 ~104 103 ~0.01 [92]
V-doped SrZrO; 9/-13 <103 N.A N.A ~0.2 [93]
Ag/CH;NH3PbCl,l5_/FTO  1.5/-1.5 ~103 4x 104 N.A <1 [94]
Au/MAPDI5/ITO 0.7/-0.5 ~10 ~10% >400 ~0.6 [12]

tionship between changes in synaptic weight (AW) and the rel-
ative time (At) of pre- and post-spike, as shown in Fig. 5.
When the postsynaptic spike reaches after the pre-synaptic
spike (At > 0, At = oo — tore), the electrical conductivity in
the artificial synaptic device increases, achieving LTP. Con-
versely, if the postsynaptic is triggered before the pre-syn-
aptic (At < 0), the synaptic weight is reduced, which results in
LTD6 971, Therefore, HP-based electronic devices are suitable
to use in neuromorphic electronic chips.

4.2. Photonic memristors
With the gradual failure of Moore's Law and the limita-

tions of von Neumann's architecture, a new theory and struc-
ture are urgently needed. Photonic computing and many re-
volutionary computing technologies, including photonic mem-
ristors, were used to supersede conventional approaches.
Photonic computing uses on-chip optical interconnects in-
stead of wires that connect memories and central processing
units (CPU)8 991, Because photonics has an unprecedented
bandwidth, ultrahigh-speed information transmission optic-
ally stores and processes data, long-distance transmission,
anti-interference, and low jitter, so on-chip integration and
low power consumption are achieved through optically con-
trolled two-terminal photonic memristors with resistance-
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Fig. 5. (Color online) STDP for OTP synaptic devices. (a) Schematic representation of biological synapses. (b, f) Asymmetric Hebbian rules. (c, g)
Asymmetric anti-Hebbian rules. (d, h) Symmetrical Hebbian rules. (e, i) Symmetrical anti-Hebbian rules. Reprinted from Ref. [95].

switching behavior, resulting in a wide range of applications
of photonic memristors!'00-103], Huang et al. reported a mem-
ristor application based on organic trihalide perovskite (OTP)
materials in vertical and horizontal directions, the direction of
photocurrent can be switched repeatedly by applying an elec-
tric field of less than 1 V/umB2, The perovskite transistor repor-
ted in this article can be read simultaneously using electrical

and light pulses. The reported perovskite-type transistors can
be read by light pulses, paving the way for the development
of switchable OTP materials in optically readable memristors
and circuits. Sun et al. demonstrated that organic-inorganic
hybrid perovskite materials can be used as a base material for
non-volatile memristors with photo-responsive properties in
the new sandwich structurel®4. The device is driven as a logic-
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and one output. (d) Schematic diagram of the light-induced structure of the device and the schematic of the logical OR gate. Reprinted from Ref.
[103]. (e) A schematic diagram of a logical OR gate structure with two input signals and one output signal. (f) Logarithmic /-V curve of a two-lay-
er device measured in the dark and under a wavelength of 442 nm (1.01 mW/cm?2). (g) /-t curve of the device at 0 V. (h) Resistance-switching
speed of the device at a light intensity of 1.01 mW/cm?Z. Reprinted from Ref. [104].

al OR gate by using electric fields and light illumination as in-
put sources. When the device is in different resistance states
(LRS and HRS), it displays different optical responses. Wu et
al. reported for the first time the successful preparation of
Ni/ZnO/CsPbBrs/FTO memristors based on the stability and
high-performance of inorganic HP (CsPbBr;)'%4. Through the
heterojunction between CsPbBr; and ZnO, the device has a
photo-sensing effect of more than 103 and a fast response
speed (< 1 ms), allowing us to adjust the resistance state by
simultaneously changing light and electric fields at the same
time. Next, we introduced the development of various HPs
used in photonic memristor devices and introduce innovat-
ive applications in neuromorphic systems.

Memristors have powerful functions in information stor-
age and neuromorphic computing applications. Recently,
OHP has attracted increasing attention as a promising materi-
al for memristors. In particular, their ion-electron conductiv-
ity combined with photosensitivity provides OHP with the op-
portunity to demonstrate novel functions, such as synaptic
function of light and optical erasure memory!'95-1971 Due to

the outstanding light response of OHP materials, Sun et al.
used the sandwich structure ITO/PEDOT:PSS/CHsNH3Pbls/Cu
to measure the light response performance of the device un-
der HRS and LRS, as shown in Figs. 6(a)-6(d)['%3], The device
current density can be transformed from 107¢ to 103 mA/
cm?, and the light response Iy, /I ratio is greater than 103.
The photocurrent is almost indistinguishable from the dark cur-
rent regardless of the measurement bias ("read" voltages are
10, 1, and 0.1 mV, respectively) at LRS. The device on the LRS
does not show obvious light response. Based on this prin-
ciple, a photosensitive logic OR gate with two inputs (A is the
electric field and B is the light) and one output (C is the cur-
rent) is designed. For the input signal A, we define the posit-
ive voltage as "0" and the negative voltage as "1". For the in-
put signal B, dark is represented as "0", and light is represen-
ted as "1". The low current of the output signal C is the sig-
nal "0", and the high current is the signal "1". For this ITO/PE-
DOT: PSS/CH;NH;Pbls/Cu device, if one or both of the inputs
are signal "1", the output is always signal "1". In contrast, only
two inputs are signal "0" and the output is signal "0". As a
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result, the device has demonstrated the ability to implement
logic OR gates. According to the band arrangement of ZnO
and CsPbBr;, Wu et al. designed the experiment to form a het-
erojunction at the ZnO/CsPbBr; interface, which can realize
photovoltaic generation under illumination('94., In addition,
the lower ZnO valence band will block the separated holes,
thereby ensuring efficient electron/hole transport and extrac-
tion. Figs. 6(e)-6(h) shows the optoelectronic characteristics
of the device. The /-V curve was measured under dark and
continuous monochromatic light (442 nm, 1.01 mW/cm?). It
can be observed that the device remains in the HRS in the
dark. And the current increases rapidly after lighting, the
on/off ratio is about 103. Response time was researched by us-
ing a trigger-assisted 442 nm continuous wave laser with ad-
justable pulse width. A 200 Hz pulse width was applied to
the device to test the rise time and decay time, and finally ob-
tained a rise time of 59 us and a fall time of 0.95 ms, indicat-
ing that the device has fast RS characteristics. This high re-
sponse speed and responsiveness can ensure effective com-
munication of information. Because the resistance of the
two-layer device can be switched between the HRS and LRS
of optical and electrical driving, a logical OR gate is designed,
simultaneously processing and storing information.

In biological systems, light can be used to regulate neur-
al and synaptic functions, such as activated/inactivated photo-
sensitizing proteins and ion channels. These are considered lig-
ands for optogenetics. Compared with traditional chemical
methods, light has a higher spatiotemporal resolution. In-
spired by optogenetics, photonic memristors have proposed
an effective way to regulate synaptic plasticity for future neur-
omorphic computing!'98. 1991, Among the different types of per-
ovskites, HPs have attracted widespread attention due to
their high carrier mobility, ABG, and the availability of solu-
tion-based processing. Because of these advantages, HPs are
considered promising materials for photonic synapses. Zhu et
al. reported an HP-based Ag/MAPbIl;/Ag memristor, the struc-
ture of which was inspired by optogenetics. Memory behavi-
or was observed by controlling the wavelength and intensity
of light of the MAPbIl; memristor, as shown in Figs. 7(a)-7(f), in-
cluding PPF, the transition from short-term memory to long-
term memory (LTM), LTM effects, and learning and forget-
ting behaviorl'%71, Shi et al. first developed a flexible photocon-
ductor based on lead-free 2D perovskite (PEA),Snl48%, This ma-
terial can be used to make light-stimulated synaptic devices
and simulate the STP function of biological synapses. Xie et
al. studied the photoelectric synaptic plasticity of 2D lead-
free perovskite ((PEA),Snl,), as shown in Figs. 7(g)-7(l){'1°l,
These devices show photocurrent activation of photo-stimula-
tion in a manner similar to neurons and exhibit some syn-
aptic bionic functions, such as STP, LTP, and spike-frequency-
based transmission control. The strength of synaptic connec-
tions can be effectively adjusted by the three elements of
light (duration, wavelength, and irradiance).

5. Fabrication methods

Perovskite materials were first considered to be an alter-
native material for solar cells. They have obvious advantages
in conversion efficiency, and their manufacturing process is
relatively simplel'1. 1121, The preparation methods of per-
ovskite-type compounds mainly include the traditional high
temperature solid-phase method, sol-gel method, hydrotherm-
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al synthesis method, precipitation method, and vapor depos-
ition method. In the past, solution methods have often been
used to deposit HP films on hydrophobic metal surfaces,
which is very difficult. Therefore, it is important to develop an
effective method to obtain larger perovskite particles and
high-quality perovskite films.

Photolithography is the core of semiconductor techno-
logy and is essential in the fabrication of microstructures and
nanostructures. However, it is essential to use water as a
solvent in photolithography. Water will dissolve the per-
ovskite material and avoid its deposition on the substrate.
Based on such difficulties, Cheng et al. successfully prepared
a MAPbI; photodetector and a CsPbBr; memristor with the
aid of a parylene as a waterproof layer of a perovskite materi-
all"3l, Parylene C has excellent moisture resistance, lower pro-
cessing costs, and high environmental stability, so it can be
used as a protective coating to protect silicon wafers from ex-
treme environmental influences'14-1161, |n this work, Cheng
introduced the preparation process in detail, as shown in
Fig. 8(a). First, a perovskite material, a parylene protective lay-
er, and a photoresist film were sequentially deposited on the
substrate material. Then, the device structure was trans-
ferred onto the photoresist film using ultraviolet exposure
and development. Next, the parylene layer was etched by oxy-
gen plasma and stopped on the surface of the HPs. A metal
electrode layer was deposited on the chip surface using an
electron beam evaporation device. Finally, a stripping pro-
cess was performed using acetone to remove the photo-
resist to complete the device preparation. The optical photos
of the MAPbI; or CsPbBr; film protected with parylene be-
fore and after the 1 h water immersion process are shown in
Fig. 8(b). It can be seen that MAPbI; or CsPbBr; is not dis-
solved, indicating that parylene can protect the perovskite ma-
terial. This is a CMOS-compatible method that uses semicon-
ductor technology to process perovskites. A schematic struc-
ture of the device is shown in Fig. 8(c). It can be seen that the
use of a parylene layer as a protective layer on the surface of
the CsPbBr; film improves the stability of the device in the
air. Fig. 8(d) shows a photo of a CsPbBr; memristor with a
size of 2 x 2 um?2 under an optical microscope. With a direct
current voltage sweep, the on/off ratio of the memristor is ap-
proximately 105, as shown in Fig. 8(e).

Different functional structures are fabricated in semicon-
ductor devices to adjust the interval of charge carriers and en-
hance light capture, thereby optimizing the optical paramet-
ers of the device. Perovskite obtains enhanced optical and
electrical properties through the advantages of patterning
technology. Recently, due to the continuous deep research of
perovskite materials in the field of optoelectronics, pattern-
ing technology for processing perovskite has begun to devel-
op again. Zhu et al. reported a review article detailing excel-
lent patterning methods based on perovskites!''7). Based on
the operation processes, these methods can be divided into
two categories: indirect patterning and direct patterning. Indir-
ect patterning refers to processing perovskite on a patterned
template or substrate to achieve various patterns. Wang et al.
proposed a method for patterning perovskite crystals for integ-
rated device arrays for the first time and addressed the press-
ing challenge of incompatible perovskite crystals with typical
photolithographic processes!''8l. A large number of lead iod-
ide microplates were grown from the aqueous solution and
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Fig. 7. (Color online) (a) Schematic diagram of PPF measurement. (b) PPF ratios measured at different illumination intensities (0 to 0.38 uW/cm?2). In-
set: PPF ratio and fit normalized using function. (c) Correlation between the decay time constant measured in the dark and light exposure and
the number of stimulation pulses. (d) When the device is repeatedly stimulated with electrical pulses under dark (upper) and light (0.19 uW/cm?)
(lower), the conductivity maintains the curve. (e) The conductance retention curve of the device in LTM mode in which light is applied and re-
moved alternately (1.29 uW/cm?2). (f) Evolution of device conductance of devices that have been programmed in the LTM scheme in the dark. Un-
der dark and light conditions (1.29 uW/cm?2), the device was stimulated with electrical pulses. Reprinted from Ref. [107]. (g) Schematic representa-
tion of biological synapses. The synaptic device is shown in the upper right corner. The illustration in the upper left corner is the crystal structure
of 2D layered (CgHsCH,CH,NH3),Snly. (h) Photocurrents of (PEA),Snl, film (red line) and (PEA),Snl,-based photoconductor at the same 5 uW/cm?
irradiation at 470, 590, and 660 nm, respectively (blue asterisk). (I) A cross-sectional view of an artificial synaptic device. The inset is an example of
input light spikes and output PSC. (j) PSC changes (APSC) triggered by a spike pulse (wavelength = 470 nm, duration = 20 ms, power density =
11.6 uW/cm?) at a bias voltage (W,;,s) of 2 V. (k, I) STP and LTP behaviors obtained by variable frequency light stimulation devices. Reprinted from

Ref. [110].

then embedded with methylammonium iodide to produce per-
ovskite crystals. The process of growing a patterned per-
ovskite microplate is shown in Fig. 9(a). The functionalization
with a self-assembled monolayer of (octadecyl) trichlorosil-
ane on a SiO,/Si substrate results in a hydrophobic surface.
The hydrophobic surface domains of the substrate can be
created as hydrophilic regions of a periodic array by apply-
ing photolithography or electron beam photolithography pro-
cesses and oxygen plasma processing. These periodic hydro-

philic patterns can selectively achieve the growth of lead iod-
ide in solution treatment. Finally, the lead iodide microplate
was converted into methyl lead iodide perovskite by gas-sol-
id heterogeneous intercalation to achieve large-area growth
of perovskite under the methyl iodide methane (CH;NH;l) va-
por. Figs. 9(b)-9(d) show the optical images of the Pbl, seed
array after the flow seeding process, and the optical images
taken after further growth for 1 and 2 min in a saturated Pbl,
solution at 80 °C, respectively. Direct patterning requires per-
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printed from Ref. [113].

ovskite to be pre-deposited in a generally planar form and
then processed with different tools to obtain various pat-
terns. He et al. used an HP to prepare a color microdisk (MDs)
laser arrayl"'9l, CsPbX; (X = Cl, Br) single-crystal rectangular
MDs lasers with large arrays (maximum 1 X 1 cm?) were fabric-
ated by polydimethylsiloxane (PDMS) cylindrical hole tem-
plate (CHT) restricted the solution growth method on any sub-
strate. PDMS-CHT was fabricated by replacing Cl in CsPbCl;
with Br via hydrogen bromide (HBr) vapor and then casting
PDMS on a silicon master made of a convex cylinder made by
photolithography, as shown in Fig. 9(e). Then, a CsX:-PbX,
stock solution was contacted with PDMS-CHT, which was
spread on a hydrophobic SiO,/Si substrate pretreated with oct-
adecyltriethoxysilane (OTS). Moderate pressure (< 20 kPa)
was evenly applied to the back of PDMS to drive the
CsX-PbX, stock solution into the gap of PDMS-CHT. Finally,
the slow evaporation of N,N-dimethylformamide (DMF)
brought the CsX-PbX, stock solution close to the nucleation

threshold and induced PDMS-CHT-restricted CsPbX; growth.
Figs. 9(f)-9(i) show that blue fluorescent spots gradually ap-
pear at the edge of PDMS-CHT with the slow evaporation of
DMF. This indicates that the nucleation of CsPbCl; perovskite
always occurs at the edge of PDMS-CHT, thereby achieving
the large-scale growth of perovskite materials.

Microcontact printing (MicroCP) method. So far, many re-
searchers have optimized perovskite growth processes, such
as solvent annealing processes!’2% 1211 and thermal annealing
methods!'22 1231 but these methods still cannot improve the
size distribution uncertainty and large number of defects of
perovskite. On the other hand, the growth of perovskite
films is more challenging due to the interface characteristics
of the substrate, such as wettability, roughness, and electric-
al properties. Song et al. used the MicroCP method to build a
hydrophilic-hydrophobic "sparse formulation” to achieve
large-size and defect-free growth of the perovskitel'24, The iso-
tropic FTO/TiO, substrate treated with -NH, showed uniform
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droplet morphology, while the MicroCP FTO/TiO, substrate
treated with —-NH, showed anisotropic droplet morphology.
The droplets diffuse in the hydrophilic area while they are ex-
cluded from the hydrophobic area, as shown in Figs. 10(a)
and 10(b), thereby laying the foundation for obtaining high-
quality perovskite films with large grain size and free pin-
holes. High-speed camera observations and SEM images recor-

ded different transition states of perovskite on the original
and MicroCP substrates, as shown in Fig. 10(c). Throughout
the process, small particles tend to dissolve due to their high-
er chemical potential. Because small particles of perovskite
are easier to dissolve than larger particles of perovskite, the
concentration of perovskite near smaller grains is higher than
the concentration of perovskite near larger grains. Therefore,

G Cao et al.: The application of halide perovskites in memristors



MAPbI,

a)

- Hydrophobic

Pristine substrate

Initial

o ». . ‘ NHz
POy 8 §
: CH,NH,Pbl, ( 7 : (3-Aminopropyl)trimethoxysilane

Journal of Semiconductors  doi: 10.1088/1674-4926/41/5/051205 13

" Hydrophobic
~ Hydrophilic

Fig. 10. (Color online) Morphology of solution on (a) isotropic substrate and (b) anisotropic MicroCP substrate with -NH,. (c) High-speed camera
observation and SEM images of the perovskite transformation process. Reprinted from Ref. [124].

mass transport occurs through a concentration gradient of
dissolved perovskites between large and small particles. Com-
petitive growth-driven mechanisms have further accelerated
mass transportation for Ostwald ripening. Finally, a continu-
ous perovskite film with a large grain size was obtained.

6. Conclusion and outlook

HPs have become one of the most extensively investig-
ated optoelectronic materials due to their unparalleled per-
formance in optoelectronics. In addition to optoelectronics,
they could be applied to memristor devices due to their exot-
ic properties such as fast carrier and ion transport, majority car-
rier control, high optical absorption coefficient, and tunable
bandgap. The rapid development of HP-based memristors in-
dicates that HP materials are promising for memristor applica-
tions due to the novel structures and remarkable properties.
Because HPs can be easily synthesized on almost any sub-
strate, they are suitable for monolithic integration with silic-
on CMOS-integrated circuits, which will provide a chance to in-
tegrate nanoscale HP-based memristors with CMOS electron-
ic circuits for information storage and neuromorphic comput-
ing applications.
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