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a b s t r a c t

Information systems with architectures that mimic biological neural networks are of interest because
they can efficiently perform adaptive learning and memory functions and process vast amount of in-
formation instantly. Halide perovskites (HPs) have been recently explored to fabricate memristors,
memcapacitors, and phototransistors as neuromorphic devices used in these systems, thanks to their
unique properties, which have not been seen in conventional semiconductors and metal oxides. In this
review, we introduce fundamentals of artificial neural networks (ANNs), emphasize unique properties of
HPs in such a context, discuss different HP-based neuromorphic devices suitable for ANNs, highlight
examples on their preliminary performance demonstration, and comment on their issues and future
perspectives.

© 2022 Published by Elsevier Ltd.
1. Introduction

Silicon technology for massive computing is facing challenges
on two frontiers: 1) the device integration density and switching
speeds are approaching physical and thermal limits, and 2) the
energy and time delay associated with moving data between the
processors and memories limits the system performance. To meet
upcoming needs of data-intensive applications, the design of future
systems may need a paradigm shift to a highly distributed and
massively paralleled in-memory structure [1]. Since biological
nerves systems include these features and have proven to be able to
efficiently process vast data rapidly, incorporating aspects of their
architecture into information system design, so called neuro-
morphic computation, has attracted considerable interest [2].

A human brain contains ~1011 neurons with ~1015 synapse
connections. This biological neural network (BNN) uses analog
changes in neural connection strength (i.e., synaptic weight) to
carry out cognition, learning, inference, and decision making with
significantly higher energy efficiency (~20 W) [3] than possible
with the current silicon technology. Synapse plasticity, the inelastic
changes of synaptic weights, constitutes the basis of short- or long-
term memory, while these changes are induced by neural spiking
activities in a learning/adapting process. A neuromorphic system
consists of a network of dense artificial neurons, connected bymore
dense artificial synapses, capable of processing information with
massive parallelism and low-power dissipation. Their hardware
implementation requires the extensive adoption of memory de-
vices serving the roles of artificial synapses and/or neurons [4].

Artificial neuron-based information processing can be con-
ducted at different neuron-mimicking levels depending on the type
of neuron model used [2]. Traditional artificial neural networks
(ANNs), represented by multi-layer perceptrons (MLPs) and the
more advanced deep neuron networks (DNNs) [5], process data via
a series of nodes (artificial neurons) interconnected by weighted
links (synapses). All nodes take inputs, apply weights, sum
together, then produce their outputs, similar to how biological
neurons operate. However, the likeness is only superficial since
they do not operate on the same spiking process of biological
neurons for learning and inference. Instead, they transmit infor-
mation at the end of each propagation cycle using continuous
valued activations. Biological neuron inspired ANNs, as the algo-
rithm backbones of machine learning and particularly deep
learning, undergo extensive supervised off-line training using
labelled big data sets before they are applied for inferring. These
ANNs are still trained and implemented mainly on the Si-based von
Neumann computing architecture.

Neural mimic systems most closely operate like an BNN. Spiking
neural networks (SNNs) inherently use artificial neurons that
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respond to stimuli and trigger other neurons in pulse mode [6]. In
addition to neuronal and synaptic status as in MLPs and DNNs,
SNNs incorporate timing information. A spiking neuron only
transmits information by firing a spike after it has crossed its
threshold. The fired spike to the neighboring neurons will subse-
quently increase or decrease their potentials.

Neuromorphic concepts can also be applied for better sensor
systems. The neuromorphic devices can emulate various biological
functions at the receptor, neuron, or the system level. As an
example, sensory adaptation is essential to biological neural sys-
tems. The human eye can increase its sensitivity by a factor of
10,000 to 1,000,000 as it adopts from sun-light conditions to the
dark. These stimulation-induced time-dependent sensitivity
changes can be efficiently mimicked by neuromorphic devices.
Research in this field is being developed for intelligent prosthesis,
machine-human interface, and robotics [7].

Neuromorphic information processing on hardware platforms
based on artificial neural and synaptic devices has the potential to
achieve low power computation, parallelism, and high operation
speed, and provide a more efficient approach to implementing
neural network algorithms than the traditional hardware [8e11].
They also can enhance the sensory system of robots and intelligent
machines. Devices must be created to mimic the behaviors of bio-
logical neurons and synapses [12e14] with extremely low power
dissipation and be capable of dense integration. It is worth noting
that synapses are typically the most abundant elements in a neu-
romorphic system and require the most real estate on a chip. As
such, development of synaptic devices with a simple structure is
more urgent. In this regard, non-Si-based nonvolatile memory
(NVM) techniques have attracted considerable interest [15,16].
Resistive switching random-access memory (RRAM)-represented
two-terminal memristors and three-terminal memory transistors
have been used to fabricate NVM-based artificial synapses. The
typical synaptic devices are modulated using electrical signals,
although the use of light modulation may provide new functions
and capabilities. This approach may be particularly useful for sys-
tems that involve sensing.

Various materials that exhibit controllable metastable states,
such as oxides [17e19], 2D transition metal dichalcogenide [20,21],
and organic semiconductors [22,23], have been used to fabricate
NVM devices. Halide perovskites (HPs), originally gaining wide-
spread interest for photovoltaic and photonic applications
[24e27], have also shown relevance to neuromorphic computation
applications due to their desirable properties involving ion migra-
tion, defect tolerance, tunable carrier density, light-induced
domain phase separation [28]. In particular, the unusual ion
migration in the soft HP lattice that adversely degrades photovol-
taic performance [29e31], can be advantageously exploited to
produce devices that emulate biological neurons and synapses.

This work provides an overview of HP materials, including
organic-inorganic hybrid and all-inorganic HPs for artificial syn-
apses used in both DNNs and SNNs. The paper is organized as fol-
lows: Section 2 briefly introduces the basic concepts of artificial
neuron-based information processing. Section 3 describes HP ma-
terials and their properties in the context of ANNs (including SNNs).
Section 4 discusses different HP-based NVM devices suitable for
ANNs. Section 5 presents adoption of these devices in artificial
neuron systems. Finally, Section 6 highlights issues and future
perspectives for HP-based synaptic devices.
2

2. Concepts of DNNs and SNNs

2.1. DNNs and their implementation with memristive synapses

2.1.1. DNN concepts
A simplified biological neuron is shown in Fig. 1(a), mainly

consisting of 1) dendrites, which couple to axon terminals of other
neurons via synapses for receiving signals, 2) soma, which in-
tegrates (sums up) all received signals and fire a spike (action po-
tential) when a threshold is surpassed, and 3) axon terminals that
transmit signals to other neurons. Correspondingly, a fundamental
neuron model is shown in Fig. 1(b), where the neuron acts as a
processing unit. The output signal xi from a pre-synaptic neuron is
coupled to this (post-)synaptic neuron via the synapse with a
coupling factor (or synaptic weight) wi. All these weighted inputs
wixi (i ¼ 1, 2, …) are then summed up in the post-synaptic neuron,
and then a non-linear transformation according to an activation
function, e.g., a sigmoidal function, is performed, which produces
the neuron's output signal.

A number of neurons are connected to each other, forming an
ANN. The connections are generally organized into layers, with
outputs of neurons in one layer providing inputs to neurons in the
next layer. ANNs consist of one input layer, one output layer and
one or more middle hidden layers. Those with two or more hidden
layers are known as DNNs. The fully connected network, i.e., each
neuron in one layer is connected to all neurons in the next layer, is
usually called as multilayer perceptrons (MLP), such as the one
shown in Fig. 1(c). Feed forward neural networks are fundamental,
but there are many other DNN structures such as the recurrent
neural network (RNN) that has loops and allows the output
computed at layer ‘i’ at time ‘t’ being fed back to an earlier layer at
time ‘tþ1’.

DNNs have proved to be very successful for tasks such as pattern
classification and speech recognition, via extensive supervised
training techniques, particularly the gradient descent algorithms
and the backpropagation rule. During training, the input signal
presented by each labelled sample from a training database prop-
agates in the forward direction from the input to the output layer,
passing through the multiplication by synaptic weights of each
layer and the summation at the input of each hidden/output
neuron. The output is compared with the target response of the
network, i.e., the label on the sample, to yield an error signal (i.e.,
loss). This error signal is then backpropagated to the input layer to
update all the synaptic weights. This process is repeated for a
certain number of cycles, called as epochs, for each sample in the
training database, so that all the synaptic weights are tuned to
achieve the “global”most accurate outputs for this specific training
database. After train and verification, a single pass of the forward
propagation will produce the output when inferring.

One of the important challenges of ANN applications is how to
train these neural networks effectively and quickly since it is a data-
intensive process. In fact, one of the reasons for the resurgent
popularity of ANNs is that they can be trained efficiently using
graphic processing units or more advanced tensor processing units.
It is important to remember that these processing units are still
based on von Neumann platforms, and the training and inferring of
DNNs are still inflicted with inherent inefficiencies.

To accelerate DNN computation and improve energy efficiency,
DNN chips are being developed with the brain-inspired in-memory
computing feature. Memory devices also enable the



Fig. 1. Schematics of (a) biological neurons, (b) a fundamental neuron model, (c) a 3-layer feedforward MLP, and (d) the crossbar structure for two adjacent neuron layers to
implement MVM.
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implementation of learning schemes by emulating the biological
synaptic plasticity. Both digital and analog memory devices are
being exploited [32,33]. Crossbar memory arrays with their
intrinsic matrix vector multiplication (MVM) function, have
emerged as a promising approach for in-memory computing [34].
This is because the computation intensive MVM is a basic operation
in all ANNs.
2.1.2. MVM operation and memristive synapses
In the forward propagation of an MLP, a neuron mi in a layer

generates a signal xi that is sent out to all neurons nj in the next
layer after beingmultiplied by the synaptic weightwji that connects
neuronmiwith neuron nj. The total signal yj received by neuron nj is
given by the accumulation of all weighted signals from neurons in
the previous layer, which thus reads yj ¼

P

i
wjixi, or in matrix-

vector format:

Y¼W,X

where Y is the vector of yj,W is the matrix ofwji, and X is the vector
of xi.

The crossbar architecture of a programmable resistance network
has its intrinsic MVM function based on two physical laws: Ohm's
law of iji ¼ gjivi and Kirchhoff's current law of ij ¼

P

i
iji, where gji is

the conductance. This architecture is illustrated in Fig. 1(d), where
two adjacent layers of neurons are connected by a resistance
network in a crossbar format, with the pre-synaptic layer of neu-
rons identified by the column number i and the post-synaptic layer
of neurons by the row number j. The synaptic weight wji is repre-
sented by the conductance gji of the programmable resistance that
connects column i to row j. Then the physical laws determine:

I¼G,V
3

Thus, the analog MVM is executed instantaneously in parallel.
After a nonlinear transformation according to an activation func-
tion by post-synaptic neuron layer, voltage signals, converted from
currents, will be delivered to the next neural layer.

It is obvious that in such a structure, the number of artificial
synapses (N x M) is much larger than the number of artificial
neurons (N þ M). The small number of neurons can be imple-
mented by specific artificial neuron devices, peripheral Si circuits,
or even software, while the synapse ideally should be implemented
by a simple conductance-tunable device for high integration den-
sity [35]. To meet accuracy, such a programmable conductance-
based synapse should have a wide dynamic range with quasi-
continuous or multilevel states (>~100) and linear tunability un-
der programming pulses [34], crucial for analog computation.

In this regard, some of the emerging non-Si NVMs could be
strong candidates for creating artificial synapses to conduct in-
memory computation. This is particularly true for RRAM that can
modulate its resistance in an analog way with multilevel operation
via the storage of several bits, as well as high scalability up to 10 nm
in size and the opportunity to achieve 3D integration.

2.2. SNNs and their implementation with memristive synapses

2.2.1. SNN concepts
In comparison to DNNs, SNN networks are more directly

inspired by the human brain. They promise to bridge the gap be-
tween ANNs and BNNs by exploiting biologically plausible neurons
that offer unsupervised learning, faster inference, lower energy
expenditure, and event-driven information processing capabilities.
While their effectiveness has been described theoretically and
proved in preliminary demonstrations, SNNs have not yet been
widely used in real life applications. Generally, platforms based on
the spiking neuron model is classified as neuromorphic archi-
tecturesdotherwise known as biologically inspired computing
architectures.



Fig. 2. (a) Schematic of chemical synaptic transmission. Arrival of an action potential causes selective endocytosis and exocytosis of Naþ, Kþ, and Ca2þ deciding the extent of
membrane polarization. Reproduced with permission [37]. Copyright 2018, Wiley-VCH. (b) Schematic of SNNs. (c) Ideal STDP learning rules. Reproduced with permission [39],
Copyright 2014, Springer Nature. (d) The scheme of voltage pulse overlapping at the device terminals for STDP demonstration.
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In BNNs, a synapse is the functional link transferring the
chemical signals between two consecutive neurons, as shown in
Fig. 2(a) [36,37]. Neurotransmitters released from the presynaptic
neurons react with receptors on the postsynaptic membrane to
change the membrane potential, resulting in an excitatory post-
synaptic potential or an inhibitory postsynaptic potential within a
fewmilliseconds timescale [38]. If the accumulated potential in the
post neuron is over a threshold, an action potential is fired and
transferred further to other neurons. Otherwise, the accumulated
potential will recede back to its resting value due to ionic leakage.
The rate of spike generation and the temporal pattern of the spike
train contain information of external stimuli and ongoing calcula-
tions. The sparsity of communication spikes results in high energy
efficiency of brain activities.

An SNN architecture, consisting of spiking neurons and weight-
adaptable synapses, captures the spiking feature of the BNN with
energy efficiency (Fig. 2(b)). The analog inputs are encoded into the
spike trains using rate, temporal, or population coding. In contrast
to BNNs that have both action potential dynamics and network
dynamics, highly simplified dynamics are adopted in SNNs. For
example, the original Hodgkin and Huxley model contains exten-
sive biological details and has high computational cost, so many
simplified neuronmodels are more commonly used, with the leaky
integrated-and-fire (LIF) neuron extremely popular because it
captures the intuitive properties of external input accumulating
charges across a leaky cell membrane with a clear threshold.
2.2.2. Unsupervised learning in SNNs
Neurons are linked through synapses, which can be excitatory or

inhibitory. The synaptic weight has the behavior of locally asso-
ciative synapse strengthening and weakening, implemented by
long-term potentiation (LTP) and depression (LTD). Spike timing,
firing rate, synaptic cooperativity, depolarization, and others, all
4

govern plasticity induction in BNNs, and the relative importance of
these factors varies across synapses and activity regimes [40]. Since
the associative synapse plasticity is considered as the basis of
learning and memory in BNNs, the corresponding bio-plausible
associative learning rules that cannot be replicated in DNNs, but
enabled by artificial spiking neurons, have been proposed for un-
supervised learning, including spike-timing-dependent plasticity
(STDP), spike-rate-dependent plasticity (SRDP), and others.

In the STDP-based Hebbian learning and its many variants, the
order and precise temporal interval between presynaptic and
postsynaptic spikes determine the sign and magnitude of LTP or
LTD. The temporally and spatially local synaptic weight change Dw
is correlated to the relative spiking times between the pre- and
post-synapses, Dt ¼ tpost � tpre (~ tens of ms), via Eq. (1):

Dw¼fAe
Dt=t; A>0 for Dt >0

Be�Dt=t; B<0 for Dt <0
(1)

This equation has an intuitive interpretation that if the pre- and
post-synaptic events have a causal relationship (Dt > 0), w is
strengthened; otherwise, it is weakened.

STDP can be found in various shapes and forms depending on
the stimulating spike or the type of synapse. As shown in Fig. 2(c),
the polarity of synaptic weight change can be determined by the
temporal order of the pre- and post-synaptic spikes. In other cases,
it is only determined by the relative timing of the pre- and post-
synaptic spikes, and this dependency results in symmetric Heb-
bian or symmetric anti-Hebbian learning rule [39,41]. Besides the
temporally and spatially local weight change, it deserves to be
emphasized that STDP also has important temporally accumulated
network-level effects, which has not been well exploited.

In contrast to spike timing in STDP, in SRDP-based learning, it is
the rate of spikes emitted by externally stimulated neurons that
determines the synapse potentiation or depression, with high



K. Beom, Z. Fan, D. Li et al. Materials Today Physics 24 (2022) 100667
frequency stimulation leading to synaptic potentiation and vice
versa [42]. Intensive efforts have been made for hardware imple-
mentation of brain inspired SNNs based on STDP and SRDP [43,44].

Synaptic weights can also be changed in other processes. Syn-
aptic plasticity is classified as short-term potentiation/depression
(STP/STD), with synaptic weights temporarily changed for milli-
seconds to a few minutes, or LTP/LTD that can be maintained much
longer. Paired-pulse facilitation/depression (PPF/PPD) is a common
synaptic function in STP, for which, consecutive pre-synaptic spikes
can either increase or decrease the concentration of calcium ions in
the pre-synaptic neuron, causing amplified or attenuated change in
post-synaptic potential. LTP is induced by repeated and/or strong
pre-synaptic spikes. STP/STD can be transformed to LTP/LTD by
controlling the rate and/or intensity of the spikes generated from
the pre-synaptic neurons [16].

2.2.3. STDP implementation with memristive synapses
The earliest STDP demonstration at the memrisitive level was

performed based on a scheme of voltage pulse overlap at the device
terminals, with the pre-spike voltage minus the post-spike voltage
as the voltage on the synaptic device [45]. As shown in Fig. 2(d), the
spike consists of a series of single pulses in consecutive timeslots,
starting with a negative pulse which is followed by positive pulses
with decreasing amplitude. The pulse amplitudes are limited to a
value so that no single pulse can affect the device resistance. Only
when there is an overlap between the pre-spike and the post-spike
pulses a programming pulse can be generated for which the
amplitude is large enough to modulate the resistance. Thus, the
first negative pulse acts as an enable function to determine which
positive pulse could contribute to the programming pulse. For
smaller |Dt|, the negative pulse overlaps a positive pulse with larger
amplitude (the red or blue one in the figure), leading to a larger
conductance change. If Dt is positive, the conductance increases,
while for a negative Dt, it decreases. This scheme implements the
asymmetric Hebbian learning rule. However, using a single RRAM
device as the spike synapse suffers from issues such as current
control requirement, sneak paths in a crossbar array, and a high-
power consumption.

A hybrid CMOS/memristive STDP synapse using the 1T1R
structure can solve these problems [46]. The scheme also uses the
voltage pulse overlap to implement potentiation/depression at
positive/negative Dt between the pre- and post-spikes. The ach-
ieved STDP characteristics, due to the RRAM device operation in the
binary mode, displays a square profile, in contrast to the expo-
nentially decaying behavior exhibited by biological synapses. Even
so, such one-transistor-one-resistor (1T1R) synapses have been
incorporated in many SNNs for neuromorphic tasks such as unsu-
pervised learning of spatiotemporal auditory/visual patterns and
associative memory.

The pulse overlap scheme suffers from the high-power con-
sumption caused by the extended pulse duration that must be long
enough to allow the conductance change occurring. A long pulse
duration also slows the processing frequency, leading to low
throughput in large SNN systems. Therefore, other memristive
concepts that allow bio-realistic synaptic plasticity using non-
overlap schemes are attracting increased interest. One example is
to leverage the resistive switching in second order memristors that
have short-term memory effects in the time evolution of second-
order variables, which could be the internal temperature, atomic
metal bridge, or others [47]. By sequential application of two spikes
with a certain Dt, the short-term memory effect will result in STDP
behavior. Another attractive design is the one-selector-one-resistor
(1S1R) structure, in which a volatile resistive switching device (or
diffusive memristors) as the selective device is in series with a
RRAM that serves as the resistor [48].
5

Interestingly, these devices used in the non-overlap scheme for
STDP implementation, with their short memory function, are also
capable of capturing SRDP potentiation and depression function
depending on the spiking rate of the applied pre- and post-spikes.
Their applications in neuromorphic systems have also been inves-
tigated in simulation and hardware demonstration.

This short summary suggests that memory elements with pro-
grammable conductance, such as memristors and memory tran-
sistors, have great potential in the implementation of both DNNs
and SNNs, providing a wide portfolio of functionalities, such as
non-volatile weight storage, in-memory computing and parallel
computing via MVM, online weight adaptation in response to
external stimuli, high integration density and scalability, and en-
ergy efficiency [16].

In the following sections, we will review halide perovskites-
based memristive devices and their applications in neuromorphic
computation. But before that, the relevant material properties that
could be exploited for synaptic device designs are highlighted.

3. Relevant halide perovskite properties

3.1. Crystal structure, composition, and tunable bandgap

HPs have an ABX3 perovskite structure consisting of monovalent
A-site cations (such as organic MAþ¼(CH3NH3)þ and
FAþ¼(CH(NH2)2þ and inorganic Csþ), divalent B-site metal cations
(Pb2þ, Sn2þ, Cu2þ) and X-site halide anions (Cl�, Br�, I�). As shown
in Fig. 3(a), the corner-sharing [BX6]4� octahedra are arranged in a
cubic form, with monovalent A-site cations occupying the cuboc-
tahedral cavities in the B-X sublattice [49]. Here, the A-site cation
must be small enough to fit within space of the octahedral to
maintain the structure integrity. Tolerance factor empirically is
determined by the Goldschmidt rule, which limits the radius of the
A cation in the range of 0.8e1.2 for most 3-D perovskites [50,51]. A
few organic molecular ions such as MAþ and FAþ, as well as inor-
ganic Csþ are suitable for the steable 3-D metal-halide perovskite
lattice.

In addition to the 3D perovskite lattice, lower-dimensional HPs,
from 0-D BX6 to 2-D perovskite, also exist. 2-D perovskites consist
of single (or multiple) inorganic sheets sandwiched between
organic layers held together by Coulombic forces [55,56]. As shown
in Fig. 3(b), the pure 2-D perovskite (n ¼ 1) typically has a R2BX4
formula where R is a bulky organic cation that acts as a spacer
between the inorganic sheets [52]. For n > 1, quasi-2D perovskite
can be obtained when a small organic cation(A) such as MAþ

combines with organic cation, resulting in the formation of multi-
layered R2An-1BnX3nþ1 which converges into the bulk 3-D struc-
ture at n ¼ ∞. This structure can extend the limit on the cation
dimension determined by the Goldschmidt tolerance factor,
providing structural flexibility for several organic cations.

The flexible dimensionality of HPs can be utilized to tune their
bandgap through a quantum confinement effect at reduced
dimensionality. As an example, the (BA)2 (MA)n-1PbI3nþ1 structure
was synthesized with n¼ 1, 2, 3, 4 and∞, which exhibits decreased
bandgap from 2.24 eV (n ¼ 1) to 1.52 eV (n ¼ ∞) [55]. In this
structure, the small MAþ cation is replaced by amuch larger organic
BAþ cation, resulting in the 2-D perovskite via steric effects and
forming multiple-quantum well structures in which inorganic Pb
layers act as “wells” and organic layers act as “barriers”. The nar-
rower the width of the inorganic layers, the smaller the dispersion
of the bands, resulting in wider bandgap. Bandgap tuning by
adjusting the ratio of methylammonium (MA) in
(C6H13NH3)2(CH3NH3)m-1PbmI3mþ1 was also demonstrated with the
bandgap changed from 1.7eV (n ¼ ∞) to 2.7eV (n ¼ 1, monolayer)
[57].



Fig. 3. (a) Illustration of the 3D ABX3 perovskite structure, showing the corner-sharing [BX6]4� octahedra where A is an organic or inorganic cation, B is a metal cation, and X is a
halide anion. (b) Illustration of the structures of low-dimensional perovskites with different numbers of [BX6]4� layers (n). Reproduced with Permission [52]. Copyright 2019, Nature
Publishing Group. (c) Schematic of energy levels in ABX3 HPs with variation of halide anions and metal cations. (d) Schematic energy band diagram of the typical 18 metal halide
perovskites. Reproduced with Permission [53]. Copyright 2019, Springer Nature. (e) PL spectra and corresponding images of composition tuned A (Pb)X3 nanoparticles. Reproduced
with Permission [54]. Copyright 2017, AAAS.
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HP based synaptic devices with dimensionality dependent
properties was studied [58]. Kim et al. demonstrated memristive
artificial synapses based on (PEA)2MAn-1PbnBr3nþ1 with the MA ion
replaced by a bulky PEA ion. As n increased, photoluminescence
(PL) became yellowish, suggesting a shift toward larger bandgap
[55,58]. Furthermore, in the quasi-2D perovskites, the larger insu-
lating PEA cations hinder charge transport and result in a decrease
of conductivity as n decreases. This effect causes the variation
observed in their paired-pulse facilitation (PPF), energy consump-
tion, and memory retention.

In additional to relying on the structural dimensionality, the
bandgap of HPs can also be tuned by substituting cations and ha-
lides with different ones or changing the cation ratio if mixed
cations are used. In general, the valence band maximum (VBM) of
HPs is composed of the hybridization of the metal cation s orbital
bonding state and the halide p orbital anti-bonding state, whereas
their conduction band minimum (CBM) is determined mostly by
the metal cation p bonding state and the halide s anti-bonding
state. A-site cation does not participate in covalent bonding, but
only influence the electronic structure indirectly through the lattice
space variation [53].

Fig. 3(c) shows the effect of varying A, B or X ions on their CBM
and VBM. For instance, the CBM in the CsPbX3 structure is mainly
determined by the position of the Pb p orbital level, but it increases
as the larger I substituted by the smaller Br and Cl atoms. Density-
functional-theory (DFT) determined energy band diagrams of
various HPs are shown in Fig. 3(d). The tunability of their optical
bandgap, by exchanging or mixing different A, B, and/or X ions, was
demonstrated in Fig. 3(e). These changes are well characterized for
many primary ABX3 structure as well as well as more complex
perovskite structures in experimental [59e61] and computational
studies [62,63]. The optical bandgap changes with the cation ratio
[64] and the halide ratio [54,65e67] are well documented.

Various crystal structures, composition and tunable bandgaps of
this HP material system offer many options and possibilities for
6

synaptic device design tailored for particular applications in DNNs,
SNNs, and sensory.
3.2. Dense vacancies and their doping effect

HPs have higher defect tolerance [53,68e70] and lower point
defect formation energies [71] compared to strongly bonded
semiconductors. They can maintain their crystal structures even
with a high density of point defects. Although vacancies generally
should be avoided for device stability, dense vacancy generation in
HPs could be exploited for better use in neuromorphic devices.

Fig. 4(a) shows the energy levels of various neutral and charged
vacancies (VPb, VMA, VI), interstitials (Pbi, MAi, Ii) and antisites (PbI,
IPb) in MAPbI3. Although the reported formation energies from
different authors show qualitative differences [70e73], vacancies
have energy levels lying near or within the CB or VB and they have
low formation energies. In contrast, energy levels of most inter-
stitial and anti-site defects such as IPb, IMA, Pbi, and PbI are located
within the gap, and most form deep traps with formation energy
higher than those of vacancies [72].

Due to their small formation energy, elemental defects such as
VPb, VI, VMA are common in HPs, and they act as unintentional
dopants [74e77]. A significant amount of self-dopants were
discovered in MAPbI3 that produced either n- or p-type conduc-
tivity, depending on the ratio of MAI and PbI2 precursors as well as
post-growth annealing control [74]. When the PbI2/MAI precursor
ratio is varied from 0.3 to 1.7, the conductivity of the synthesized
MAPbI3 film converts from p-type (0.3) to n-type (0.65e1.7), as
shown in Fig. 4(b). Furthermore, the p-type film, synthesized with
the 0.3 ratio, can be converted to n-type material by reducing the
MAI content in the film using thermal annealing. This is possible
becauseMAPbI3 is thermally unstable at temperatures above 150 �C
[78,79]. A tunable carrier concentration and conductivity type
occur due to the formed native defects that depend almost entirely
on the HPs' composition. The 0.3 Pb:I ratio generates dense Pb



Fig. 4. (a) Energy levels related with the point defects corresponding vacancies (VPb, VI, VMA), interstitials (Pbi, Ii, MAi), and anti-sites (PbI, IPb). Reproduced with Permission [70].
Copyright 2014, American Chemical Society. (b) Facile tunable majority carrier in MAPbI3 confirmed by ultraviolet photoelectron spectroscopy (UPS) for HP thin films with different
precursor ratios of 0.3, 0.65, 1.0, and 1,7. Reproduced with Permission [74]. Copyright 2014, AIP Publishing.
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vacancies, leading to p-type material. For a ratio of 0.65 and above,
it is VPb that contribute to the n-type conductivity. In contrast,
MAPbBr3 shows unipolar self-doping phenomenon [75]. This ma-
terial exhibits only p-type conductivity as a result of the MAi do-
nor's larger formation energy than the acceptor VPb.

The device engineer can choose materials with the desired
conductivity, the type of carrier, and the size of the bandgap. This
allows for the design of devices with controllable synaptic func-
tions through stimulus tuned resistance changes, which are
kinetically stable with a memory effect [80].
3.3. Ion migration

Ion migration phenomenon in oxides and other perovskites is
well known [81e85]. With the increased interest in HP photovol-
taics, the performance degradation from ion migration in HP solar
cells has attracted great attention [86]. Ion migration has been
linked to such effects as the anomalous photocurrent hysteresis
phenomenon [87,88], giant capacitance [89,90], and self-doping
[74,91]. A significant amount of research has focused on devel-
oping methods to suppress the ion migrations and its adverse ef-
fects. On the other hand, this same ion migration phenomenon
could also be exploited for designing better ionic neuromorphic
devices since the rate of ion and charged-defect migration can be
controlled by external stimuli such as electrical fields and optical
illuminations. To this end, it is necessary to understand the ion
migration mechanism in HPs [92].

Given the small point defect formation energy in HPs, charged
defects and ions such as MAþ, FAþ, Br�, I� may have low barriers to
migrate in the lattice. Other mobile defects such as Hþ, which can
be introduced by material decomposition or contamination, could
also contribute to ion migration [93]. The activation energy (EA) for
a point defect to migrate in a lattice is influenced by various factors
including lattice structure, ionic radius, ion-jumping distance, and
the ion charge, etc. [31,94e97]. Eames et al. calculated the ion
activation energies in cubic MAPbI3 and proposed three different
types of vacancy hopping mechanisms occurring between neigh-
boring atoms (Fig. 5(a)): (1) I� migration along an octahedron edge
(path A), (2) Pb2þ migration along the cubic <110> diagonal di-
rection (path B), and (3) MAþ migration into neighboring vacant A-
site position (path C) [94]. Their results indicate that the I� ion has
the lowest activation energy (0.58 eV), followed by MAþ ion
(0.84 eV) and Pb2þ ion (2.31 eV). Experimentally, an EA of
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0.6e0.68 eV was inferred from photocurrent relaxation results,
which falls very close to the above predictions. It is reasonable to
speculate that I� ion is the most likely mobile ion in cubic MAPbI3.
Others also reported that I� ions have an EA of 0.08 eV and are the
most mobile ion [95].

Activation energies for FAþ, MAþ, and I� in the tetragonal
MAPbI3 and trigonal FAPbI3 cells along different migration paths
were calculated [96]. The results clearly show that I� anions in both
MAPbI3 and FAPbI3 can easily diffuse with low barriers of ca.
0.45 eV. MA þ cations and larger FA þ cations both have rather low
barriers as well, indicating that they canmigrate in HPs when a bias
voltage is applied. High-charged ion, Pb2þ, is believed to have high
activation energy and can be excluded from ion migration.

Substitutional defect migration always involves vacancy-related
processes. Fig. 6 illustrates possible defects-mediated ionmigration
pathways [92]. Among them, Schottky and Frenkel defects are most
often the dominant migrating species, which are readily created in
HPs, particularly if synthesized in a conventional solution process.
Their typical density falls in the range of 10 15 to 1018 cm�3

[98e101]. The formation energy of MAPbI3 from MAI and PbI2 is
0.11e0.14 eV, suggesting their soft matter nature [101]. This energy
is close to the average thermal energy of 0.093 eV estimated for
85 �C (assuming six degrees of freedom). Since MAPbI3 synthesis
involves an annealing step at this or even higher temperature,
instability of individual unit cells at such a temperature will result
in their decomposition with time. It is their rather low formation
energy that causes the mechanical softness and significant
dynamical and static structural disorder in MAPbI3-represented
halide perovskites.

With their typical sub-micron scale crystalline size, poly-
crystalline HP films contain a dense network of GBs (Fig. 6(c)).
Because of the structural disorder and significant strain fields near
them, GBs affect ionic migration in HPs, although whether they
facilitate or hinder the migration of specific ionic species has not
been established yet [102e107]. In general, the activation energy
for ion migration is typically much smaller along these extended
defects [106]. The structural disorder and strain fields often attract
a significant concentration of native and impurity defects, resulting
in defect gettering and segregation [103,105,108]. Their presence is
often referred to as Cottrell clouds.

It is difficult to pin down which channel is the dominant
pathway for ion migration in polycrystalline films, due to a huge
Schottky defect density in the grain and a larger cross-section area



Fig. 5. Schematic illustration of ion migration pathways for (a) I� anion and (b) Pb2þ cation in the PbeI plane, and (c) MAþ cation in the MA-I plane. (d) Migration path of I- ions
along the Ie I� edge of PbI64� octahedron in the MAPbI3 structure calculated from density functional theory (DFT). Reproduced with Permission [94]. Copyright 2015, Nature
Publishing Group.

Fig. 6. Illustration of the ion migration pathways enabled by (a) Schottky defects, (b) Frenkel defects, (c) open space and wrong bonds at grain boundaries, (d)e(f) lattice distortions
due to accumulated charges (d), dissolved impurities (e), and nonuniform strain caused by piezoelectric effect (f), and (g) soften lattice caused by the light illumination induced
bond weakening. Reproduced with Permission [92]. Copyright 2016, American Chemical Society.
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for bulk ion migration. In addition to Schottky and Frenkel defects
and GBs, soften lattice (Fig. 6(f)) [109] and lattice distortion
(Fig. 6(d) and (e)) [110] provide other possible pathways for ion
migration.

Considering the crucial roles played by ion transportation in
biological neurons, the ionic migration property in HPs significantly
enhances the weight of this material system as a candidate, which
deserves to be well exploited for designing better neuromorphic
devices.
3.4. Modulating the interface charge density via ion migration with
applied electric field

The charge carrier density in HPs can be tuned by controllably
adjusting the alloy composition during material synthesis, as
described earlier. However, a potentially more effective method is
8

to modulate the carrier density in-situ using external stimuli to
induce ionmigration. With the density of mobile ions modulated at
the interface between the perovskite and its electrode, electron
concentration will also correspondingly be changed [111e114].

For the switchable photovoltaic effect observed in an Au/
MAPbI3/PEDOT:PSS structure, an applied electric field induces the
drift of charged VI, VPb and/or VMA at the two electrode/perovskite
interfaces, where negatively charged VI acts as a donor while
positively charged VPb and VMA act as acceptors [113]. Ion aggre-
gation results in the formation of an p-i-n structure during the
positive pooling process, which can be transformed to an n-i-p
structure by ions drift when applying the opposite voltage polarity
(Fig. 7 (a) and (b)). The change in structure was verified by moni-
toring the large shift in the work-function using Kelvin probe force
microscopy. The redistribution of MA þ ions was also observed in
the MAPbI3-based lateral structure and two types of ions



Fig. 7. KPFM potential images and energy diagram of MAPbI3 thin film between the two Au electrode before (a) and after (b) fields applied. Reproduced with Permission [113].
Copyright 2015, Wiley-VCH. (c) The (200) XRD peak of MAPb(BrxI1ex)3 film with x ¼ 0.6 before (black) and after (red) white-light soaking. XRD patterns of an x ¼ 0.2 film (dashed
green) and an x ¼ 0.7 film (dashed blue) are included for comparison. Reproduced from Ref. [115] with permission from The Royal Society of Chemistry. (d) Schematic Helmholtz
free-energy curves of MAPb(BrxI1ex)3 mixed-halide in the light and in the dark. Reproduced with Permission [116]. Copyright © 2016 American Chemical Society. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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contributing the ionic conductivity were identified: “fast-ions” that
dominate the migration at a smaller electric field (0.3 V/mm) and
“slow-ions” that require a higher electric field (3 V/mm) [113]. This
field-dependent ion drift mechanism can be used to controllably
adjust the synaptic weight for spike-timing-dependent plasticity
(STDP) or spike-rate-dependent plasticity (SRDP).

The ability to adjust both the bandgap and the doping levels by
controlling the local composition may prove to be particularly
useful in the production of memristor circuits. That technology
depends on the ability to have controlled resistance changes. Un-
derstanding the fundamental mechanisms governing ionmigration
in HPs and the development of methods that can synthesize and
modify the materials and structures are critical areas of research
that may enable the realization of practical perovskite based syn-
aptic devices.
3.5. Photoinduced halide-ion segregation in mixed-halide
perovskites

With their soft lattice and high ionic diffusivity, light illumina-
tion on mixed-halide perovskites can induce halide-ion segrega-
tion. This can result in domain formation, alongwith corresponding
changes to the material's optical and electrical response. Further-
more, this phenomenon, depending on various condition on HPs
such as grain size and halide composition, can be controlled by
annealing process [117]. Studies by the X-ray diffraction (Fig. 7(c))
[115], as well photoluminescence, cathodoluminescence, transient
differential absorption, and elemental analysis have reported
analogous results. Due to the small activation energies for migra-
tion in these halide ion materials, such light-induced segregation
occurs quickly, typically within seconds. Fig. 7(d) shows the sche-
matic Helmholtz free-energy curves of MAPb(BrxI1ex)3 mixed-
halide in the light and in the dark predicting phase segregation
and energy diagram sketches of the relative band gaps of each
phase [116]. The red dashed lines show that the lowest attainable
free energy in the light occurs when the material segregates into I-
rich and Br-rich phases, while the blue dashed line shows that the
lowest energy is attained when the material remains in a single
phase in the dark.
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The salient features of phase segregation in MAPb(BrxI1ex)3
mixed-halide include: 1) the rate of phase segregation increases
with increasing excitation light intensity and saturates at a critical
light intensity, and 2) there exists an excitation intensity threshold
below which no phase separation occurs [118]. The authors pro-
posed a model suggesting that the driving force behind phase
separation is the bandgap reduction of iodide-rich phases. The
model also explains observed nonlinear intensity dependencies of
phase segregation, as well as self-limited growth of iodide-rich
domains. Engineering carrier diffusion lengths and injected car-
rier densities are suggested to stabilize against phase separation.

Because bandgaps and conductivities vary with HP composi-
tions, this photoinduced phase segregation might be used to
change synaptic weight. Another more interesting aspect is that the
halide-ion segregation is reversible, and the original state can be
slowly restored after removing the stimulation. Hence, combining
the photoinduced halide-ion segregation of mixed-halide perov-
skites with light-stimulated synapses may open opportunities for
the implementation of bionic sensory adaptation, useful in
machine-human interface and robotics applications.
4. HP-based synaptic devices

4.1. Memristors

Memristors [119,120], or resistive memory, with their simple
two-terminal structure, highly dense integrability, and fast
switching speed, have attracted much attention as artificial syn-
aptic devices. This is particularly true for RRAM devices.

Depending on the choice of the perovskite material and the
electrode, the resistive switching (RS) characteristics in HP mem-
ristors can be classified as filamentary and interface types, as in
other memristors. Filament-type resistive switching is caused by
formation of conductive filaments through redox reaction or ionic
migration. The filament is formed in the electroforming SET process
that changes the medium from a high resistance state (HRS) to a
low resistance state (LRS). It is dissolved when the medium goes
back from LRS to HRS in the RESET process. Two mechanisms
govern the filament formation: electrochemical metallization
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(ECM) [121,122] and valence state change mechanism (VCM)
[123,124]. ECM based memristors, so called conductive bridging
RAM (CBRAM), rely on electrochemically active metal (Ag, Cu, Ti,
Ni) as one electrode and an inert counter electrode. The migration
of these active metal ions results in formation or rupture of the
conductive filaments. In contrast, VCM is generally an area-
dependent phenomenon and the valence state of the active mate-
rial close to the electrode can be changed by anion migration and
redistribution, and the resulted Schottky barrier change leads to
current flow on or off.

HP-based filament-type memristor devices have been widely
investigated for artificial synapse applications [43,44,125e127].
Zeng et al. reported the filament-type resistive switching in an all-
inorganic Cs3Cu2I5 perovskite thin film fabricated by a solution-
based method [125]. The memristor has a structure of Ag/
Cs3Cu2I5/ITO in which PMMA act as an isolating layer to separate
the Ag electrode from the Cs3Cu2I5 thin film (Fig. 8(a)). The device
exhibits a bipolar resistive switching behavior with low SET/RESET
voltages (Fig. 8(b)). An electroforming step is needed to activate the
device. The conduction mechanism is revealed in Fig. 8(c) and (d).
The LRS state follows the Ohmic law as a result of the formation of
Ag conductive filament whereas the HRS state follows the Child law
and trap-free space charge limited conduction, depending on the
voltage. Fig. 8(e) illustrates the resistive switching mechanism.
With a positive bias, Ag atoms are oxidized (Ag /Agþ þ e�) and
these Agþ cations move toward the ITO electrode. Simultaneously
electrons from the Ag electrode move toward the ITO electrode in
the external circuit to reduce Agþ and form the Ag filament be-
tween the two electrodes. The filament is dissolved in a reverse
process under negative bias during the RESET process. Synaptic
behaviors, including LTP/LTD, have been investigated and surpris-
ingly, these filament-type memristor devices show reasonable
linearity when driven in the pulse mode. However, their endurance
is quite low.

Ku et al. demonstrated multi-level analog resistive switching
with a hybrid perovskite MAPbX3 memristor [44]. A multi-level
analog SET/RESET process and a digital SET/analog RESET process
Fig. 8. (a) Schematic of the Ag/PMMA/C3Cu2I5/ITO memristor vertical stack structure. (b) Bip
LRS, (d) HRS. (e) Schematic illustration of the formation/rupture of the Ag filament under the
Society.
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from this work are depicted in Fig. 9(a) and (b). In that study, the Ag
cations naturally form the b-AgI phase and act as an Ag cation
reservoir at the interface between the Ag electrode and MAPbI3
[44,125]. The Ag atoms can easily move into MAPbI3 via the b-AgI
interlayer under the positive bias voltage, causing the formation of
Ag conducting filaments (CFs). When an appropriate voltage is
applied, the migration of Ag atoms toward the opposite electrode is
favorable for the multilevel analog switching states. A gradual in-
crease and decrease in the conductance states under consecutive
positive and negative pulses are observed, corresponding to the
potentiation/depression synaptic behaviors, which result from the
formation of multiple Ag CFs during the electroforming step. Their
devices also successfully emulate the fundamental synaptic char-
acteristics of biological systems, such as spike-rate-dependent
plasticity, paired-pulse facilitation, post-tetanic potentiation, tran-
sition from short-term memory to long-term memory, and spike-
timing dependent plasticity.

In addition to cation-based filamentary switching, the filaments
in HPs can be formed by anion species or point defects migration
[43,128e130], similar to oxygen ions in metal oxides [131,132]. The
formation of vacancy-based CF is dependent on its migration en-
ergy. I� ions migrate with a small activation energy. This results in
the generation of a large concentration of VI in MAPbI3, as
mentioned earlier, which can form vacancy-based CF. If an elec-
trochemically active electrode is used, such as Ag or Cu, the cor-
responding cations Agþ and Cu2þ would be possible to migrate
through the medium layer to form metallic CFs. However, this may
depend on the thickness of the HP layer. For the same Ag/MAPbI3/
FTO structure [44], the memristor devices are found to exhibit
different type of CFs, depending on the MAPbI3 thickness [128].
Fig. 9(c) shows typical IeV characteristics of this structure with
MAPbI3 thicknesses in a range from 90 to 300 nm. The SET voltage
is reduced with decreasing MAPbI3 thickness. For the 90 nm-thick
device, its LRS resistance is an order of magnitude lower than that
of 150, 240, and 300 nm-thick device. When the MAPbI3 layer
thickness is hundreds of nanometers, the diffusion and formation
processes of VI CFs dominates the resistive switching behaviors.
olar-RS IeV characteristic. Conduction mechanism of the C3Cu2I5 based memristor: (c)
electrical field. Reproduced with Permission [125]. Copyright 2020, American Chemical



Fig. 9. RS IeV characteristics of Ag/MAPbI3/FTO memristor: (a) analog SET/RESET process under low voltage sweeps, (b) digital SET and multilevel RESET process under high voltage
sweeps. Reproduced with Permission [44]. Copyright 2020, Elsevier. (c) Typical IeV characteristics of the Ag/MAPbI3/FTO memristors of different thicknesses (90, 150, 240, and
300 nm). Reproduced with Permission [128]. Copyright 2018, American Chemical Society.
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The Ag CFs emerge and coexist with VI ones as the HP layer
thickness is reduced to ~90 nm. The resistance-temperature char-
acteristic of the 90 nm-thick device reveals its metallic conductivity
[133,134], in contrast to 300 nm-thick cells that are dominated by
vacancy conductivity [135,136]. Auger electron spectroscopy (AES)
depth profiles of Ag and I atomic concentrations also confirm this
conclusion.

Anothermechanism for the RS in HPmemristor is interface-type
RS. This mechanism is based on the homogenous modulation of the
Schottky barrier at the electrode/HP interface through formation
and subsequent accumulation of ions [137e139]. In their work
using the Au/MAPbBr3/ITO structure [137], Guan. et al. reported
that MA vacancy ions (VMA

� ) are the most likely cause of the
modulated Schottky barrier under an electric field. When there is
no external bias, more vacancies in the as-prepared HP layer are
located near the perovskite/ITO interface, as revealed by EELS
measurements, and the Schottky barrier height (SBH) limits the
junction current (Fig. 10(a)). With increasing negative bias on the
Au electrode, the junction current initially increases quickly
because the junction is in the forward bias condition (Fig. 10(b)).
However, under the forward bias, the diffusible negative ions (VMA

� )
drift towards the ITO electrode and accumulate near the perovskite/
ITO interface. This enhances the SBH and then reduces the current.
On the other hand, with a positive bias on the Au electrode, the
Fig. 10. Interface-type RS mechanism in HPs. Schematic illustrations of ion migration at t
specific points in the IeV characteristics, which is related to ion redistribution and the modi
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junction is in the reverse biased condition and the current de-
creases (Fig. 10 (d) and (e)).

The Schottky barrier can also be modulated by charge trapping
and de-trapping into interface trap centers [139e141]. Zhou et al.
investigated a trap-mediated switching behavior in an Au/MAPbI3-
xClx/FTO memristor. For this device, the Schottky contact at the HP/
Au interface is formed due to their work function differences and
surface states [139]. When a positive bias is applied to the Au
electrode, the Schottky barrier is lowered as a result of the injected
holes from the Au electrode being captured by trapping centers.
This caused a quasi-ohmic state and changes the resistance to an
LRS. With a negative bias, holes are ejected from the trap states to
the Au electrode, and the resistance is switched back to the HRS.

The representative HP-based memristors for artificial synapses
and their basic performance are summarized in Table 1.
4.2. Memcapacitors

Memcapacitors exhibit switchable capacitance [142]. They are
emerging as an attractive candidate for high-density information
storage due to their multilevel, changeable capacitances and long-
term retention. Similarly, they are also an attractive candidate for
artificial synapses. Studies have reported that the memcapacitive
behavior in a material system is concurrent with their memristive
he MAPbBr3/ITO interface during RS switching process. (a)e(e) are the conditions at
fied Schottky junction. Reproduced with Permission [137]. Copyright 2017, Wiley-VCH.



Table 1
Memoristive perfermances and switching mechanisms of various HP-based memristors.

Device Structure Switching mechanism VSET/VRESET (V) On/Off ratio Endurance (cycles) Memory retention(s) Ref.

Ag/CsSnI3/Pt Ag filamentary 0.13/�0.08 7 � 103 600 7 � 103 [138]
Ag/PMMA/Cs3CuI5/ITO Ag filamentary 0.6/�0.44 102 100 >104 [125]
Ag/MAPbI3/FTO Ag filamentary 0.9/- 104 >103 4 � 104 [44]
Ag/MAPbI3/FTO Ag/VI filamentary 0.8/�0.3 106 103 105 [128]
Au/MAPbI3/ITO VI filamentary 0.7/�0.7 ~10 400 104 [130]
Ag/MAPbI3/Pt VI filamentary 0.13/�0.13 >106 360 104 [127]
Ag/MAPbI3-xClx/FTO Ag filamentary 2/�2 30 3 � 104 >4 � 104 [126]
Ag/PMMA/MA3Sb2Br9/ITO Sn/VBr filamentary �0.5/1.2 102 300 >104 [43]
Au/PMMA/CsSnI3/Pt VSn Interface-type 0.45/�0.6 5 � 102 <120 e [138]
Au/MAPbI3-xClx/ITO Interface-type 1.47/-1.41 104 50 4.32 � 104 [139]
Au/MAPbBr3/ITO Interface-type �/� 103 103 104 [137]
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switching [143,144]. Thus HPs, with their obvious memristive be-
haviors, might also be candidates for memcapacitors.

One unique feature of HPs for capacitive devices is their giant
dielectric constant [90,145e149]. In a study of the dielectric con-
stant in MAPbI3-xClx under various operating conditions including
bias voltage, illumination, and temperature, an extremely large
static dielectric constant (ε0 > 1000) was measured, even in the
dark [90]. Under light illumination, the dielectric constant can in-
crease to 106 as a result of a material structural fluctuation caused
by rotation of the polar MA cation or ionic off-centering. By eval-
uating the capacitance response of MAPbI3 as a function of fre-
quency and temperature [146], twomain polarization processes are
identified: (1) dielectric changes in the microscopic dipolar units in
the measured intermediate frequency range from the
orthorhombic-to-tetragonal phase transition (this accounts for
capacitance) and (2) electrode polarization at small frequencies
from interfacial effects, presumably related to kinetically slow ions
piled up in the vicinity of the outer interfaces.

Qian et al. demonstrated the memcapactive characteristic in Au/
MASnBr3/ITO structure that resulted from Br ion migration [150].
As shown in Fig. 11(a), their memcapacitors can be modulated be-
tween four stable capacitive states, ON1 (60 pF), ON2 (95 pF), ON3
(140 pF) and OFF, by increasing sweep voltages from up to 5 V.
These states can be retained well above the 104 s range at a bias of
0 V and 1 MHz frequency (Fig. 11(b)). Fig. 11(c) shows a step-like
capacitance change with frequency and temperature caused by
different dielectric relaxation processes [145e148,151,152]. The
memcapacitive switching stems from the modulated peien junc-
tion capacitance triggered by Br�migration, as demonstrated by in-
situ element mapping, X-ray photoelectron spectra, and frequency-
dependent capacitance measurements.

Studies on HP-based memcapacitors are still considerably rare
[153,154]. However, the unique combination of both a large
Fig. 11. (a) Quaternary CeV characteristics of a memcapacitor with ITO/MASnBr3/Au structu
1.1, 1.7e5 V. (b) Retention characteristics of four capacitive states read at 0 V and 1 MH
Permission [150]. Copyright 2019, Wiley-VCH.
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dielectric constant and its tunability by external stimuli in HPs
could render this material system an excellent candidate for
memcapacitors, suitable for synaptic applications.
4.3. Synaptic phototransistors

In addition to two-terminal memristor andmemcapacitor based
synaptic devices, three-terminal synaptic transistors [18,155e157]
have been actively investigated, largely because of their very small
power consumption [158,159] and simultaneous information pro-
cessing and learning capability. Such devices have advantages over
two-terminal devices in which the same terminal is used for
reading and writing and thus cannot simultaneously carry out
processing and learning steps together.

Synaptic phototransistors, by introducing photo control, further
expand the functions of synaptic transistors. In such optoelectronic
synapses, the ability to modulate synaptic plasticity is more sig-
nificant for the “optical” programming scheme when compared to
its “electrical” counterpart. More interestingly, they offer the pos-
sibility for mimicking human visual memory. Most implements
adopt a photogate configuration, in which the photosensitive gate
is coupled to the channel through an insulator or a type-II heter-
ojunction. Photogenerated electrons or holes are injected into the
channel to program its conductivity, which acts as the synaptic
weight, while the opposite carriers are accumulated in the floating
gate to change the transistor threshold voltage (photogating effect).
HPs have superior optoelectronic properties, including a small
exciton binding energy, strong absorption coefficient, high charge
carrier mobility, and long charge carrier lifetime, and therefore, are
particularly suitable as the photosensitive gate [36,160e165]. In
addition, synapses with a photosensitive HP channel configuration
are also reported.

Wang et al. demonstrated various synaptic behaviors with a Si/
re under the voltage sweeps eVmax/0/Vmax/0/eVmax, where Vmax increases from
z. (c) Frequency- and temperature-dependency of the capacitance. Reproduced with



Fig. 12. (a) Schematic illustration of the CsPbBr3 QDs-based photonic transistor. (b) Output characteristics of the transistor in the dark and under light illumination condition (light
wavelength: 365 nm, light intensity: 0.153 mWcm�2). (c) Transfer characteristic (VDS ¼ �30 V) of the CsPbBr3 QDs-based photonic transistors. (d) Schematic energy diagram of the
device during light programming operation and during electrical erasing operation under dark condition. (e) Surface potential of the CsPbBr3/PMMA/pentacene film before and after
different light illumination treatments (fixed light intensity: 0.153 mWcm�2) recorded by in situ KPFM. Reproduced with Permission [36]. Copyright 2018, Wiley-VCH.
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SiO2/CsPbBr3 quantum dots/PMMA/pentacene/Au structure using
photonic programming and electrical erasing process (Fig. 12(a))
[36]. The device in the dark has an on/off ratio of ~105. The
enhancement of drain current was observed under illumination
and the threshold voltage shifts in the negative direction (Fig. 12(b)
and (c)). Under illumination, photogenerated electrons are accu-
mulated in CsPbBr3 QDs, which serve as a floating gate, and pho-
togenerated holes are injected into the p-type pentacene channel
layer, causing the increasing channel conductance (Fig. 12(d)). The
authors verified the charge trapping/releasing mechanism through
in situ KPFM by varying the light wavelength (Fig. 12(e)) and
confirmed that the increase in surface potential is caused by ag-
gregation of holes.

Periyal et al. reported a thin-film transistor-like synaptic device
comprised of all-inorganic cesium lead bromide (CsPbBr3)
Fig. 13. (a) Schematic of CsPbBr3 QDs-IGZO based photonic transistor as an artificial syna
potentiation and (c) long-term depression. Reproduced with Permission [160]. Copyright 2
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perovskite quantum dots (QDs) and amorphous indium gallium
zinc oxide (IGZO) semiconductor active material (Fig. 13(a)) [160].
CsPbBr3 QDs are used to make a photosensitizer. The photoelectron
injection into IGZO is performed using the type II heterostructure
between QDs, and the IGZO serves as a basis for electro-optical
programming. Injection of photoelectrons into IGZO increases the
channel conductance and shifts the threshold voltage (Vth) of
channel formation, while photo-holes trapped in CsPbBr3 act as a
positively biased gate. After light illumination is removed, the
channel conductivity exhibits persistent photoconductivity with a
very slow decay rate. With light-induced charge trapping (optical
mode) and electric-induced charge releasing (electrical mode)
properties, the device can be optically programmed and electrically
erased. In the electrical mode, the drain current can be altered
temporarily by charging carriers at the interface, wherein holes
pse. Drain current modulation under the electrical mode, mimicking (b) short-term
020, Wiley-VCH.
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occupy shallow, and electrons occupy deeper traps. The device thus
has a short-term increase and a long-term decrease in drain current
(Fig. 13(b) and (c)). In contrast, illumination exhibits a long-term
increase. These changes in drain current rely on electrical and op-
tical pulse parameters including pulse width, amplitude, interval,
and number of repetitions. The device shows awide dynamic range
of synaptic weight modulation. Learning rules such as STDP, asso-
ciative learning, and linear nonvolatile blind updates have also
been demonstrated, suggesting their compatibility with both SNN
and DNN computing architectures.

In addition to their sensitivity to light illumination, another
desirable property of HP-based transistors, ambipolar switching,
can be utilized to attain a wide range of synaptic weight [166e168].
Here HPs are used as the photosensitive channel of photo-
transistors. Fig. 14(a) and (b) show the MAPbI3-based phototran-
sistor structure which exhibits ambipolar carrier transport
characteristics, i.e., they work in both accumulation (p-type) and
depletion (n-type) modes [166]. In the dark condition, the drain
current remains below 0.5 nAwhile it abruptly increases by 0.1 mA
under illumination, giving ID,light/ID,dark ¼ ~106. With illumination,
Ion/Ioff is ~104. The device exhibits fast optical response (<10 ms).
Furthermore, the gate voltage can be used to control the drain
current. Although such a phototransistors should be combinedwith
additional materials [161] to separate excitons for LTP imple-
mentation, the device shows stable and fast short-term memory
characteristics. Fig. 14 (c) and (d) displays output characteristics in
light, operated in hole-enhancement and electron-enhancement
modes, respectively.

In addition to the conventional phototransistor structure, other
structures have also been investigated to achieve photonic resistive
switching memory functions. For instance, Guan et al. [169] re-
ported a multilayer architecture of ITO/MAPbBr3/Au/MAPbBr3/Ag,
in which, the bottom ITO/MAPbBr3/Au sandwich serves as a
photodetector, and light illumination modulates the voltage dis-
tribution, which controls the resistive states of the top Au/
MAPbBr3/Ag resistive switching device. Another photonic RS
memory is reported in Ref. [170] with a bilayer structure of stron-
tium titanate (STO) QDs and halide perovskite CsPbBr3 (CPB). This
bilayer device shows improved RS performance with a high
switching ratio and long retention time. The formation of hetero-
junction between STO and CPB significantly enhances the high
resistance state, and the separation of the active silver electrode
and the CPB layer contributes to the long-term stability.
Fig. 14. Ambipolar characteristics of the hybrid perovskite phototransistors as artificial
CH3NH3PbI3. (b) Its transfer characteristics in the dark (black and red symbols) and under lig
device under light condition. Reproduced with Permission [166]. Copyright 2015, Nature Pu
reader is referred to the Web version of this article.)
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5. Performance of HP-Based artificial synapses

5.1. For DNN applications

The most important device parameters for artificial synapse
used in DNNs are multilevel states, dynamic range, symmetry/
linearity of weight update, retention/endurance, program energy
consumption, and device size [34]. Generally, more states (e.g. >
100) could be translated into a better learning capability and an
improved network robustness. If the number of states is insuffi-
cient, multiple devices can be grouped as one device to meet the
precision requirement. Dynamic range is the ratio of the maximum
and minimum conductance of artificial synapses, which is closely
related to the number of states. The larger the dynamic range is, the
better mapping capability of the weights in the algorithm to the
conductance in the device. Most synaptic devices have a range of
2e100. The weight update characteristics should be linear and
symmetric, especially for online training. However, most devices
have a tendency to change conductance rapidly at the beginning
and then saturate at the end of the process, resulting in a nonlinear
and asymmetric response while the weight increases or decreases.
They also should have high cycle endurance and long data reten-
tion. After training is completed, the synaptic devices should
behave as a static memory with a data retention on the order of ten
years at ~85 �C. Biological synapses consume an estimated energy
of 1e10 fJ per event, a value that artificial synaptic devices should
strive to achieve. The device size determines the ultimate integra-
tion density, and a sub-10-nm regime is another target worth
pursuing.

Ham et al. [171]. fabricated Ag/CH3NH3PbI3/ITO photonic syn-
apses capable of accelerated learning at low power. Thanks to
photon-accelerated iodine vacancy migration, the HP synaptic de-
vice exhibits light-tunable synaptic functionalities with a pro-
gramming voltage of only 0.1 V. Interestingly, with photon
excitation, the LTP threshold in those devices decreased. 3-layer
DNN with backpropagation training was simulated using the
measured device parameters to verify if this HP-based synaptic
device could be useful for DNN applications. Fig. 15(a) shows the 3-
layer DNN configuration designed to recognize “3”, a large MINST
handwritten digit with 28 � 28 pixel form. The DNN architecture
consists of 784 input neurons (28 � 28 pixels), one hidden layer,
and 10 output neurons to recognize 0e9 ten digits. Fig. 15(b) shows
the dependence of recognition accuracy on the training phase.
With only potentiating and depressing pulses at 0.15 V and�0.28 V
respectively, ~10% of the accuracy is achieved after 4500 learning
synapses. (a) Schematic of the phototransistor with a channel of hybrid perovskite
ht illumination (blue and magenta symbols). (c, d) Respective output properties of the
blishing Group. (For interpretation of the references to colour in this figure legend, the



Fig. 15. (a) Schematic of a 3-layer DNN to recognize the handwritten “3”. (b) Recognition accuracy for the MNIST patterns as a function of the number of learning phases according
to three cases. (c) Reshaped 28 � 28 contour images of the final synaptic weights corresponding to the MNIST patterns after 4500 learning phases for the three cases. Reproduced
with Permission of [171]. Copyright 2018, Wiley-VCH.
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cycles ((i) case: black points), suggesting that LTP/LTD cannot be
implemented. In contrast, by adding light pulses ((ⅱ) case) or
applying higher amplitude electrical pulses ((ⅲ) case), a much
higher pattern recognition accuracy of 83% can be achieved.
Fig. 15(c) shows the reshaped 28 � 28 contour images of the final
synaptic weights corresponding to the MNIST patterns after 4500
learning phases for the three cases. The results indicate that the
pulse variables, in addition to the linearity on potentiation/
depression behaviors as a function of number of pulses, are crucial
factors to achieve higher recognition accuracy. The study also
shows the energy consumption can be lowered using a combina-
tion of electrical and optical pulsing.

Many other phototransistor structures have been reported for
similar applications. For instance, 2D layered HP/oxide
semiconductor-based broadband optoelectronic synaptic transis-
tors with long-term visual memory was reported by combining 2D-
(C4H9NH3)2PbBr4 with indium zinc oxide (IZTO) [172]. Such an
optical synapse can perceive and memorize optical information
with long-term retention for using in neuromorphic visual systems.

In Ref. [173], Kim et al. reported that vertically aligned 2D halide
perovskites (V-HP) synapses show positive and negative analog
conductance changes that are modulated by driving pulses,
emulating synaptic potentiation and depression. A 3-layer DNN
with backpropagation training with the measured device param-
eters was simulated to verify if this HP-based synaptic device could
be useful in DNN applications, as shown in Fig. 16. In addition to the
common small and large MINST handwritten digits, 28 � 28 pixels
of ten clothing images (T-shirts, trousers, pullover, dress, coat,
sandal, shirt, sneaker, bag, and ankle boot), known as Fashion
MNIST (Fig. 16(a)) was also used for testing. The network optimizes
the best-deduced model by updating synaptic weights extracted
from themeasured conductance state properties (Fig.16(bed)). The
nonlinearity of potentiation and depression is extremely small, and
the 50 times cycle-to-cycle potentiation and depression result
confirms that the V-HP synapses is reliable and exhibits low noises.
15
Astonishingly, with 60,000 training sets and 10,000 testing sets,
this V-HP-based DNN can achieve an 86% accuracy for Fashion
MNIST recognition (Fig. 16(e)), within 3% of the theoretical limit for
floating-number-based neural network performance. Remarkably
high accuracies of up to 95.2% in small MNIST and 96.5% in large
MNIST recognition is also achieved with this DNN after 60,000
training sets, within <1% of the theoretical limits. These impressive
numbers are attributed to the V-HP synapses’ highly linearity and
low noise. This results in extremely efficient and accurate analog
tuning of the synaptic weights.
5.2. For SNN applications

The characteristics of a synaptic device for SNNs can be identi-
fied from its STP/STD and LTP/LTD behaviors. Synaptic STP
enhancement is mainly time-dependent, divided into (1) facilita-
tion (milliseconds to second), (2) augmentation (a few seconds),
and (3) potentiation (10 s to minutes) phases [174e176]. Fig. 17(a)
shows enhancement and drops in CsPbBr3-based artificial synaptic
device current that result from exposure to a series of pulses that
modify the synaptic weight (conductivity) [177]. Application of a
series of positive voltage pulses as excitatory stimuli causes the
current to gradually increase in the potentiation process, while a
series of negative voltage pulses causes it to recede back to its initial
value during the depression process. One feature of STP is paired
pulse facilitation (PPF), which indicates that the postsynaptic cur-
rent further increases when the interval between two consecutive
spikes (Dt) decreases [36,37,178]. As shown in Fig. 17(b), when the
interval is much longer, the altered synaptic weight diminishes
back to its initial state. Thus, the PPF index (A2/A1) reaches 100%.
However, the current (A2) further increases as the interval is
shorter and the modulated synaptic weight remains unchanged
within several hundred milliseconds as a short-term memory
(STM). In general, the PPF effect relies on spike parameters that
include amplitude, duration time, and number of repetitions



Fig. 16. (a) Data processing flow chart of an DNN for learning Fashion MNIST image data. (b) Synaptic conductance potentiation and depression with symmetry. (Potentiation: 25
pulses with þ1 V amplitude and 1 m s duration, depression: 25 pulses with �1 V amplitude and 1 m s duration, repeated 50 cycles) (c) Potentiation and depression synaptic
characteristics showing high linearity. (e) 50 times cycle-to-cycle programmable synaptic conductance with extremely low noise. (f) Recognition accuracy in Fashion MNIST of V-HP
based network and floating-number-based network (numeric) depending on the training sets. An epoch indicates the number of passes of the entire training dataset completed by
the deep learning algorithm. Reproduced with Permission [173], Copyright 2021, Elsevier.
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[36,163,179]. The PPF effects have also been reported for APbBr3
with different A-site cations. Variation of A-site cation can tune the
activation energy and hence control vacancy-mediated ion migra-
tion [37]. The biological synapses-like PPF characteristic of artificial
synapses has been applied for simple learning and information
processing [174], and for determining the direction of a sound
source [175].

LTP in biological neuron-synapse networks can be generated
through a strong depolarization from more intensive spikes.
Especially, STDP based on Hebbian learning rule [41] have been
widely studied for implementing pattern recognition in SNN as
well as in DNN. Synaptic weight can be altered using the relative
timing of action potentials applied to pre-/post-synapse, which is
based on associative learning and information storage. In other
words, the synaptic weight changes Dw are a function of Dt. STDP
exhibits different types, varying with frequency or number of
repetition of spikes, or the type of synaptic spikes: excitatory or
inhibitory [37,39,180,181]. By modifying the shape of the pre-
synaptic and post-synaptic spikes, Xiao et al. demonstrated four
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different forms of STDP in their measurements of the Au/MAPbI3/
PEDOT:PSS/ITO structure [180]. For instance, in the case of the most
common asymmetric Hebbian STDP rule, LTP can be realized when
a pre-synaptic spike fires before a post-synaptic spike (Dt >0),
while LTD can be formed when a post-synaptic spike precedes a
pre-synaptic spike (Dt <0), as shown in Fig. 17(c). However, in an
asymmetric anti-Hebbian rule, both LTP and LTD occur but with a
reverse relationship to spiking timing when compared to asym-
metric Hebbian rules (Fig. 17(d)). The synaptic weight change can
be further tuned as the spike timing difference is shortened. The
symmetric Hebbian and anti-Hebbian learning rules are also
demonstrated in this HP-device (Fig. 17(e) and (f)).

Memory retention, the period in which the changed synaptic
weights are maintained, is an essential feature for implementation
of artificial synapses. According to the multi-store model suggested
by Atkinson and Shiffrin [182], the input information registered as
sensory memory is transferred to STM temporarily by storing the
information through attention, and then finally transited to long-
term memory (LTM) through repeated rehearsal. The memory



Fig. 17. (a) Synaptic potentiation and synaptic depression triggered by electric stimuli. (b) Electrical PPF index versus time interval between successive pulses. The inset shows the
paired-pulse facilitation phenomenon, emulating a biological process of PPF. Reproduced with Permission [177]. Copyright 2020, Wiley-VCH. Different STDP characteristics of
MAPbI3 based memristor: (c) Asymmetric Hebbian rule, (d) asymmetric anti-Hebbian rule, (e) symmetric Hebbian rule, (f) symmetric anti-Hebbian rule. Reproduced with
Permission [180]. Copyright 2016, Wiley-VCH.

K. Beom, Z. Fan, D. Li et al. Materials Today Physics 24 (2022) 100667
transition from STM to LTM relies on the frequency of spikes [163].
In the synaptic transistor based on an CsPbBr3 quantum dots, the
drain current can bemodulated by applied light pulses and decay to
its initial state over time. This corresponds to STM, which is anal-
ogous to the human memory forgetting curve [183,184]. However,
for repeated pulses, the altered drain current can persist longer. In
addition, the improved stability and long-term retention can be
realized by using different pulse parameters such as intensity,
width, and number of repetitions.

For the CsPbBr3 QDs/IGZO phototransistor in Ref. [160], elec-
trical perturbation results in STP/LTD, while optical perturbation
results in LTP. A combination of both electrical and optical pro-
gramming pulses is applied in the classical conditioning experi-
ments (Pavlov's dog) to demonstrate associative learning, an
important tool for linking two events, i.e., a weak stimulus can be
strengthened when it is concurrently associated with a strong
stimulus.

In Ref. [37], John et al. reported MAPbBr3, FAPbBr3, and CsPbBr3
based synaptic devices with demonstrated Hebbian STDP variants.
A 4 � 4 MAPbBr3-based synapse array was experimentally imple-
mented. As in Fig. 18(a), the synapses are initially in stage i of the
low-conductance state. The image of “N” is then written into the
array by biasing (5 V, 10 s) selected individual pixels. With time
lapsing (stage ii-iv), the conductance mapping via readout (þ0.5 V,
1 s) still retains “N” but with reduced conductance contrast, in
analogy to forgetting. On the other hand, “memory” can be
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completely recovered with shorter retraining pulses. Fig. 18(b)
shows that “N” can be erased, and the array is reprogrammed into
“T” or “U”. The memory has good fault tolerance to spurious input,
as demonstrated in Fig. 18(c). Thus, the HP-based synapses are
demonstrated with properties of reconfigurability, learning,
forgetting, and fault tolerance, like the human brain.

Based on the STDP behavior of MAPbBr3 synapses, simulation
was conducted for a 2-layer SNN to test its capability of unsuper-
vised learning of handwritten digit selected from the MNIST data-
base (Fig. 18(d)). All input pixels connect to each excitatory neuron
in layer 1 through STDP synapses which are initializedwith random
weights. Each excitatory neuron connects to an inhibitory neuron
in layer 2 through fixed weight synapses, introducing winner-take-
all based competition among layer 1 neurons. Receptive field of
neurons in the first layer resembles the handwritten digits after
presentation of 6000 images in a randomized order through un-
supervised learning with an accuracy of 80.8%. For learning, the HP
approach has the potential to exhibit a significant reduction in
energy over CMOS-based STDP implementations.
5.3. Artificial sensory applications

Sensory adaptation is an essential part of biological neural sys-
tems for sustaining human life. Leveraging the light-induced halide
phase segregation and their slow recovery. Hong et al. reported
CsPb(Br1exIx)3/MoS2 hybrid structure based neuromorphic



Fig. 18. (a) Schematic of 4 � 4 array of HP synapses. The image of “N” was programmed into the array using an external microcontroller biasing (5 V, 10 s) individual pixels on
demand with others in a floating mode. With time, these synapses exhibited extinction of memory analogous to forgetting but could be retrained faster to reach the same
conductance levels. (b) After complete erasing of the image of “N”, “T” and “U” were also programmed and erased. (c) The memory array exhibits good fault tolerance and
robustness to spurious inputs. (d) Schematic of two-layer SNN that is trained in simulations to recognize handwritten digits. The receptive fields of 100 neurons in the excitatory
layer obtained after training on 6000 images are shown. Reproduced with Permission [37], copyright 2018 WILEY-VCH.
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phototransistors that emulate human sensory adaptation in
response to a continuous light stimulus (Fig. 19) [161]. Fig. 19(a)
illustrates the eye anatomy, showing photoreceptors including
cones and rods which convert light into electrical signals and
transmit them to the brain. Fig.19(b) compares the light adaption of
human eye and the fabricated HP-based phototransistors. The un-
derlying mechanism for the photo sensory adaptation is the
segregation of halide ions in the mixed halide perovskites and their
slow mixed phase recovery. For mixed-halide perovskites, the
iodine-rich and bromine-rich domains can be induced by light
stimulus, leading to the localized variations in the material band
gap, which affects the separation of photo carriers at the interface
between HP and MoS2 semiconductor. After removing the stimuli,
the segregated halide ions will start to slowly diffuse and recover
their original mixed state, but this process takes time. Therefore, in
this recovery period, photo response of the device on the next
stimulus will be reduced, resulting in an adaption effect, similar to
18
the memory of biological stimuli experience.
Fig. 19(c) shows variation of the photocurrents under constant

light illumination as a function of time in four measurements. Each
measurement lasts 60 s. Fig. 19(d) shows the time-resolved photo-
switching characteristics of the phototransistor under pulsed light
conditions. These data indicate that the HP-based phototransistor
closely emulates the photosensory-adaptation behavior. The
photosensitivity of the device emulating sensory adaptation is
further shown in Fig. 19(e). The device characteristics are reversible
upon the removal of the light stimulation, resulting in near-
complete recovery of the photosensitivity before phase segrega-
tion occurs (96.65% sensitivity recovery after 5 min rest time). This
type of phototransistor could be useful to other neuromorphic
applications including neuromorphic photonic devices, intelligent
sensors, and selective light-detecting image sensors.

As another approach to sensory applications, Guan et al. re-
ported a MAPbBr3-based monolithic artificial iconic memory,



Fig. 19. Sensory adaptation of the eye and the CsPb(Br0$5I0.5)3eMoS2 phototransistor. (a) Anatomy of the eye, with a photoreceptor comprising cones and rods. (b) Adaptation of the
human eye and the CsPb(Br0$5I0.5)3eMoS2 phototransistor. (c) Variation of the photocurrents under constant red-light illumination as a function of time in four measurements with
each lasting 60 s. (d) Comparison of the time-resolved photo-switching characteristics of the phototransistor under pulsed light conditions. (e) Photosensitivity of the device
emulating sensory adaptation. Reproduced with Permission [161], copyright 2020, American Chemical Society. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

Fig. 20. (a) Schematic diagram of a human olfactory sensory system. (b) Adaptation of an intact olfactory receptor neuron. (c) A PSC example of the device with 50 sustained pulse
stimuli separated by dark-rest periods emulating the olfactory adaptation. (d) Light potentiation and electrical depression of CsPbBr3/TIPS hybrid device with three cycles.
Reproduced with Permission [185], copyright 2021, American Chemical Society.
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leveraging on the light-responsive and the RS properties of HP
layers [169]. This multilayer perovskite device can store photo-
sensing data in its resistive states, with a memory retention of 5
� 103 s and presented excellent stability for 60 days in ambient
conditions due to the stable RS characteristic. An array of such
devices can detect and memorize spatial light intensity
distribution.

A hybrid synaptic phototransistor based on the mixed-halide
perovskite CsPbBrxI3ex/organic semiconductor TIPS film can
mimic experience-history-dependent adaption sensory behavior
[185]. Such devices also rely on photoinduced halide-ion segrega-
tion and their slow recovery properties. Fig. 20(a) illustrates how
human olfactory system senses odorant molecules. When applying
a 2nd odor stimulus in a short time after the 1st one, less neural
activity is observed. The adaption of an intact olfactory receptor
neuron is presented in Fig. 20(b). The postsynaptic current (PSC) of
the CsPbBrxI3ex/TIP hybrid synaptic phototransistor presents a
similar behavior, as shown in Fig. 20(c). That figure shows the
response to 50 continued light pulses applied to the device. After a
short dark-rest period, a 2nd set of pulses is applied and its PSC
maximum response is smaller than the first. To improve their
adaptability and perceptibility in different environments, varying
the gate bias and the light pulse width, intensity, and wavelength
can be done to further regulate the adaptation processes. On the
other hand, if electrical depression is applied after light potentia-
tion, as shown in Fig. 20(d), the maximum of PSC from each cycle
exhibits only small fluctuation, thus preventing the sensory adap-
tion. Owing to the excellent photosensitivity, this hybrid synaptic
device can maintain its synaptic behavior for Vds as low as �0.1 mV
with an extremely low power consumption of 0.35 fJ.

6. Summary comments

In this paper, we reviewed HP materials, their artificial synaptic
devices, and preliminary demonstration of these devices in neu-
romorphic systems for information processing, including
hardware-based implementation of DNNs and SNNs, as well as for
sensory related applications.

6.1. Materials

The ABX3 halide perovskite compounds and alloys share several
desirable characteristics, including a low activation energy for ion
diffusion, and controllable rates for ion migration, vacancy gener-
ation and charge carrier trapping and de-trapping. This facilitates
the manipulation of both ions and electrons, in the tuning of con-
ductivity, a highly advantageous property to produce HP-based
synaptic devices. Importantly, by altering the composition via
proper selection of A-site cations, B-site metal cations and X-site
halide ions, the material's electronic, optical and defect properties,
as well as the 2D or 3D structures, can be tailored. Their low ma-
terial formation energies and soft structures render the possibility
of engineering abundant “metastable” states. Solution-based facile
material synthesis and relatively easy of integration with other
materials, in particular with Si CMOS chips, are some other merits
of this material system.

Their optical properties including their tunable bandgap, high
absorption coefficient, and long charge carrier lifetimes, facilitating
their use in the optical, in addition to the electrical mode. Photo-
induced phase segregation in mixed halides provides further
tools in states manipulating for better neuromorphic device design.

6.2. Devices

We focused on reviewing the mechanisms and operation
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characteristics of HP-based synaptic devices. The resistive switch-
ing behaviors in HP memristors stem from formation of metallic or
vacancy-related filaments or the modulated Schottky junction be-
tween the electrode and the HP material. The capacitance changes
in memcapacitors, induced by ion migration, offer the possibility to
emulate the biological synapse. More interestingly, the synaptic
weight in HP-based synaptic phototransistors can be modulated in
a wide dynamic range due to their high photosensitivity, and small
energy consumption. In fact, the energy dissipated when a com-
bination of electrical and optical stimuli is used compares favorably
to that of biological synapses (1e100 fJ/spike), Such HP-based
artificial synapses exhibit synaptic plasticity including EPSC/IPSC,
PPF, STP/LTP, STDP and memory transition characteristics.

Although HP-based synaptic devices have not yet met the
industry-standard non-volatile memory requirement on retention
and durance, these devices have relative low energy consumption
compared to the more popular transition metal dichalcogenides
(TMD) [187], phase change materials [188], and metal oxides [189]
based synaptic devices. Table 2 illustrates several key synaptic
performance metrics with HP-based memristors and synaptic
transistors.

6.3. Systems

As proof of concepts, these neuromorphic devices were further
included into neuromorphic systems, via simulation or preliminary
experiments, to validate their performance at the system level. In
DNNs, small and large MINST handwritten digits, as well as the
more advanced Fashion MNIST standards have been used to
demonstrate the high accuracy of the HP devices based ANNs in
pattern recognition after off-line training. Similarly, HP devices that
directly emulate biological neuron system have also been tested for
learning and memorizing. Hebbian rules based STDP and associa-
tive learning, Atkinson and Shiffrin's memory retention model, and
others have been established. Based on the STDP behavior of HP
synapses, unsupervised learning of handwritten digits in an SNN
was also simulated with reasonable accuracy and very high energy
efficiency. HP-based hybrid neuromorphic phototransistors have
also been applied to emulate human sensory adaptation in
response to a continuous light stimulus and olfactory adaption.

The research on HP-based neuromorphic devices has mostly
been focused on their application as synapses. It is interesting to
note that a recent study reported that HP was applied for artificial
neurons. Volatile diffusive MAPbI3-basedmemristors with superior
amplitude-frequency characteristics and highly linear conductivity
modulation were employed to construct LIF neurons, which can
implement leakage, spatiotemporal integration and firing functions
[190]. More work is needed to be done in this area.

6.4. Challenges and opportunities

Despite the many inherent advantages and potentials of HP
neuromorphic devices, there are still enormous challenges for them
to be included in practical neuromorphic systems.

As has been clear, the soft nature of HPs, which results in low
activation energy for ion diffusion and vacancy generation, low
crystal formation energy that permit external stimuli-driven phase
separation and restoration, among others, has played crucial roles
in the HP's neuromorphic functions such as synaptic weight
change, associative learning, memory retention, and sensory
adaption. However, this soft nature is a double sword. A balance
must be struck between easier adaption (meta-stable, or instable in
some sense, particularly under extreme conditions) and long-term
memory (stability).

The most significant challenge faced by HP-based synaptic



Table 2
Synaptic performance metrics for HP-based devices.

Device type Synapse type Active layer Energy consumption Presynaptic spike width PPF Index (A2/A1) STDP or SRDP Ref.

Memristor Electrical mode MAPbBr3 34 fJ/mm2 10 m s 192 Y [37]
FAPbBr3 23 fJ/mm2 145
CsPbBr3 153 fJ/mm2 104
MAPbBr3 20 fJ/spike 100 m s 90 Y [178]
MAPbBr3 14.3 fJ/spike 906 m s 155 [186]
(PEA)2PbBr4 0.0003 fJ/mm2 20 m s 120 Y [58]
MA3Sb2Br9 118 fJ/mm2 500 ms e Y [43]
MAPbI3 0.003 fJ/mm2 100 ms e Y [180]
MAPbI3 47 fJ/mm2 100 ms e Y [44]
PEA2Man-1PbnI3nþ1 60 nJ/spike 10 m s 135 [173]
MAPbClBr2 5.8 pJ/spike 25 m s e [179]

Photonic mode MAPbI3 0.0036 fJ/mm2 0.4 s e [171]
Electrical/Photonic mode CsPbBr3 e 100 m s 325 [177]

Transistor Photonic mode CsPbBr3 e 500 m s 132 [163]
MAPbBr3 36.75 fJ/spike 5 s 160 [165]
CsPbBr3 500 fJ/spike 50 m s 140 Y [160]
CsPbBr3 1400 fJ/spike 1 s 130 Y [36]

Electrical/Photonic mode CsPbBrxI3�x 0.35 fJ/spike 500 m s 150 [185]
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devices perhaps is related to their material instability. Their
sensitivity to heat and water vapor, particularly those inorganic-
organic hybrids, leads to poor electrical and chemical stability,
significant performance variability, and unsatisfied memory
retention and endurance in many, if not all, demonstrations. Even
though the instability of HPs is one of crucial issues that hinders
their practical adoption, there are only a limited number of studies
focused on improving the stability and durability of their synaptic
devices [173,191]. Much more work is needed to enhance their
stability under hardware running environmental conditions. The
potential to exploit the relative stable 2D HPs, as well as engi-
neering the HP device structures with interfacial layers between HP
active layers and electrodes to control interdiffusion are appealing
tactics. The method of using quantum dot passivation of HP films to
suppress phase segregation and enhance stability is interesting
[192]. The enormous efforts in developing stable HP photovoltaics
certainly will also help the investigation in stable HP neuromorphic
devices.

On the other hand, it is unclear at this stage whether HP-based
synaptic nonvolatile memory ultimately could meet industry
requirement of information retention for tens of years at ~85 �C and
long cycle durance. These are the key requirements for synapses in
DNNs, which rely more on deterministic computation and
emphasize accuracy. In these systems, after time-consuming offline
training, the synaptic weights should be permanently frozen into
the NVM for the whole life cycle of the application. The scenario
could be different in brain-plausible systems with real-time
learning capability, where the stored synaptic weights are
frequently refreshed and updated, and hence the stringent reten-
tion requirement might be largely loosed. However, devices must
endure more cycles of update for continuous learning.

In this sense, research on HP neuromorphic devices perhaps
should not be on their function as long-term memory but
emphasizing more on their other functions. For instances, in many
of the reported hybrid phototransistors, HPs are employed as the
photosensitizer with other materials as the transistor channel.
Since dynamics, at both the neuron and the network levels, are key
property of brain-plausible systems, it would be much interesting
to explore the potential of HPs for these functions, including for
artificial neurons.

Considering that biological neural systems are composed of
various components/materials with each playing its specific roles, it
is reasonable to hypothesize that the future brain-plausible system
also has a hybrid structure with materials heterogeneously
21
integrating on a platform, in which, each component implements
its optimized function. In such a hybrid artificial intelligent system,
it is expected that halide perovskites, with their dynamic proper-
ties, electronic and ionic conductivities, photosensitivity, low en-
ergy consumption, and easily heterogeneous integration, could
play some crucial roles.
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