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Halide perovskites (HP) have garnered significant attention as highly prospective electronic materials for the development of
advanced electronic devices, such as resistive random-access memory (RRAM) devices, artificial synapses, and logic operation.
This review begins by providing a concise overview of the structural and optoelectronic properties of HP-based materials.
Subsequently, it delves into the discussion of HP-based memristors, focusing on their remarkable switching characteristics and
potential transport mechanisms. Furthermore, this review contains the recent advancements in the HP-based two-terminal mem-
ristors across four application domains: memory, logic gate, unclonable physical device, and neuromorphic computing devices.
Lastly, the main challenges encountered in the implementing HP-based memristors are briefly discussed. This review provides
an insightful guide for the HP-based memristor to keep pace with the forthcoming era of big data and artificial intelligence.
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Fig. 1. (a) Halide perovskite structures with different dimensionalities at the molecular level. (i) The unit cell of 3D
perovskite. (ii) The<O10>orientation projection of 3D halide perovskites. (iii) The crystal structure of<001>-or-
iented 2D perovskite (n=1). (iv) The crystal structure of<001>-oriented quasi-2Dperovskite (n=2). (v) The crystal
structure of<110>-oriented 2D perovskite (n=2). (vi) The crystal structure of<l11>-oriented 2D perovskite (n=2).
(vii) The crystal structure of 1D perovskite with octahedra connecting in a chain form. (viii) The crystal struc-
ture of 0D perovskites with the isolated octahedra Reproduced [10]. CC BY 4.0. (b) Schematic of energy lev-
els in ABX; HPs with variation of halide anions and metal cations. (c) Schematic energy band diagram of the
typical 18 metal halide perovskites. (b—) Reproduced [25]. CC BY 4.0. (d) The calculated transition energy
levels of intrinsic point defect in APbX; perovskites. From left to right, the point defect types are placed in a
general order of increasing formation energy. Reproduced [16]. CC BY-NC 3.0. (e) Illustration of the ion mi-
gration pathways enabled by (i) Schottky defects, (ii) Frenkel defects, (iii) open space and wrong bonds at
grain boundaries, (iv—vi) lattice distortions due to accumulated charges (iv), dissolved impurities (v), and non-
uniform strain caused by piezoelectric effect (vi), and (vii) Soften lattice caused by the light illumination in-
duced bond weakening. Reproduced with Permission [18]. Copyright 2016, American Chemical Society.
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Fig. 2. (a-b) Typical RS -V curves,

memristor.
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(a) cycle tests, and (b) retention read at 0.1 V of the Ag/PMMA/Cs;Culs/ITO
(a=b) Reproduced with permission [28].

Copyright 2020, American Chemical Society. (c—d)

Menristive behavior of the OTP synaptic device. (¢) Memiristive characteristics of the device under the positive

and negative biases scanning, the scanning rate is 0.1 V s

. (d) Readout current density of the device at —0.75

V read pulse. The —2.0 V and +2.0 V pulse will switch the device to n-i-p and p-i-n direction, respectively,
where the readout current at —0.75 V will increase and decrease, respectively. Poling pulse duration: 0.5 s, read
pulse duration: 0.5 s, time interval between the poling pulse and read pulse: 0.6 s. (c—d) Reproduced with per-
mission [9]. Copyright 2016, Wiley-VCH. (e) Reversible resistive switching over 40 cycles with different current
compliances of 1072, 1074, 107, and 10° A. The switching pulse duration is fixed to 200 ms, and the switch-
ing voltage is 0.15 V. Reproduced with permission [31]. Copyright 2016, Wiley-VCH. (f) The measured multi-
level storage characteristics for target devices. HRS, high resistance state (level 2-4); LRS, low resistance state

(level 1). Reproduced [33]. CC BY 4.0.
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Fig. 3. (a) RS curves of AWMAPbLI/FTO device under different RH condition, (b) Mean values of HRSs and LRSs
extracted from 50 RS cycles for each RH level, and (c¢) the HRS/LRS distributions of the memristor under
pulse-programming mode. (a—c) Reproduced with permission [34]. Copyright 2021, American Chemical Society.
(d-e) (d) Switching characteristics of the AwWMAPbBry/ITO device in the dark and under UV light illumination.
The inset is the semi-log plot of the same data. (e) Light-induced modulation of LRS and HRS of the
perovskite RS device. (d—e) Reproduced with permission [26]. Copyright 2018, Wiley-VCH. (f) Light-intensity
controlled multilevel memory behavior. The voltage pulse for the set processes is 0.13 V for 100 ps. The
duration of optical pulses and read voltage used are 1 s and 0.05 V. (f) Reproduced with permission [35].
Copyright 2018, Wiley-VCH. (g) Typical I-V curves, (h) successive optical RESET and electrical SET cycles,
and (i) retention capability of the optical HRS of CsPbBrl-based memristors at different temperatures (30-300
°C). (g-i) Reproduced with permission [36]. Copyright 2021, American Chemical Society.
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Fig. 4.

(a){(c) Schematics showing the operating mechanism of the resistive switching behavior, filament formation, and
rupture in the (a) Valence Change Mechanism (VCM), Reproduced with permission.

[38] Copyright 2021,

American Chemical Society. (b) Electrochemical Metallization Mechanism (ECM), Reproduced with permission
[37]. Copyright 2018, Wiley-VCH. (c) Dual mechanism including VCM and ECM, Reproduced with permission
[42]. Copyright 2018, Wiley-VCH. (d) Schematics of the ion migration at the MAPbBry/ITO interface during
the RS switching in the interface type. Reproduced with permission [26]. Copyright 2018, Wiley-VCH. (e)
Schematic diagram of the energy band corresponding to various states of the device: initial state (noncontact
state) and during transition from HRS to LRS. Reproduced with permission [43]. Copyright 2021, American

Chemical Society.
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Fig. 5. (a) Demonstrations of logic operations and coincidence detection of the perovskite-based memory. Reproduced
with permission [35]. Copyright 2018, Wiley-VCH. (b) Logic gate operation of the self-powered perovskite pho-
todetector (SPPD) array. Reproduced [51]. CC BY 4.0. (c) Halide perovskite memristor PUFs (HP memPUFs).
Design flow: A differential readout strategy is adopted to read the resistance of the memory cells — coexistence
of a multitude of switching physics in halide perovskites enables high stochasticity of the resistance states — the
differences in the I-V curves of the memristor cells reflect this stochasticity — cryptographic keys are generated
from the difference in the high resistance state of these memristors. Reproduced [52]. CC BY 4.0.
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Fig. 6. (a—d) The triplet-STDP implement of self-power memristor under light stimuli. (a) The schematic and the
cross-sectional SEM image of self-powered memristor. (b) Circuit diagram of self-powered memristor for realiz-
ing triplet-STDP. (d) Schematic of SNN for the orientation selectivity simulation. (d) The simulation results of
normal binocular contour vision, monocular deprivation, and binocular deprivation. (a—d) Reproduced [54]. CC
BY 4.0. (e) Schematic diagram of the all-optically controlled self-powered memristor system. (f) Inputs and de-
tected output of the integrated system used as a logic implication gate. Reproduced [55]. CC BY 4.0. (g-h)
Photonic synaptic plasticity performances. Current—time characteristics for optical pulses with (g) different in-
tensities and (h) different illuminating times. All the read voltages are 0.1 V. Reproduced with permission [56].
Copyright 2020, Wiley-VCH. (i) Plots of the PSC as a function of the number of electrical pulses while con-
secutively applying a series of potentiating pulses and depressing pulses. (j) Estimated recognition accuracy for
the MNIST patterns as a function of the number of learning phases according to three cases. Reproduced with

permission [57]. Copyright 2019, Wiley-VCH.
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Fig. 7. (a) Logical operations in perovskite artificial synapse with PEAI passivation. (b) Schematic diagram of spatio-

temporal-correlation signal-processing in organisms and perovskite artificial synapses. EPSC versus interval AT
between spike 1 and spike 2 (AT < 0: spike 2 after spike 1; AT > 0: spike 1 after spike 2). (c) Conditional
reflex learning in perovskite artificial synapse with PEAI passivation. (d) Configuration of perovskite artificial
synapse and neuromuscular electronic system. (a—d) Reproduced [60]. CC BY 4.0. (e) Schematic diagram of
signal transmission from nociceptors to brain. (f) Experimental emulation for nociceptors based on metaplasticity:
increased potentiation of synapse achieved by a depression priming compared to potentiation priming. (g)
Experimental emulation for nociceptors based on metaplasticity: increased depression of synapse achieved by a
potentiating priming compared to depressing priming. (e—g) Reproduced with permission [61]. Copyright 2020,
Wiley-VCH. (h) Inputs: Neural spikes collected from a firing neuron are directly used as inputs to excite the
memristor. Reservoir: The reservoir space is further expanded by the concept of virtual nodes to help process
complex temporal inputs. Readout: A simple ANN is used as readout layer of the reservoir to produce the final
output. (i) A streaming spike train used for evaluation and the corresponding experimentally measured device
responses. (h—i) Reproduced [62]. CC BY 4.0. (j—k) Schematic of the memristor-based reservoir computing
system. (j) Schematic illustration of a conventional reservoir computing (RC) system, which consists of an input
layer, a reservoir layer, and a readout layer and schematic illustration of a memristor crossbar array, which fa-
cilitates high density integration. (k) Recognition accuracy of the Fashion-MNIST data set using the proposed
memristor-based RC system consisting of 7 memristors and a software-based neural network, respectively. (j—k)
Reproduced with Permission [63]. Copyright 2022, American Chemical Society.
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