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Flexible Artificial Optoelectronic Synapse based on
Lead-Free Metal Halide Nanocrystals for Neuromorphic
Computing and Color Recognition

Ying Li, Jiahui Wang, Qing Yang, and Guozhen Shen*

1. Introduction

Optoelectronic synapses combining optical-sensing and synaptic functions

are playing an increasingly vital role in the neuromorphic computing systems
development, which can efficiently process visual information and complex
recognition, memory, and learning. Metal halides are considered promising
candidates for synaptic devices due to their excellent optoelectronic
properties. However, the toxicity of lead and the further development of
device functions are the recognized problems at present. Herein, a flexible
optoelectronic synapses system based on high-quality lead-free Cs;Bi, |,
nanocrystals is demonstrated, in which the carrier confinement caused by the
band mismatching between the Cs;Bi,l, and the organic semiconductor layer
provides the possibility to simulate synaptic behaviors. The synaptic functions
including long/short-term memory and learning-forgetting-relearning are
demonstrated in this device and visual perception, visual memory, and color
recognition functions are successfully implemented. Additionally, the flexible
device exhibits excellent robustness and can realize imaging of light
distribution under curved hemispheres similar to the human eye. Finally,
through the simulation based on an artificial neural network algorithm, the
device successfully realizes the high-precision recognition of handwritten
digital images and possesses a strong fault tolerant capability even in bending
states. These results are expected to drive the practical progress of metal

halide for neuromorphic computing.
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In the era of artificial intelligence, tradi-
tional computing system based on the Von
Neumann architecture is facing significant
challenges such as the inherent upper limit
of computing speed and the sharp increase
in energy consumption, which can be at-
tributed to the separation of processing
and memory units.'"* In order to over-
come the predicament, researchers have
been trying to find a more efficient sys-
tem. Among these, neuromorphic com-
puting based on artificial synaptic shows
great advantages of high-speed computing,
and ultra-low power consumption for per-
ception, learning, and memory, and is ex-
pected to become an important method to
solve the above problems.’! Compared
with neuromorphic devices regulated by
electrical signals that have been widely
studied, the optoelectronic synaptic devices
contain many remarkable characteristics
such as low crosstalk, high interference
immunity, and low power consumption,
which is more appropriate for ultrahigh-
speed computing.[1%12] Moreover, the devel-
opment of artificial vision with flexibility,
complexity, and adaptability brought about by the research of
light-stimulated synaptic device will play a vital role in hu-
man life. Recently, organic materials,['>*] metal oxides,>*]
graphene, 1921 MoS, ,[¢2] WSe, 22! and other 2D materials have
been employed to fabricate optoelectronic synapses, showing re-
markable performances. However, many of these materials re-
quire complex and expensive preparation methods, which are
not beneficial to the progress of large-scale and low-cost flexible
synaptic devices.

As one of the candidate materials for photoactive materi-
als in optoelectronic synapses, metal halides have attracted
tremendous attention due to their remarkable characteristics
such as high and well-balanced carrier transport ability, high
light absorption coefficient, and low-temperature processing
technique.[?*?*] Existing work principles include the use of float-
ing gate transistor,>28 the adjustment of the ratio of vacan-
cies in the metal halide materials,**%% as well as the carriers
trapping and de-trapping at the heterojunction interface that has
been actively investigated to realize ideal synaptic device.l?1-33]
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Among these, the proposed floating gate transistor device has at-
tracted a lot of attention because of its advantages of clear oper-
ation mechanism, controllable testing parameters, and concur-
rent learning.[734 Up to now, the reported floating gate opto-
electronic synapses based on metal halide are mainly focused
on lead halide perovskites, and fundamental synaptic functions
have been simulated, such as paired-pulse facilitation (PPF),
short/long-term plasticity and the transition from short-term
plasticity to long-term plasticity.?>2%] Despite the progress that
has been made, the toxicity and environmental instability have
cast a gloomy shadow over their further applications. And most
of reported works focus on the implementation of basic synaptic
properties, and rarely involve further development of device func-
tions. In addition, with the rapid development of wearable elec-
tronics, there is an increasing demand for flexible devices with ul-
tralow power consumption, robust bending stability, and strong
data processing capabilities. Therefore, searching low-toxic flex-
ible synaptic device and expanding the research applications to
address the above hurdles is imperative, but no such report can
be found yet.

In this work, we demonstrate a flexible optoelectronic synaptic
transistor based on high-quality lead-free Cs,Bi,I, nanocrystals
(NCs) and organic semiconductor, comprising Al,O,/Cs;Bi, I,
NCs-PMMA  (polymethyl methacrylate)/DPPDTT (poly[2,5-
(2-octyldodecyl)-3,6-diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-
2-yl)thieno[3,2-b]thiophene)]) layer and Au source—drain elec-
trodes. Synaptic functions such as excitatory postsynaptic current
(EPSC), PPF, synaptic plasticity, and “learning-forgetting-
learning” were successfully performed. In addition, the prepared
array shows remarkable flexibility and robustness with no
significant change in current after bending for 1000 times. On
this basis, the prepared flexible synaptic arrays can effectively
conduct learning and memory simultaneously, and successfully
recognize images of different colors of light (405, 532, and
635 nm) under low light intensity. Finally, the device success-
fully realizes the recognition application of handwritten digital
images through the simulation based on an artificial neural net-
work (ANN) algorithm. The results show that the digital images
recognition has high accuracy and strong fault tolerance under
bending states, which further prove the potential in the field
of neuromorphic computing. This work provides an efficient
way for applying artificial synaptic devices to neuromorphic
networks.

2. Results and Discussion

An artificial synaptic array device based on Cs;Bi,I; NCs field
effect transistor (FET) was designed and studied in detail, and
the structure is shown in Figure 1a. The Cs;Bi,I, NCs/PMMA
composite films were prepared on polyethylene terephthalate
(PET) substrates with specific shape electrodes by spin-coating
and used as hybrid floating gate/tunneling dielectric layers. Or-
ganic material DPPDTT possesses high air stability and high
charge mobility,**! and was prepared on the top of the Cs;Bi, I,
NCs/PMMA composite film as a semiconductor channel. Cr/Au
electrodes which nested with the bottom gate were deposited on
the DPPDTT as source and drain. Specially, hexagonal Cs,Bi, I,
NCs were prepared via a modulated colloidal synthetic route,
which simplified the synthesis steps compared to the existing
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hot-injection method and solved the problem of suboptimal size
control.?%37] In brief, trimethylsilyl iodide (TMSI) was injected in
the dissolved solution of cesium acetate and bismuth acetate. Af-
ter the injection of the TMSI at 100 °C for 10 s, the color changes
from yellow brown to bright orange-red color indicating the nu-
cleation of the Cs;Bi,I, NCs. Transmission electron microscope
(TEM) images of synthesized Cs;Bi,I, NCs are shown in Fig-
ure 1b, which are characterized as uniformly distributed hexago-
nal Cs;Bi, I, NCs. The diameter is in the range 0f 15.52-41.66 nm
with an average size of 26.94 + 5.56 nm (Figure S1, Support-
ing Information). A well-defined crystalline structure can be ob-
served from the high-resolution TEM (HRTEM). The character-
istic distance of lattice plane is 0.43 nm, which corresponds to
the (104) crystal plane of hexagonal Cs;Bi,I,. Figure 1c shows X-
ray diffraction (XRD) patterns of the synthesized Cs;Bi,I, NCs.
A set of diffraction peaks at 21.027°, 27.567°, 29.747°, 32.347°,
35.307°, and 38.607° can be assigned to the (104), (203), (204),
(205), (206), and (207) planes of the hexagonal Cs,Bi,I, (space
group P6,/mmc, a=8.4116 A, b=8.4116 A, c=21.1820 A), which
further proved the pure hexagonal-phase structure of Cs;Bi, I,
NCs. In order to verify the stability of Cs;Bi,I, NCs, XRD and
TEM measurements were further performed after storage for 30
days in air ambient (20 °C, 35—50% humidity). It can be observed
from Figure S2 in the Supporting Information that the samples
maintain the structure integrity without decomposition after 30
days storage. And no other diffraction signals were found. In
addition, the TEM morphology did not change significantly be-
fore and after storage for 30 days (Figure S3, Supporting Infor-
mation). The results demonstrate good stability of the Cs;Bi, I,
NCs against environment oxygen/moisture, which proves that
the photoactive material has good practicability.

Then, preliminary optical properties of Cs;Bi,I,/PMMA, DP-
PDTT, Cs,;Bi,[,/PMMA/DPPDTT are investigated (Figure 1d,e).
The UV-visible absorption spectra of Cs;Bi,I,/PMMA possesses
a strong absorption below 600 nm, and the corresponding Tauc
plot of the absorption spectra (Figure S4, Supporting Informa-
tion) reveals that Cs;Bi, 1, NCs possesses an indirect bandgap of
2.20 eV, which is consistent with previous reports.[*¥3% The DP-
PDTT film shows a strong absorption above 600 nm. In addition,
through the comparison of steady-state photoluminescence (PL)
spectra, the charge-transfer efficiency was probed. As shown in
Figure 1e, the Cs;Bi,I,/PMMA films reveal a broad and strong
PL emission peak at 730 nm. On the contrary, the hybrid films
exhibit a weak spectrum, and the integral intensity decreased by
~84%, indicating that the photogenerated carriers are transferred
in the hybrid structure. Figure 1f shows the transfer characteris-
tics of the device, which is performed to assess the charge-storage
effectiveness before and after light irradiation (405 nm, 2.50 mW
cm™2, duration of 20 s) at a Vg of —10 V. The threshold volt-
age (V) shifts in the positive direction after light illumination
operation, indicating that the device can not only act as the elec-
tron capture sites but also store the trapped charges even after
the irradiation is removed.[?*l When the electrical pulse erase
of negative V is applied (=10 V, 1 s), the V,;, can be restored
to its initial state, proving that the trapped electrons are released.
The output curves of the FET under dark condition were stud-
ied, as shown in Figure S5 in the Supporting Information. It can
be observed from the curve that with the increase of the negative
Vs, the Iyg gradually increases, which proves that the V4 can be
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Figure 1. a) Schematic diagram of the Cs;Bi,lq NCs-based optoelectronic synapses array device. b) TEM and HRTEM image and c) XRD patterns of
the Cs;3Bi,lq NCs. d) Absorption spectra of the Cs3Bi,lg NCs/PMMA, DPPDTT, and Cs;3Bi,lg NCs/PMMA/DPPDTT films. e) PL spectra of the Cs;Bi, 4
NCs/PMMA and Cs;Bi,lq NCs/PMMA/DPPDTT films. f) Transfer curves of the device. g) Schematic energy diagram of the device.

used to regulate the charge carrier transport. In addition, we in-
vestigated the output curve under different wavelengths of light
(Figure S6, Supporting Information). Compared with I, under
dark condition, the current increases with light illumination, in-
dicating that light can regulate the carriers transport effectively.
And the change of I,¢ at different wavelengths (405, 532, 635 nm)
is consistent with the change of absorption spectra.

Based on the above results, we believe that the operating mech-
anism of the device for light-writing and electrical-erasing can be
explained by the energy band diagrams. Based on the UV photo-
electron spectroscopy (Figure S7, Supporting Information) and
UV-visible absorption spectra, the energy band alignment of the
Cs;Bi,I,/DPPDTT is plotted in Figure 1g. Here, the conduction
band minimum and valence band maximum of Cs;Bi,I, layer
are —4.19 and —6.39 eV, and those of DPPDTT are —3.50 and
—5.20 eV, respectively.***!l Under illumination, a large number
of photocarriers are generated in Cs;Bi, I, NCs. The photogener-
ated holes are transferred to the DPPDTT by the bending of en-
ergy band, and the photogenerated electrons are trapped in the
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conduction band due to band mismatching between the Cs;Bi, I,
and the organic semiconductor layer. The trapped photogener-
ated electrons can be used as an additional electric filed to acceler-
ate the holes escape into the DPPDTT layer. In addition, since the
Cs;Bi,I, NCs in the Cs;Bi,I, NCs/PMMA films is in a discrete
state, the trapped electrons are further retained, and the dielec-
tric layer also effectively suppresses current dissipation.!?8! When
the negative V is applied, the trapped electrons could be electri-
cally erased, breaking through the interfacial barrier to motivate
the hole injection from DPPDTT to Cs;Bi,I, NCs.

Synapse refers to the structure in which the stimulus of one
neuron is transmitted to another neuron or to another cell, as
shown in Figure 2a. The presynaptic neuron responds to the
stimulus and then release the neurotransmitters (normally elec-
trical and chemical synapses) to connect with the receptors in the
postsynaptic neuron.[*?] Similar to the synapses in the human vi-
sual system, most of the synaptic devices that simulate synaptic
behavior use electrical or photonic signals to supply action poten-
tials for synapses. Figure 2b presents the elementary diagram of a

2202123 (3 of 10) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. a) Schematic diagram of neurons and synapses in the brain. b) Schematic of the neuromorphic device. c) EPSC behavior triggered by a light
pulse (405 nm, 0.1 mW cm~2, duration of 1s). d) PPF index as a function of the time interval of light pulse pairs. The inset shows the EPSCs excited by
two successive light pulses with 1's interval (405 nm, 0.1 mW cm~2, duration of 15s). e) EPSC excited by different light pulse frequency. f) EPSC curves
with different light duration (2, 10, 20, and 40 s) and g) different pulses (10, 50, 100, and 200 pulses). h) Learning experience of the device (0.1 mW

cm™2,2 Hz).

single synaptic device based on Cs;Bi, I, NCs/PMMA/DPPDTT
FET, providing photonic signals as action potential for emulating
several important synaptic functions. First, we studied the EPSC
behavior under light illumination. As shown in Figure 2c, dur-
ing the 1 s lighting process, the current continued to increase
to 0.34 nA, and the current exhibits fast decay followed by slow
decay over time when the light is turned off. After 160 s, the cur-
rent increases by 173% compared with the initial value. This phe-
nomenon is consistent with the synaptic plasticity in the human
system.[*3] PPF effect is a form of the short-term memory (STM),
which refers to the increase rate in the amplitude of the postsy-
naptic current between two consecutive spikes. The inset in Fig-
ure 2d presents that the continuous EPSC behaviors are stimu-
lated by a pair of light with the same pulse width and 1 s interval
(405 nm, 0.1 mW cm™2). It can be seen that the second magni-
tude EPSC (4,) is obviously higher than the first one (4,). When
the first light pulse is applied, photogenerated carriers are gener-
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ated in the Cs;Bi, I, NCs/PMMA films, resulting in an increase in
EPSC. Due to the energy band difference of Cs;Bi, I, NCs and the
dielectric layer, the trapped electrons in the Cs;Bi, I, NCs need
to take a long time to decay after turned off the light. When the
second pulse is applied, more trapped electrons induce a higher
currentlevel, so more photogenerated carriers accumulate to trig-
ger the PPF effect. Figure 2d shows the PPF effect simulated by
two identical light pulses at different time intervals, which can
be described by the following relationship: PPF = A, /A; X 100%.
And the fitting result agrees well with the data (orange line). Fig-
ure 2e exhibits the EPSC change behavior of the device under dif-
ferent light pulse frequencies, and it can be seen that the EPSC
gradually increases with the frequency, and the phenomena cor-
respond to the biological synapse behaviors. For practical appli-
cation in the optoelectronic field, study on the stability of such
synaptic device is necessary. In this work, we studied the EPSC
of the unencapsulated device under the same testing condition

2202123 (4 of 10) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

in the open air. As shown in Figure S8 in the Supporting Infor-
mation, the device maintains almost the same EPSC properties
after 1 month storage. In addition, the unencapsulated device re-
tained 92% of the original current value after storage in air for
60 days (Figure S9, Supporting Information), indicating that the
FET has remarkable environmental stability.

Another major feature of synaptic plasticity is STM and long-
term memory (LTM). Normally, the transition from STM to LTM
can be realized through repeated and long-time stimulation,
which is known as the basis of biological memory and learning.
Here, the EPSC curve changes under light pulses with different
intensities are shown in Figure S10 in the Supporting Informa-
tion. After 45 s decay, increases in current values of 40, 60, 90,
140 pA are observed compared with the original value (20 pA)
when the lighting power density increases from 0.08, 0.10, 0.50,
2.13 mW cm~2. Therefore, intense light pulses stimulate the con-
version of the synaptic plasticity from STM to LTM during the cu-
mulative modulation.*l Moreover, Figure 2f,g demonstrates the
transition process from STM to L'TM under different light width
and pulse numbers, respectively. Similarly, with the increase of
the light pulse width (2 to 40 s) and pulse numbers (10 to 200),
the EPSC value gradually increased after the light was removed.
Based on the characteristic of the device, the “learning-forgetting-
relearning-forgetting” process is investigated in Figure 2h. The
light-on state represents the process of learning or relearning,
and the light-off state corresponds to the forgetting process. In
the first learning process, after applied 30 light pulses to stimu-
late the device, the EPSC was significantly enhanced after learn-
ing. When the light is removed, the EPSC attenuates 70% of the
maximum value within 100 s. This process is considered to be a
process of forgetting. In the second learning process, the EPSC
returns to the initial level, only 6 light pulses were applied. Sim-
ilarly, the EPSC maintained a higher value than the first cycle
after 100 s of decay. This phenomenon is similar to the Ebbing-
haus forgetting curve. It takes less time to relearn the amnesic
information, and the memory can be enhanced after relearning.
Except for natural forgetting, the device can reduce the erasing
time by applying negative V5. As shown in Figure S11 in the
Supporting Information, the application of Vg accelerates the
decrease of EPSC. In addition, the change of the light-writing and
electrical-erasing current value in each cycle is small, indicating
the good stability of the device.

The proposed device exhibits excellent sensitivity to dura-
tion time, which makes it suitable for mimicking human vi-
sual perception and memory. Here, the visual perception func-
tion is emulated by a flexible 10 x 10 array. Figure 3a shows the
schematic structure and photograph of the flexible array. Perfor-
mance uniformity and electrical stability in the bending state are
crucial for imaging applications of flexible optoelectronic synapse
arrays.[*%l We first verified the uniformity of 100 pixels by mak-
ing statistics on the current. As summarized in Figure S12 in
the Supporting Information, all pixels have similar dark currents
(23.86 + 5.70 pA) and photocurrent (0.64 + 0.02 nA) value after
light illumination of 40 s (Vg =0V, Vpg =—10V, 0.1 mW cm™2).
The results prove that all pixels of arrays possess satisfactory uni-
formity. Moreover, statistical dark currents were performed on
100 pixels after electrical erasing. As can be seen in Figure S13a
in the Supporting Information, the device possesses outstanding
current uniformity. And the corresponding statistical dark cur-
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rent is shown in Figure S13b in the Supporting Information, all
pixels have similar dark current ranging from 10 to 40 pA, with
an average value of 24.22 + 5.69 pA. It should be noted that the
average value is almost equal to the dark current before electri-
cal erasing, implying the outstanding electrical stability of the ar-
ray device. Then, to investigate the imaging ability and flexible
stability, the flexible array was fixed on hemispherical support
and patterned illumination was applied to the device by using
a shadow mask, as shown in Figure 3c. The pixels under illumi-
nation (405 nm, 0.1 mW cm~2, duration of 1 s) exhibited a higher
current, while the other pixels have a relatively low current level.
As a result, a clear letter of L can be identified (Figure 3d). And
the imaging result is consistent with those in the flat and fold-
ing states, which indicates remarkable flexible stability under the
curved hemispheres. Furthermore, the synaptic behaviors with
bending and folding were studied. Figure 3e shows the EPSC
behavior stimulated by a light pulse in flat, bending, and fold-
ing states. The current at 0 and 10 s after light removal remains
unchanged under different bending states. To further examine
the stability and bending endurance, the variation of EPSC value
from initial to 1000 bending cycles with an interval of 10 cycles
was demonstrated, as shown in Figure 3f. The current at 0 and
10 s after light removal was kept very well, exhibiting stable and
repeatable cycling performance without significant performance
degradation. The results show the robust flexibility of the device,
demonstrating the potential for mimicking human visual percep-
tion. On this basis, candy-shaped lights with the same light inten-
sity and different durations (2, 20, 40 s) are predefined into the
array to realize the information storage. As shown in Figure 3b,
the current increases with the duration time, indicating that a
stronger memory effect can be obtained, which is consistent with
the previous results.*/*8] It is worth noting that the candy-shaped
pattern can be clearly distinguished even under the short-term
light of 2 s. The upper six pictures of Figure S14 in the Support-
ing Information and Figure 3b show the current change with du-
ration time when the decay time is 60 and 300 s, respectively. As
the decay time increase, the current will be gradually decreased to
a low level which will not be sufficient for image recognition. The
results mean that the memory strength increases with the dura-
tion time and decreases with the decay time, which is consistent
with the human visual perception.

Figure 4a shows the schematic diagram of the human visual
system and the device that recognizes unknown light. According
to the absorption spectra, the absorption layer exhibits different
sensitivity to light of the same power at 405, 532, and 635 nm,
which is consistent with the different sensitivity of human eyes to
different colors of visible light. Therefore, the potential of the arti-
ficial vision system to distinguish between purple, green, and red
lights was studied. As shown in Figure 4b, 405, 532, and 635 nm
light with the same power intensity is illuminated on the device
(duration of 10 s), resulting in different EPSC levels. When the
light wavelength are 405, 532, 635 nm, the observed current val-
ues are 588, 202, and 98 pA, respectively. Moreover, the current
values at different wavelengths are distinguishable during the de-
cay time, thus the device could distinguish the color even after the
lights are turned off. This is the basis for the device to simulate
the human eye to distinguish color.

Figure 4c summarizes the EPSC value for different duration
times (2, 5, and 10 s). As expected, the current value increases

2202123 (5 0f10) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. a) Schematic diagram of a human vision system and the flexible device. b) The EPSC image mapping of the 10 X 10 array under 2, 20, and 40
s light duration. c) Schematic illustration for measuring the patterned light. d) The resulting image mapping in bending, flat, and folding state. e) EPSC
behavior triggered by a light pulse (405 nm, 0.1 mW cm~2, duration of 1) in flat, bending, and folding states. f) Changes in EPSC values at 0 and 10's
after light removal. The bending cycles are 1000 times and the interval is 10 times.

with the duration time. The right side of Figure 4a shows the
schematic diagram of the 10 x 10 array device that recognizes
unknown light, when a light enters a mask that contains a let-
ter “5,” a “5” pattern light is generated. The array device is il-
luminated by light of 635, 532, and 405 nm (duration of 2 s),
respectively, with the same power intensity. And the photocur-
rent magnitudes measured by the devices are 66-82, 155-180,
and 256-320 pA, respectively. The corresponding imaging results
are shown in Figure 4d. The result reveals that the device can
mimic the retinal function of the human eye by distinguishing
colors. Furthermore, benefiting from the flexibility of the low-
dimensional properties of Cs;Bi, 1, NCs, the device exhibits sta-
bility during the bending and folding state. As shown in Figure
S15 in the Supporting Information, after 1000 bending and fold-

Adv. Sci. 2022, 9, 2202123

ing cycles, the imaging results of letter “5” have almost no sig-
nificant performance degradation, respectively (405 nm, 0.1 mW
cm™2, duration of 2 s). In addition, by using the characteristic of
both the wavelength- and intensity-dependent response, an opti-
cal communication can be prepared. Here, the wavelength of the
light is defined as the first digit information, and the light inten-
sity is defined as the second digit information. The digit informa-
tion can be transmitted and demodulated with light. Specifically,
the wavelengths of 635 nm (red) and 405 nm (purple) represent
0 and 1 of the first digit information, and 0.1 and 0.5 mW cm ™
are demodulated to 0 and 1 of the second digit information, re-
spectively. As shown in Figure 4e, the four pieces of two-digit in-
formation of 00, 01, 10, and 11 can be demodulated and stored
from the wavelength and intensity of the incident light, with the

2202123 (6 of 10) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. a) Schematic diagram of the human visual system and a 10 x 10 array device that recognizes unknown light. b) EPSC is triggered by light of
different wavelength with the same intensity (0.1 mW cm™2, duration of 10 s). ) Current value of different wavelength at different duration time of 2,
5, and 10 s. d) The recognition results in the dark condition and illumination at 635, 532, and 405 nm for 2 s. Unit is nA. e) Define the light pulses of
different wavelengths and intensities to decode the two-digit information of 00 (635 nm, 0.1 mW cm™%; R;), 01 (635 nm, 0.5 mW cm™%; R), 10 (405 nm,
0.1 mW cm~2; P;), and 11 (405 nm, 0.5 mW cm~2; P,). f) The decode procedure of the device according to the ASCII code.

corresponding EPSC of 70 pA (red, 0.1 mW cm~2; R;), 130 pA
(red, 0.5 mW cm™%; R,), 250 pA (purple, 0.1 mW cm™2; P;), 430
PA (purple, 0.5 mW cm™2; P,). As a result, according to the Amer-
ican Standard Code for Information Interchange (ASCII) rules,
four light pulses R,R,R, P,, R,R,R,R;, R,R, P,R,,and R,R, P| R,
represent 01010011, 01000101, 01001101, and 01001001, respec-
tively, can be demodulated into four letters “SEMI” and stored in
the device. To avoid the interference between the adjacent light
beams and to ensure the accurate demodulation of the optical sig-
nals, the device was erased with an electrical pulse after reading
each light bit. It should be note that the functions of optical signal
detection, decoding, simple calculation, and storage are realized,
which can be used for multifunctional optoelectronic devices.
To examine the potential of the device in the field of neuromor-
phic computing in the simulated human visual system, the long-
term potentiation (LTP) and long-term depression (LI'D) behav-

Adv. Sci. 2022, 9, 2202123

ior of the device was analyzed to simulate the handwritten digit
recognition task of the modified national institute of standards
and technology (MNIST) database by an ANN. Figure 5a shows
the schematic diagram of a three-layer perceptron ANN with one
hidden layer, which depicts how the perceived image (28 x 28
pixels) is transmitted to the ANN to complete image training and
recognition functions. The synaptic weight of the network is de-
fined as the conductance difference between two equivalent opti-
cal synapses: W= G* — G~.[*! And the update of ANN param-
eters is implemented according to the synaptic plasticity (LI'P and
LTD), and the recognition accuracy is highly related to the linear-
ity of the weight update trajectory. Figure 5c depicts the LTP and
LTD curves in flat, bending, and folding states, in which 200 con-
tinuous optical spikes were applied to the device (405 nm, 2 Hz)
and followed by another 200 negative voltage pulses (-5 V, 2 Hz).
It can be observed that the conductance can be enhanced from

2202123 (7 of 10)  © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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state.

0.02 to 1.74 nS during the light-writing process, and the conduc-
tance is reduced from 1.74 to 0.261 nS after voltage-erasing pro-
cess. The nonlinearities of the LTP and LTD curves are extracted
from the following equations!!

- Gn=Gmin
G, — G, = ape " GmaCmin (for LTP) (1)
_p, Cmax =G
G — G, = —ape " GmaSuin (for LTD) (2)

where the G,,; and G, represent the synaptic conductance of
the device in the present and updated states, and the parame-
ters a and f denotes the changing step sizes of the conductance
and nonlinearity, respectively. G, ,, and G, ;, are the measured
maximum and minimum values of G, respectively.>*°l The fit-
ted nonlinearities curve in flat state under 200 pulses is shown
in Figure S16 in the Supporting Information, and parameters are
calculated as 3.5174 and 3.5944, respectively, demonstrating an
outstanding linearity for image recognition. In addition, the fit-
ted parameters’ result at bending states is listed in Table S1 in the
Supporting Information. The result shows that the device still has
good linearity even in bending state, which proves that the device
possesses good stability. Based on the fitted parameters in the flat
and bending states, the recognition accuracy is illustrated in Fig-
ure 5d. After the training process of 10 000 states, the recognition
accuracy reached 0.921 (flat), 0.888 (bending), and 0.859 (fold-
ing), respectively. The small difference in recognition accuracy
between flat and bending/folding states reveals that the device
possesses great potential to fabricate hardware ANN s for flexible

Adv. Sci. 2022, 9, 2202123

applications. Furthermore, different noise levels (0-60%) were
implemented to the MNIST database to evaluate the fault toler-
ance of the ANNs (Figure 5b). As shown in Figure 5e and Figure
S17 in the Supporting Information, the recognition accuracy is
still higher than 80% when the noise ratio is set to 30%, demon-
strating a strong fault-tolerance ability.

3. Conclusions

In conclusion, the flexible artificial optoelectronic synaptic de-
vice based on Cs;Bi, I NCs/PMMA/DPPDTT FET has been
demonstrated. Using the carrier confinement caused by the
band mismatching between the Cs;Bi, I, nanocrystals and the or-
ganic semiconductor layer, the device shows light-induced charge
trapping and electrical-mediated charge release characteristics.
The synaptic functions including EPSC, PPF, the transition
from short-term plasticity to long-term plasticity, and “learning-
forgetting-learning” were performed in our device. The artifi-
cial vision system is successfully simulated to achieve real-time
detection and image memory. In addition, benefiting from the
low-dimensional structure of the Cs;Bi,I; NCs, the flexible ar-
ray device demonstrates robust stability and reliability at bending
states. Moreover, the neuromorphic computing of image recog-
nition possess high accuracy and strong fault tolerance even in
bending states. These results indicate that optoelectronic synap-
tic device with simple manufacturing technology of organic semi-
conductors and low-dimensional Cs;Bi,I, NCs are expected to
play a vital role in the realization of neuromorphic computing in
the future.

2202123 (8 0f10) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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4. Experimental Section

Materials: Cesium acetate (C,H3CsO,, 99.9%), bismuth acetate
(C¢HgBiOg, 99.9%), trimethylsilyl iodide (TMSI, 97%), and oleylamine
(OAm, 80-90%) were provided from Aladdin. Oleic acid (OA, 90%) and 1-
octadecene (ODE, 90%) were provided by Sigma-Aldrich. All the chemical
reagents were commercially available and used as received.

Preparation of Cs3Biylg NCs: The Cs3Biyly NCs were prepared by
a modulated colloidal synthetic route. First, a mixture of 0.15 mmol
C,H;3Cs0O,, 0.1 mmol CgHgBiOg, 5.0 mL ODE, and 0.5 mL OA was placed
in a three-neck round-bottom flask, and the solution was heated to 100 °C
for 30 min. Then, the 90 pL TMSI was injected into the reaction mixture
quickly and reaction terminated immediately after 10 s. Finally, the uniform
hexagonal Cs;Bi,lg nanocrystals were obtained.

Fabrication of the PET/Al,O3/Cs3Bi,lqg NCs/PMMA/DPPDTT Device:
First, the cleaned flexible PET substrate was treated with O, gas plasma for
15 min. A laser writing method and thermal evaporation was used to fabri-
cate the 10 X 10 array. The first electrode layer is patterned by laser writing
method and is composed of 10 lines, the length is 2.5 cm, the width is
20 um, and the spacing is 0.198 cm. Then, the Al,O; film (20 nm) was de-
posited by atomic layer deposition at 200 °C. Second, the PMMA was dis-
solved in toluene with a concentration of 15 mg mL~". The Cs;Bi,lq NCs
dispersed in toluene was mixed with PMMA solution and stirred for 24 h.
The mixed solution was spin-coated on the prepared substrate at 500 rpm
for 5 s and then 3000 rpm for 30 s. Then, the samples were annealed at
60 °C for 30 min. Third, The DPPDTT was dissolved in dichlorobenzene
with a concentration of 3 mg mL~" and then was spin-coated on the sub-
strate at 3000 rpm for 30 s. Finally, the metal plate nested with the gate was
used as a mask, and the source and drain were prepared by thermal evapo-
ration. All the electrode layer employed the metal stack of Cr/Au (5/50 nm).

Statistical Analysis:  The diameters of NCs in a typical TEM image were
measured by software of Nano-Measurement. The current statistics of ar-
ray device were carried out via the origin2017 software. The sample size
for all current statistics was 100.

Characterization of Materials and Devices: The crystal structure of the
prepared Cs;Biylg NCs was measured by HRTEM (JEM-2010F). XRD
(Rigaku D/Max-2550) was performed to study the crystallinity of the
sample. The PL spectra were studied by a spectrofluorometer (Horiba;
Fluorolog-3). The absorption spectra were conducted by a Shimadzu UV-
3150 spectrophotometer. The electrical characteristics were conducted us-
ing a Keithley 4200-SCS parameter analyzer. The light source was power-
adjustable. UTG4082A were conducted to provide a pulse signal to gen-
erate pulsed light. All the device tests were carried out under an ambient
condition at room temperature. The image processing was carried out us-
ing MATLAB.

Neural Network Stimulation: The structure of ANN including input
layer, hidden layer, and output layer was used. The number of neurons
of three layers was 784, 400, 10, respectively. The algorithm utilized for
training and recognition processes was back-propagation (BP) algorithm.
A total of 50000 images were applied for training, and 10 000 images were
used for testing the accuracy.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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