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ABSTRACT: Optically readable organic synaptic devices have
great potential in both artificial intelligence and photonic
neuromorphic computing. Herein, a novel optically readable
organic electrochemical synaptic transistor (OR-OEST) strategy
is first proposed. The electrochemical doping mechanism of the
device was systematically investigated, and the basic biological
synaptic behaviors that can be read by optical means are
successfully achieved. Furthermore, the flexible OR-OESTs are
capable of electrically switching the transparency of semiconductor
channel materials in a nonvolatile manner, and thus the multilevel
memory can be achieved through optical readout. Finally, the OR-
OESTs are developed for the preprocessing of photonic images,
such as contrast enhancement and denoising, and feeding the

processed images into an artificial neural network, achieving a recognition rate of over 90%. Overall, this work provides a new

strategy for the implementation of photonic neuromorphic systems.
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T raditional computers based on the von Neumann
architecture are less efficient in paralle] computing and
adaptive learning and cannot meet the urgent demand for
efficient, high-speed computing."”” Brain-inspired neuromor-
phic computing has the advantages of high efliciency and
ultralow power consumption due to its high parallelism and
human brain like processing capability, which are considered as
an ideal way to break the limitations of traditional computers
and realize a new generation of artificial intelligence.3_7 Thus,
neuromorphic devices are the hardware building blocks for
implementing neuromorphic computing and the key to build
neuromorphic chips.

In recent years, various semiconducting materials have been
used to build synaptic devices for neuromorphic computing,
including metal oxides,* "¢ perovskites,ll_15 and low-dimen-
sional materials."®""” Additionally, organic semiconducting
materials are ideal materials for preparing large-area flexible
integrated optoelectronic transistors, which can combine the
advantages of their inherent flexibility, lightness, ease of
processability, and the ability to tune the performance through
molecular design.zo_22 Among them, organic electrochemical
synaptic transistors offer the advantages of a low voltage, a
continuously adjustable memory, and a high compatibility for
biological applications.”>~*® Previous reports have mostly
focused on electrically stimulated and light-stimulated organic
synaptic devices. However, the signal readout among most of
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these devices is still electrically operated.”*"~>* Optical signals

as the transmission carrier of synapses are more suitable for
ultrahigh computational speed because they have unique
advantages including high bandwidth, low power computation,
and low crosstalk.”*>> More importantly, optically readable
organic synapses with temporary memory can process images
in real time, which can reduce the time latency of photonic
neuromorphic systems. However, organic synaptic devices with
optically readable capability remain unexplored.**™**

Herein, we first report a new type of optically readable
organic electrochemical synaptic transistor (OR-OESTs) in
which an ion-gel electrolyte and poly(3-hexylthiophene-2,5-
diyl) (P3HT) are used as the gate dielectric layer and the
channel layer, respectively, and the coloring states of the
channel layer at different wavelengths are controlled by the
gate voltage (Vgs). The functions of basic synaptic behaviors
that enable optical readout have been perfectly mimicked, such
as excitatory/inhibitory postsynaptic potential (EPSP/IPSP),
short-term/long-term memory (STM/LTM), and paired-pulse
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Figure 1. (a) Schematic of a biological synapse, where the communication between synapses occurs through the axonal propagation of action
potentials and the release of neurotransmitters. (b) Schematic of the proposed ion-gel-gated P3HT-channel OR-OESTs. (c) Transmittance spectra
of the P3HT films under electrical bias. Inset: optical microscopy images of an OR-OEST (the scale bar represents 2 mm). (d) Transmittance
spectra of the P3HT films as a function of V, for different light wavelengths. (e, f) Optical transmittance of device excited by different V.

facilitation/depression (PPF/PPD). Furthermore, the pro-
posed OR-OEST array enables preprocessing of the photonic
image, such as contrast enhancement and denoising.
Consequently, the reported strategy provides a brand-new
perspective for next-generation photonic neuromorphic
systems.

As illustrated in Figure la, the synapse is the site at which
neurons are functionally linked as well as an important unit for
conveying information.””~*' The structure of OR-OESTs on a
flexible polyethylene terephthalate (PET) substrate is shown in
Figure 1b. The chemical structure of P3HT and the ion-gel
electrolyte are illustrated in Figure SI. The self-assembled
freestanding P3HT films are transferred to the PET substrates,
and then, the ion-gel films are screen-printed onto the in-plane
gate to complete the fabrication of the OR-OESTs, as shown in
Figure S2 (detailed information is provided in the
Experimental Section in the Supporting Information). The
color of the P3HT film changes when different V,; amplitudes
are applied to the device. In the colored state of the OR-
OESTs, the P3HT films have a high light absorbance, leading
to a decrease in the light output intensity. In contrast, the light
output intensity increases in the bleached state of the OR-
OESTs. Hence, the electrical pulses are similar to the
presynaptic potential spikes that occur in biological synapses.
The light output and its anterior—posterior intensity variation
directly correspond to the postsynaptic spikes and the synaptic
weight change, respectively. Therefore, the induced changes in
the optical properties of the OR-OESTs under application of
the V,, can be used to mimic various biological synaptic
behaviors. The representative transmittance spectra of the
P3HT in the visible (Vis) range at different applied Vi,
amplitudes are depicted in Figure 1c, and the test system is
schematically displayed in Figure S3. It should be noted that as
the V,, changes from 0 V (initial state) to —3 V, the
transmittance in the 350—638 nm band increases while that in
the 638—750 nm band decreases. Upon reversing the polarity
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of the applied V,, (i.e, 3 V), the transmittance spectra almost
fully resume their original shapes. The inset of Figure 1c¢ shows
that the initial color of the P3HT film is purple; the film is
bleached upon application of a negative V,, (=3 V), and it
resumes the purple color upon application of a positive Vi, (3
V). Figure 1d depicts the Vis transmittance spectra as a
function of V. The transmittance was measured at different
light wavelengths (namely 450, 550, and 670 nm) as the
applied Vi, was swept from —3 to 3 V with the drain voltage
(V) fixed at —0.1 V. It can be seen that with the increase in
Vg the transmittance of 450 and SSO nm light decreases
gradually while that of 670 nm light increases gradually.
Furthermore, as observed in Figure le,f, the transmittance of
the P3HT films at a light wavelength of 550 nm is not restored
immediately when Vi, is removed (ie, the OFF state).
Therefore, the device exhibits some retention ability, indicating
a memory effect by optical means.

To explore the electrochemical doping mechanism of the
proposed synaptic device, further characterization of the
optical, compositional, and structural changes of the film at
different V,, amplitudes is required. Figure 2a shows the
Raman spectrum of the initial P3HT film. The strong Raman
band at 1445 cm™' and the weak band at 1380 cm™!
demonstrate the presence of neutral P3HT in the device.
The peak at 1445 cm™" is attributed to the C,=Cj stretching
vibration, whereas the band at 1386 cm™! is attributed to the
C;—C; stretching vibration of the aromatic thiophene ring.*>*
At V= -1, the two peaks shift to 1438 and 1379 cm™}
respectively. At Vi = =3 V, the two peaks shift even further to
1406 and 1373 cm™!, respectively. The Raman images
associated with the different V,, amplitudes indicate that the
electrochemical doping-induced charge in the polymer semi-
conductor leads to the formation of polarons and/or
bipolarons.** The schematic chemical structure of P3HT in
the neutral and doped states is shown in Figure S4. Upon
doping, with the formation of positive charges on the polymer

https://doi.org/10.1021/acs.nanolett.3c01291
Nano Lett. 2023, 23, 52645271


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c01291/suppl_file/nl3c01291_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c01291/suppl_file/nl3c01291_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c01291/suppl_file/nl3c01291_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c01291/suppl_file/nl3c01291_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c01291/suppl_file/nl3c01291_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01291?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01291?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01291?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01291?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c01291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

Figure 2. (a) In situ Raman spectra of the P3HT film in its initial state and under —1, —2, and —3 V. (b) Cyclic voltammogram of the ion-gel-gated
P3HT-channel organic electrochemical transistor. (c) Schematic energy level diagram of the device at different doping levels. (d) Schematic of the

modulation mechanism of the device under different V,, amplitudes.

chains, the chemical structure of the neutral P3HT changes
from benzoid-like to quinoid-like. Figure 2b displays the cyclic
voltammogram (C—V) of the OR-OESTs in the potential
range between 3 and —3 V. In this C—V curve, the peak at
—1.97 V (oxidation peak) indicates the oxidation of P3HT to
the polaron and bipolaron states while the peak at 0.6 V
(reduction peak) indicates the change from the polaron and
bipolaron states to the neutral state. Furthermore, absorption
spectroscopic measurements were conducted to quantify the
color differences under different Vi, amplitudes (Figure SS).
The observed absorption spectral changes of P3HT under
different V,; amplitudes can be explained by the energy level
diagram (Figure 2c). The electron transition from the highest
occupied molecular orbital (HOMO) to the lowest unoccu-
pied molecular orbital (LUMO) corresponds to the absorption
band of P3HT at 400—630 nm (Figure 2c(i)). As shown in
Figure 2c(ii), when the polarons are formed, two localized
electronic states are created (+w, and —w,), and the
absorption band of P3HT in the ultraviolet (UV)/Vis range
can be assigned to the polaron state transition P, from the —w,
level to the +@, level, while the near-infrared (NIR) absorption
band can be assigned to the polar state transition P,. The
polaron is formed at the initial stage of doping; however, at a
later stage of doping, a bipolaron is formed (+®,’ and —w,’
levels). Thus, the NIR absorption band of P3HT can be
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assigned to the polaron state transition BP}; at the maximum
doping level, only the bipolaron is present (Figure 2c(iii)).*"*
In order to verify the correctness of the doping mechanism, we
demonstrated the presence of ion doping via scanning electron
microscopy (SEM), SEM-energy dispersive X-ray spectroscopy
(SEM-EDS), and X-ray photoelectron spectroscopy (XPS), as
shown in Figures S6 and S7. These results provide strong
evidence of the occurrence of an electrochemical reaction due
to the penetration of negative ions ([TFSI]”) into the P3HT
layer. Figure 2d shows a schematic of the formation
mechanism of the colored/bleached states in our device.
During the resting stage, anions and cations are randomly
distributed in the ion-gel electrolyte (Figure 2d(i)). When a
negative V,, (=3 V) is applied to the gate electrode, electrons
are extracted from P3HT and flow to the drain electrode while
the [TFSI]™ ions are pumped from the ion-gel electrolyte to
the P3HT layer to maintain charge neutrality. This creates
n[P3HT]*m[TFSI]™ and eventually leads to the oxidation of
the P3HT film (Figure 2d(ii)). In this process, the film
becomes pale blue (bleached state), and the optical trans-
mittance at 400—638 nm increases considerably. Conversely,
when a positive V,, (3 V) is applied to the gate electrode,
electrons are injected while [TFSI]™ ions are extracted from
the n[P3HT]"m[TFSI]™ host (Figure 2d(iii)). This reduces
the n[P3HT]*m[TFSI]~ content and restores the original state
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Figure 3. (a) Optical EPSP responses as a function of the electrical pulse width (fixed Vg = =3V, Vg =-01 V). (b) Optical IPSP responses as a
function of the electrical pulse width (fixed Ve =3V, Vg = =01 V). (c) Optical EPSP responses triggered by electrical pulses of different
amplitudes, ranging from —1 to —6 V (fixed pulse width of 4 s, Vg, = —0.1 V). (d) Optical IPSP responses triggered by electrical pulses of different
amplitudes, ranging from 1 to 6 V (fixed pulse width of 4 s, V4 = —0.1 V). (e) Optical EPSP and (f) IPSP responses triggered by a pair of electrical
pulses separated by At = S s (fixed pulse width of 1 s, Vg = =3 V for EPSP, and 3 V for IPSP, V4 = —0.1 V). Inset: PPF index and PPD index as a
function of At. (g) Percentage change in the electromodulated transmittance during continuous switching cycles between the colored/bleached

states.

of the P3HT film, which recovers its purple color (colored
state), and the optical transmittance is restored. The redox
reactions in the device can be expressed as follows:

P3HT (neutral) — ne™ + m[TESI]”

— n[P3HT]*m[TESI]” (doped) at —3 V (1)
n[P3HT | m[TFSI]” + ne” — m[TESI|”
— P3HT(neutral) at 3V 2)

As shown in eqs 1 and 2, due to electrochemical oxidation or
reduction, the change in the electronic structure of P3HT
alters its optical absorption, leading to a change in the color of
the P3HT film.

As far as the OR-OESTs are concerned, the external
stimulation refers to the V,, and the action potential in
biological synapses corresponds to the light output intensity. In
the bleached/colored state of the device (with a high/low
initial transmittance), when a negative/positive V,, pulse is
applied, the optical postsynaptic potential increases/decreses
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due to ion doping/dedoping, which reduces/enhances the loss
of light absorption. Therefore, this potential can be defined as
an optical EPSP/IPSP. As displayed in Figure 3a,b, for a given
input light intensity, the different output light intensities
caused by the different durations of the electrical pulses
represent different synaptic weights, which indicate the
transition from the STM to the LTM. Likewise, as can be
seen from Figure 3c,d, the memory retention time of the
proposed device is significantly prolonged as the amplitude of
the electrical pulses increases. These results suggest that the
OR-OESTs can successfully implement the synaptic plasticity
and memory behavior of the human brain. In addition, there is
similar optical synaptic plasticity at other wavelengths (450
and 670 nm), as shown in Figure S8. As illustrated in Figure
3e,f, the pair of presynaptic spikes (V,,) varied with the optical
EPSP and IPSP amplitudes in the colored and bleached states,
respectively. The relationship between the optical EPSP/IPSP
amplitudes and two consecutive Vi, pulses separated by a
interval time (At) was also investigated, as shown in Figure S9.
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Figure 4. (a) Photos of the flexible OR-OEST array attached to the human eyeball model. (b) Contrast enhancement achieved with a 5 X § OR-
OEST array. (c) Results of output maps in the initial state and after pulse numbers of 10, 20, 45, and 70, respectively. (d) Schematics of the OR-
OEST devices for photonic image denoising and an artificial neural network for photonic image recognition. (e) MNIST images with different
noise factors before and after OR-OEST array preprocessing. (f) Comparison of the MNIST image recognition rate with and without OR-OEST

array preprocessing at different V,, amplitudes.

The PPF and PPD indexes are defined according to the
equation

A
PPF or PPD = —2 X 100%
A (3)

where A, and A, are the absolute values of the first and second
spikes of the optical postsynaptic potential, respectively. The
insets in Figure 3e,f display the relationship between the PPF/
PPD index and At in the colored and bleached states of the
device, respectively. Clearly, the PPF or PPD index decays
rapidly with increasing At, and the data can be fitted according
to the equation

PPF/PPD index = C, exp(—At/7) + C, (4)

where C, is a constant, C, is the initial facilitation magnitude,
and 7, is the characteristic relaxation time. According to the
fitting results, C, = 180% (18.7%) and 7, = 2.15 s (3.87 s) in
the colored (bleached) state of the OR-OESTs. This result
indicates that the optical intensity of the OR-OESTs has a
strong temporal dependence, which is largely consistent with
the behavior of biological synapses.
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To evaluate the behavior of the multilevel optical memory
and cyclic stability of this device, the temporal behavior of the
optical memory level was investigated (Figure 3g). The optical
transmittance (T,) of the device is defined as the baseline of
the readout and assigned to a optical synaptic weight “0”
(colored state). Any subsequent change of the readout (AT =
T — T,) during the measurement is normalized as the relative
change in percentage (AT/T,) to the baseline. The device
started at weight “0”, which then reaches weights of “17, “27,
“3”, and “4”, upon application of four Vi, pulses (amplitude —3
V, pulse duration 1 s, At = 1 s), respectively. A multilevel
photonic memory state is thus obtained starting from the
colored state of the OR-OESTs to the bleached state. Similarly,
when the device starts at weight “4” (bleached state), it reaches
weights “1"”, “2”, “3"”, and “4"”, upon application of four V,
pulses with amplitude 2 V, pulse duration 1 s, and At =1 s,
respectively. After 20 cycles, the devices still exhibit high cyclic
stability (Figure S10). The optical long-term potentiation
(LTP) and long-term depression (LTD) of the proposed
device were investigated (Figure S11). These results imply that
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the optical memory level can be tuned by varying the number
of Vi, pulses.

To investigate the image preprocessing capabilities of the
OR-OESTs, a S X S device array was fabricated. An image of
an array attached to the human eyeball model and photos of
the flexible OR-OESTs are illustrated in Figure 4a.
Furthermore, we evaluated the electrical characteristics of all
25 devices in the flexible OR-OESTSs, and 100% of the devices
exhibited typical transistor characteristics with a large current
on/off ratio of >10* and hysteresis window of >1.2 V (Figures
S12 and S13). The electrical performance under bending
conditions is only slightly changed, which indicate that the
OR-OESTs have excellent stability and reliability (Figures
S14). In an image classification task, image preprocessing is
critical for optimizing features from a large amount of original
data and reducing redundancy.”” All light intensities were
normalized (Figure S11), and a S50 nm green light was
randomly illuminated onto the whole array with an intensity
ranging from 0 to 0.5, as shown in Figure 4b. We divided the
OR-OEST array into two regions: image of optical pattern “X”
and the remaining (Figure 4c). The former with V,, amplitudes
of =3 V pulse and the latter with amplitudes 2 V pulse,
respectively, are continuously input into the array. As the
number of pulses increases, the transmittance increases with
the negative V, (=3 V) pulses imposed, while it decreases with
the application of positive Vi, (2 V) pulses (Figure S11).
Figure 4c shows output maps after 10, 20, 45, and 70 pulses. It
was found that the output pattern “X” pattern became more
distinct as the number of pulses increased. This means the OR-
OEST array can highlight the differences and extract
information more efficiently. In addition to contrast enhance-
ment, denoising plays an important role in image classification.
In this preprocessing step, the red (R)—green (G)—blue (B)
values were mapped to the intensities of light pulses with
wavelengths of 670, 550, and 450 nm, respectively. To
illustrate the denoising capability of the OR-OESTs array, we
propose an artificial photonic neuromorphic system (784
inputs and 10 outputs), as shown in Figure 4d. To demonstrate
the difference in photonic image classification with and
without the OR-OESTs array, we used the standard 28 X 28
pixel Modified National Institute of Standards and Technology
(MNIST) data set with noise. The photonic image passes
through the OR-OEST array (one image pixel corresponds to
one device). In previous works on image preprocessing,
devices have been usually only designed to extract a particular
wavelength feature in a specific situation.”®™>' To prove that
the proposed OR-OEST array can perform well in a variety of
situations, we combined 450, 550, and 670 nm wavelengths of
light in pairs, with one wavelength as the optical pattern “8”
and the other wavelength as the background noise, and Vi,
values ranging from 3 to —3 V were applied to the OR-OEST
array. The optical pattern “8” is red with a green background
noise generated according to a Gaussian distribution. For a
given Vo = 3 V, the OR-OEST array exhibits different
transmittances for red, green, and blue light, with the red light
transmittance being the highest. When a positive Vj, (3V)is
applied to the OR-OEST array, the red pixels pass through
while the green background noise is filtered out. The input and
output images after denoising are compared in Figure 4e,
where the noise factor varies from 0 to 0.3. The denoising
results of the red optical pattern “8” by changing the V, or
background noise are displayed in Figures S15 and S16. After
denoising, we fed the processed data sets into an artificial
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neural network. We tested the recognition rate of the red
optical pattern “8” with different wavelengths of background
noises at different V,, amplitudes. Figure 4f illustrates the
recognition rate after image preprocessing. The figure shows
that the photonic image preprocessing with the OR-OEST
array at high noise coefficients results in a significant increase
in the recognition rate. When the noise factor is 0.3, the
recognition rate after 100 epochs is 88.86% without the OR-
OEST array preprocessing, and it can be improved to 91.68%
after preprocessing. We changed the color of the optical
pattern “8” and the background noise for denoising and
recognition. The recognition rate of the green (blue) optical
pattern “8” with either blue or red (green or red) background
noise at different V,, amplitudes is shown in Figure S17
(Figure S18). Overall, the recognition rate of red and blue
optical images was significantly improved after denoising.
These results demonstrate the superiority of the OR-OESTs
over conventional optoelectronic synaptic transistors for
photonic image preprocessing.

In this study, we proposed a flexible OR-OEST for the first
time. The electrically driven movement of [TFSI]™ ions in the
electrolyte changes the interaction strength between light and
the P3HT film, thus permitting the optical tuning of the
synaptic connection strength. The proposed OR-OEST's mimic
the basic biological synaptic behaviors using optical means.
Furthermore, we utilized arrays of the proposed OR-OESTs to
realize photonic image preprocessing, in particular, contrast
enhancement and denoising. Therefore, our devices would
provide a promising concept for an organic photonic
neuromorphic system.
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