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Abstract

Artificial synapses with light signal perception capability offer the ability to
neuromorphic visual signal processing system on demand. In light of the excellent
optical and electrical characteristics, the low-dimensional materials have become one
of the most favorable candidates of the key component for optoelectronic artificial
synapses. Previously, our group originally proposed the synthesis of germanium oxide-
coated MXene nanosheets. In this work, we further applied this technology into the
optoelectronic synaptic thin-film transistors for the first time. The devices exhibited the
adjustable postsynaptic current behaviors under the visible light inputs. Moreover, the
potentiation and depression operation modes of the devices further improved the
application potential of the devices in mimicking biological synapses. Regulated by the
wavelength of incident lights, the proposed artificial synapse could effectively help
detect the target area of the image. Eventually, we further showed the results of the
devices in the projects of neural network computing task. The long-term
potentiation/depression characteristics of the conductance were applied to the synaptic
weight matrix for image identification and path recognition tasks. By adding knowledge
transfer in the process of recognition, the epoch required for convergence has been
greatly reduced. The result of high noise tolerance revealed the great potential of the
proposed transistors in establishing high-efficiency and robustness hardware

neuromorphic systems for in-memory computing.

Keywords: artificial synapse, MXene, visible light detection, in-memory computing,

neural circuit policies
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1. Introduction

The in-memory neuromorphic devices have shown great potential in the field of
high-parallel big data computing applications based on neural network system[1-8].
Since 1948, the artificial synapses with biological synaptic behaviors have been proved
to be one of the leading directions in the research of neuromorphic devices[9-13].
Typically, the unit synaptic device could transfer the signals between pre- and
postsynaptic terminals, as the neurons in a biological nervous system, during which the
input stimuli could be processed into the output response with neuronal plasticity[4, 6,
14-16]. One neuromorphic computing array could contain plenty of artificial synapses
with highly parallel non-von Neumann architecture[5, 6, 9, 17]. Further, the energy
consumption of one artificial device has been reported to be very low, approaching or
even below the biological synapse (~10 fJ for one synaptic affair) [6, 14, 18, 19]. All
these advantages indicate that the artificial synapses are suitable for human-like sensory
information processing or other applications based on complex neuromorphic network
structure[5, 17]. Especially for the three-terminal transistor-like synaptic devices, the
voltage applied on the gate electrode (Vs) is regarded as the presynaptic voltage (Vpre)
and the drain current (Ips) as the output, also named postsynaptic current (PSC)[20, 21].
Since the output response could be monitored as the input signal is applied, the synaptic
transistors are considered to have excellent applicability for mimicking neural
behaviors[20, 22, 23].

Among a number of artificial synaptic devices, photoelectric synaptic devices
stand out due to their low power consumption, small mutual interference of optical
input signals, and more conducive to high-speed and high-density processing of large
amounts of information[24, 25]. In addition, optoelectronic synaptic transistors are also

of great significance for visual perception simulation and computer vision tasks[5, 26].
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Recently, two-dimensional (2D) materials have been widely studied for optoelectronic
applications due to their extraordinary physicochemical advantages such as thickness-
dependent bandgap, high carrier mobility, and the wide optical absorption range
covered from ultraviolet (UV) to terahertz[2, 27-33]. As an innovative 2D material, the
MXene has been demonstrated to have its attractive behaviors like metallic conductivity,
excellent hydrophilicity, and high optical transparency (>97% per nm), etc[34-36]. In
particular, unlike the classical chemical vapor deposition (CVD)-processed 2D
materials such graphene, MoS,, and hBN, etc., MXene has distinguished compatibility
with low or room temperature solution fabrication process, indicating a great
application potential in the large-scale fabrication and flexible circuit production[36-
39]. Moreover, previous studies have reported the good characteristics of MXene as a
floating gate in the synaptic transistors and the optoelectric applications under UV light
irradiation[34, 40, 41]. However, the application of MXene in the field of optoelectric
synaptic transistors is still facing a bottleneck of working under the incident visible
light (wavelength from 780 nm to 400 nm), which limits the further application in the
field of visual perception[42]. Therefore, a feasible solution to overcome this is worth
researching. Previously, our group initially reported a 2D nanosheet fabricated by a
facile route of coating the MXene nanosheet with an ultra-thin layer of germanium
oxide (GeOy)[43]. Such nanosheets contain a large number of oxygen vacancies (V,),
and a heterostructure could be formed at the interface between them and other metal
oxides, which all contribute to the current response under visible light incidence [43-
45]. This provides a feasible solution for improving visible light response of synaptic
devices based on 2D materials.

In this study, we present a kind of photonic synaptic thin-film transistors (TFTSs)

compatible with visible light stimuli. For the first time, the GeOx-coated TisC,Tx
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MXene (GMX) nanosheet was applied to the fabrication of GMX-based synaptic TFTs
(GMXSTSs). Combining the GMX with the n-type solution-processed zinc tin oxide
(ZTO) together, a heterostructure was formed and provided the foundation of
photoelectric response. The MXene also played an important role in optimizing the
electron storage performance and enlarging the light-receiving area. The devices
exhibited typical synaptic plasticity under both the Vgs pulses and the visible light
stimuli. Then, we applied the various responses of the devices under the different input
lights into image target area detecting simulations, indicating the visual perception
mimicking capability. With the help of the detecting pre-process, the task of counting
the fluorescent cells stained by 2-(4-Amidinophenyl)-6-indolecarbamidine
dihydrochloride (DAPI) was correctly performed. Furthermore, based on the mixed
light-voltage stimulated long-term potentiation/depression (LTP/D), the artificial
neural network (ANN)-based classifier for digital images based on the Modified
National Institute of Standards and Technology (MNIST) database was successfully
established with noise tolerance close to the human eye. In addition, due to the addition
of a knowledge transfer step in the process of recognition to use the pre-trained high-
performance teacher network to guide the low-accuracy student network, the epoch
required for convergence has been significantly reduced. Finally, for a more advanced
path recognition task related to the automatic driving, the performance of GMXSTs was
applied to a neural circuit policies (NCP) network. The successful obstacle-detecting
result under Gaussian noise demonstrated the robustness of the NLP-based neural
network system, indicating a bright future in the field of in-memory computing.

2. Results and Discussion

In human brain, there are billions of neurons with specific functions to sustain our

body's activities, as depicted in Figure 1(a). Through the processes of receiving the
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Figure 1. TFT design and material characterization. (a) Schematic diagram of

biological visual perception nerve cells. (b) Conceptual diagram of simulating human
visual perception through GMXSTSs. (c) DFT calculation model diagram of GeO,/ZTO
heterostructure, revealing the first-principles optimized structure and electron density.
(d) Charge density difference result of GeOx/ZTO heterostructure in DFT calculation.
(e) Energy band diagram of the photocurrent generated within the GMX/ZTO
heterostructure. (f) Morphology of GMX prepared by freeze-drying in ZTO film,
characterized by SEM. (g) GMXSTs transfer characteristic curve of the optimized
channel structure.

signals, converting them into electrical signals, and delivering the signals to the brain
through the synapses between the neurons, one can effectively capture the information
and respond accordingly. Here, as shown in Figure 1(b), the TFTs with solution-
processed GMX incorporated ZTO were fabricated to mimic the visual perception
activity. The devices include a bottom gate of n** heavily doped silicon (Si), a dielectric
of silicon dioxide (SiO>), an n-type channel layer of GMX doped ZTO, and the source

(S)/drain (D) electrodes of aluminum (Al), which are described detailly in the

‘Experimental’ section. When an incident optical signal was applied to the device, the

6
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positive photocurrents, also regarded as the excitatory postsynaptic current excitatory
postsynaptic current (EPSC), were generated in the channel, which is similar to the
electrical signal conversion process in the visual system. Moreover, the photocurrent
exhibited non-volatile behavior, which could mimic the memory property of the
biological neurons.

Figure S1 introduces the synthesis process from MXene to GMX, where the coated
polyvinyl pyrrolidone (PVP) interconnected with the MXene's surface providing a
template for the growth of GeOx [43]. The in-situ reduction caused by sodium
borohydride (NaBHy,) led to a decrease in the valence state of Ge** and a formation of
V, 3. The chemical bonds information measured by X-ray photoelectron spectroscopy
(XPS) are displayed in Figure S2 and Figure S3, revealing the existence of MXene core
(Ti 2p spectra) and the reduction of Ge** (Ge 3d spectra) [43]. Especially for the O 1s
test results for the comparison between GeOx and ZTO samples, a much higher content
of V, could be observed in GeOx. According to the previous studies, the difference in
V, content in GeOx and ZTO layers and the heterostructure formed between them are
beneficial to the generation of photocurrent [46]. In order to further understand the
microscopic properties and band structure of GeO./ZTO, we performed density
functional theory (DFT) simulation, as the schematic diagram of structure and energy
band distribution diagram displayed in Figure 1(c) and (d), respectively. In the DFT
calculation, the layers of GeOx and ZTO were assumed to be amorphous according to
our previous researches [43, 47]. The high density of electron at the interface resulted
from the barriers between the two materials, while the dense defect levels plotted in
Figure S4 were majorly formed by the high concentration of V,, in the GeOx.

Therefore, the generation of persistent photoconductivity (PPC) could be proposed

and attributed to two core factors: (i) the existence of a large amount of V, in GeOy and
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(i) the trapping effect of GMX/ZTO heterostructures on carriers. As illustrated in the
energy band diagram in Figure 1(e), the incident light excites the intrinsic V, in GeOy
into V,?* and electrons narrow down the barriers between MXene/GeOx and GeOx/ZTO,
so that more electrons are driven by the positive drain voltage (Vps) to enter the ZTO
channel and cause current increase [44, 45]. The potential well between the GeOx and
ZTO layers would subsequently trap the electrons and lead to the maintenance of carrier
concentration rise after the disappearance of the light input [44, 45]. In addition to
providing more electrons, the MXene core can also increase the surface area of GMX
that receives light, which could further be improved through a freeze-dried process as
shown in Figure 1(f) and Figure S5. We compared scanning electron microscope
(SEM) results of the pure ZTO film and the ZTO films with GeOy, thermal dried GMX,
and freeze-dried GMX incorporation. It could be obviously observed that the freeze-
dried GMX nanosheet exhibited the best malleability, which benefits the photon
reception-response process. The high-resolution transmission electron microscopy
(HR-TEM) in Figure S6 further confirmed the alternative composite structure. Figure
S6a shows the GMX nanosheets are slightly stacked and uniformly distributed in the
field of view. The TEM image of GMX (Figure S6b) further illustrates the successful
integration, in which amorphous GeOy is tightly coated on the MXene film with the
unique layered structure of MXene sheets. The energy-dispersive X-ray spectroscopy
(EDS) spectrum of the obtained GMX nanosheets (Figure S6c¢) also shows the uniform
distribution of Ti, C, Ge, and O on the composite, indicating that GeOx grows uniformly
on the MXene sheets through the self-assembly process and in-situ reduction.

Figure 1(g) and Figure S7 summarize the transfer behaviors of the optimal device
(double layered channel of ZTO\freeze-dried GMX doped ZTO, ZTO\GMX(freeze-

dried)-ZTO) and the other control groups. It could be observed that the TFTs with
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single-layered pure ZTO channels have negligible hysteresis, indicating a high-quality
film but not suitable for synaptic transistors. Typically, the hysteresis serves as the
memory window of the synaptic transistors and leads to the non-volatile EPSC behavior
[34]. For the GeOx-ZTO devices, the large clusters of GeOx formed in the film (Figure
S5(b)) lead to a loose and porous structure, which is not conducive to electron
conduction and lower down the current. Therefore, we choose the ZTO\GMX(freeze-
dried)-ZTO channel-based TFTs as the optimal device and represent the GMXSTs.
Figure S8 shows the transfer curve's variation of the GMXSTs under light conditions.
Under the irradiation of red (660 nm, 23 mW/cm?), green (520 nm, 22 mW/cm?), and
blue (450 nm, 15 mW/cm?) (RGB) visible light, the Ips of the devices showed a
significant increase, which laid the foundation for subsequent research on visible light

artificial synapses.

Based on the phenomenon of rising drain current caused by RGB light, we further test
the photo-induced synaptic behaviors of the GMXSTs. Figure S9 shows the EPSC of
the devices under one RGB light pulse. Since the photon energy of the three incident
lights was different, blue light led to the largest output current, followed by green light,
and red light caused the smallest current. EPSC did not disappear with the
disappearance of light input, indicating that the current gain generated by light is non-
volatile. Figure 2(a) depicts the paired-pulse facilitation (PPF) of the GMXSTSs, which
was tested under dual RGB light spikes with different time intervals (At) and utilized
to reveal the device's basic synaptic behavior. Since it takes time for the recovery of the
increased EPSC, the amplitude of the second EPSC peaks (A2) induced by the light
spike were larger than the first ones (Al) at a small enough At value for all of the RGB

incident lights. As shown in PPF index curve, the index can be fitted using function:

PPF index = A,/ A, = 1+ Cyexp (—At/t1) + Cyexp (—At/1,)
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Figure 2. Synaptic behaviors under visible light and voltage stimuli. (a) PPF results
of the GMXSTs under RGB light inputs. (b) EPSC behavior of the GMXSTs induced
by multiple RGB incident light spikes. (c) Frequency-adjusted synaptic behaviors of
the GMXSTs under RGB RGB light stimuli. The electrical induced EPSC behaviors of
the GMXSTs adjusted by (d) Vgs pulse frequency and (e) Vgs pulse height. (f) [IPSC
behavior of the GMXST generated by the positive Vgs pulses, representing an
inhibitory mode working mode. Schematic diagram of the energy bands of the

GMXSTs in two working modes: (g) excitatory and (h) inhibitory.
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facilitation magnitudes, and 11 and T2 are relaxation time constants. The fitting results

of PPF index curve of blue lightare C;=0.17,C>,=0.17,t1=0.55, andt.=0.67. The
fitting results of PPF index curve of green light are C1= 0.16, C2,=0.16, 11 = 0.29,

and 1= 0.35. The fitting results of PPF index curve of red light are C1 = 0.1, C>=0.1,
11 = 0.0.31, and 12 = 0.38. Similar to the biological system, a shorter At led to a higher
gain of the second peaks. Furthermore, the current gain caused by paired-pulse could
be extended to a multi-spikes test, as displayed in Figure 2(b), where the EPSC under
RGB light input was obtained by a series of 1 Hz, 500 ms spikes. The gradual increase
of EPSC was observed, and it is consistent with the order of the relative magnitude of
the previous RGB photogenerated current gains. The current retention phenomenon
was also matched with the excitatory plasticity of biological synapses [48]. Figure S10
exhibits the variation of the EPSC under RGB spikes of 30 devices, indicating an
excellent uniformity. In addition, the EPSC gain could be adjusted by the frequency of
the light spikes, as shown in Figure 2(c). We applied the 100 ms RGB light spikes with
various frequencies (0.5, 1, 2, and 4 Hz), and the devices showed a current output from
low to high as the input frequency increases. This outcome was also consistent with the
individual biological behavior that the more frequent stimulus leads to a more intense
response. Compared with the current gain tested under 0.5 Hz input RGB light spikes,
the output under 4 Hz measurement was increased by at least 10 times (under red
incident light), indicating an application potential in high-pass filters [14, 49].
Interestingly, the synaptic TFTs also showed similar characteristics when replacing the
GMX with pure GeOy, as shown in Figure S11. The reason could be attributed to the
existence of GeOx/ZTO heterojunction, which is also the main reason for the
photocurrent, as previously discussed. However, the EPSC for the GeOx group was

much less than the GMX based devices under the same input condition (4 Hz, 100 ms),

11
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which is another evidence that the MXene enhanced the photocurrent through electron

providing and area expansion.
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Moreover, the GMXSTs also showed Vgs pulses induced synaptic behaviors adjusted
by the pulse frequency and height, as depicted in Figure 2(d) and (e). Under the
negative input voltage pulse input from weak (low frequency and amplitude) to strong
(high frequency and amplitude), the EPSC of the devices also showed a trend from low
to high. Unlike the light input test, the polarity of the voltage input can change the
working mode of GMXSTs. As shown in Figure 2(f), the negative Vgs pulses led to
the increase of PSC representing the excitatory mode, while the positive Vs pulses led
to the decrease of PSC, referring to the inhibitory mode. This phenomenon could be
explained by the floating gate effect formed by the MXene/GeO,/ZTO stack structure,
as shown in Figure 2(g) and (h), which is consistent with the previous researches [34,
40]. The channel conductance (G) of the ZTO\GMX-ZTO heterostructure could be
controlled by the electron trapping and de-trapping processes in the MXene layer.
Firstly, Vs bias equaled to zero, a large number of electrons in the MXene layer are
trapped due to the conduction band (Ec) barriers between the Mxene and GeOy layers
on both sides [40]. Secondly, during the negative Vgs pulse, electrons tunneled through
the GeOy into the ZTO layer due to the offset of Ec [40]. Finally, after the pulse
disappeared, the carrier concentration in the ZTO channel went up, leading to a higher
G value and Ips [40]. On the opposite, the positive Vgs pulse led to a re-trapping process
of the electron tunneled from ZTO to the MXene layer, and therefore the G would re-
decrease to the original state [40]. As widely reported, for applicating synaptic TFTs in
the field of neuromorphic computing, this rising and falling characteristic of the G
controlled by Vgs pulses plays an important role in stimulating the nodes of the weight

matrix [3].

Combining the visible-light-induced exciting work mode and the Vgs induced

depression work mode together, the logic of "light writing and voltage erasing” would

13
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be realized, as plotted in Figure 3(a). 255 RGB light spikes with a frequency of 2 Hz
and a width of 200 ms were applied on the GMXSTs to generate the rising EPSC.
Subsequently, 50 Vgs pulses with 1 Hz 500 ms were utilized to erase the increased
EPSC back to the initial value. Consistent with the previous description, the input of
RGB light with three different wavelengths will cause the output currents with different
amplitudes. Extracting the G values tuned by each light spike, the memory states of the
GMXSTs stimulated by three colors of light input are shown in Figure 3(b).

For image processing applications, a pre-processing of distinguishing the colors of
objects can effectively reduce the influence of redundant information and improve the
speed and accuracy of calculations [50]. The results established a one-to-one mapping
between the RGB values and the 256 G states. As the conceptual diagram plotted in
Figure 3(c), just as human visual perception neuron system, the RGB 3-channel
dividing vision sensor array could be realized according to the PSC values [51, 52].
Consequently, similar to the human eyes, the target area in the image with specific color
could be detected accordingly. Figure S12 gives a simulating example of processing
the image through the vision sensor array. Through setting the target interval of G to be
less than 80 nS, 80-120 nS, and greater than 150 nS, the red "land", green "plant", and
blue "river and sky" parts of the picture were clearly extracted. Figure 3(d) and (e)
further introduce an application based on this kind of target component processing.
Staining cell samples with chemical reagents such as DAPI is a common method in the
biomedical field, where the nucleus part will be blue due to DAPI staining [53]. For
counting the cells in a DAPI stained image, a pre-processing could be operated via
weakening the pixels other than blue ones, and thus the nucleus would be located. For
a visual sensor array based on the GMXSTs, the weakening operation could be done by

the Vs pulses caused erasing process. Figure 3(e) shows the comparison results for

14



a b o
. pd © 0
= 3 O O O
ag ._ J
> | oy 4 (o} O O
\ - >
nE— . ! \ — LY ﬂ —> -Hidden layers
\/ & 7 ° .
2] . . = ﬂ o o o)
ﬂn ﬂ o] O 10
o
28x28 pixels 400 100x10
for each digit 2
c d e
Vi T + - 300 | ~ Blue light 100
r SW=G*-G - Vg Pulses » r
& i : @ Red with knowlegde transfor
g ‘./ Green light 25 @ Red without knowlegde transfor
@200 ° Vghuisse = 100 TR R
2 © = Redlight > 75 f
2 = - Vg Pulses g 509 | o Green with knowlegde transfor
3 3 8 i @ Green without knowlegde transfor
€100 F ~ = < 0
S . 100
© e 75
3 X 50 £ o Blue with knowlegde transfor
A zg @ Blue without knowlegde transfor
0 5 10 15 20 25 30 35 40 45 50
J Time (s) h Epoch

-
=3
S

URU— [
“ﬁﬂ':;)ﬂmw‘wm
Y

@
£
=3
o

e

Pe.

3
=3
3
1=

No Noise 10% Noise 20% Noise 30% Noise 40% Noise

a
S
B
S

—a— Without Noise|

—o— Noise 0.1
Noise 0.2
Noise 0.3

—a— Without Noise|

—a—Noise 0.1
Noise 0.2
Noise 0.3

—o— Noise 0.4 —o—Noise 0.4

0 0
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Epoch Epoch

»
S

Accuracy of Train Set (%)
N
o

Accuracy of Test set (%)

Figure 4. Applications of GMXSTs in neural network computing. The image
identification systems of (a) biological individual and (b) neuromorphic computing
system with ANN algorithm for MNIST hand-written digit recognition task. (c) The
circuits schematic diagram of two GMXSTs for one node in SW matrix. (d) The LTP/D
behavior of the GMXSTs obtained by optical writing under 50 RGB light spikes and
electrical erasing under 50 positive pulses. () The recognition accuracy rate of the
training set as training epoch increases based on three sets of LTP/D. (f) Images of digit
0 and 1 with various noise levels. The recognition accuracy rate of the g) training set

and h) test set with various levels of noise as training epoch increases.

the cell count task with and without the pre-processing. The cell counter was established

by a typical algorithm based on the Open CV library, including grayscale extraction,

filtering, binarization, filling, bridge cutting, and convolution steps. As depicted, for a

fluorescent image of a highly adhesive Madin-Darby cell, the counter failed without the

pre-processing and successfully obtained the result after locating the nucleus [53].
Furthermore, to explore the in-memory computing capability, we established a

classifier based on the performance of GMXSTs, which successfully complete the

MNIST hand-written digit recognition task viaan ANN algorithm-based simulator. The
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MNIST database consists of labelled images of hand-written digits, which was divided
into training set (~60000 samples) and test set (~10000 samples) in the simulation, as
illustrated in Figure S13. Figure 4(a) displays the classification process of biological
vision system for image information. To realize similar function, the ANN network
converted voltages inputs referred to image pixels to 10 kinds of current outputs through
the synaptic weight (SW) matrix, containing two hidden layers, as shown in Figure
4(b). Each node if SW matrix in ANN represented by the G difference (G* - G’) between
two GMXSTs, with schematic diagram principally illustrated in Figure 4(c) since the
value of G could only be positive [21]. Furthermore, by adding knowledge transfer in
the simulation process, thus greatly improves the speed of fitting convergence.
Nonlinearity and discrete conductance modulation are two major difficulties in the
application of synaptic transistors to artificial neural network arrays. The updating
algorithm using the supervised learning mode is the back-propagation algorithm, which
is more suitable for updating the array of continuous values rather than the synaptic
array composed of discrete values. When using the backpropagation algorithm to
update the synaptic array, the phenomenon of “over-sensitive update” will occur. In
addition, the nonlinearity of the synaptic transistor will also affect the accuracy of the
whole model, which is shown by the large fluctuation of the accuracy during training
and the sharp decrease in the accuracy. Therefore, learned from the concept of
knowledge transfer in the field of machine learning and integrated it into the training
of synaptic arrays. Knowledge transfer is to use the teacher model with higher accuracy
to guide and train the student model with lower accuracy. The external equipment stores
the ideal conductance data Gideal, which is obtained by training the artificial neural
network with software. If the conductance value of the transistor is closer to the ideal

conductance value, the accuracy of the model will be higher. The external device is
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connected to the gate of the synaptic transistor together with the backpropagation
algorithm circuit. When the backpropagation algorithm circuit returns an updated
information Vinformation the external device will obtain the current conductance value
G of the transistor. Vinformation>0 means the weight needs to increase, and
Vinformation<0 means the weight needs to decrease (Vinformation<Vth). In this way,
the influence of nonlinearity and discrete resistance of synaptic transistors on training
can be reduced. The simulation results also show the effectiveness of this
method.Therefore, The SW updating in ANN was realized by the updating of G in
LTP/D curves. As shown in Figure S14, the LTP/D behaviours of the GMXSTs were
obtained by a light-voltage mixed test. 50 RGB light spikes (2Hz) were applied to
enhance the current while 50 positive gate voltages (2Hz, 1 V) led to the decrease of
the current. According to the current results, the G states under RGB stimuli conditions
for ANN simulation could be extracted, as depicted in Figure 4(d). Based the fitting

results of LTP/D properties, the updating rules of G* AND G- could be expressed as

follow [54]:
_B Gn—Gmin

Gri1 =G, +A G, =G, + aye Pemax=Gmin @
_B Gn—Gmin

Gn1=Gn—A Gy =G, —ape "omax=Cmin (2)

where the subscripts n and (n+1) represent n*® and (n+ 1)** stimulation
respectively, p and n stand for potentiation and depression respectively, the variables
G is the conductance, A G is the conductance change due to the programming or
erasing operation, «a is the step size in conductance of the first writing or erasing
operation, S is the mapping result of a function taking the nonlinearity (NL) values of
the measured LTP/D curve as input, and the parameters are illustrated as Table S1 and

Table S2 [55]. The accuracy rates of the training set based on the LTP/D behaviours
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obtained under RGB light spikes are illustrated in Figure 4(e). It could be overserved
that the recognition accuracy rates increase rapidly in the beginning due to the existence
of knowledge transfe, and after around 5 training epochs, the recognition accuracy rates
tend to reach a saturation. The final recognition accuracy rate of the training set reaches
96.8%, 98.1%, 98.3% at the 200™ training epoch respectively for RGB simulated
LTP/D, respectively. This result shows that the ANN based on the synaptic TFT could
perform hand-written digit recognition task with a relatively high accuracy. Figure S15
shows recently published synaptic devices that required the number of epochs for
convergence in the process of neural network recognition. It can be seen from the results
that due to the existence of knowledge transfer, the training epoch required for
recognition rate convergence is far lower than that of most published works [56-63].
Since there was not a large difference in the training results with the SW updating
strategies based on RGB light stimuli, the blue light-induced LTP/D result, with the
largest recognition accuracy rate at 200" train epoch, was utilized for the following
discussion of simulation on the further robustness of the implementation. Figure S16
and Figure S17 illustrates gradual increase in the recognition accuracy rate of both the
training set and the test set as training epoch increases. It could be observed from
confusion matrixes of training and test sets that as training epoch increases, the colour
of the pixels on the diagonal line becomes closer to dark blue, which means the
recognition accuracy rate of each digit becomes closer to 100%. Figure S18 illustrates
the recognition accuracy rate of each digit at 200" training epoch. The recognition

accuracy rate of digit 5 is the lowest, slightly greater than 80% for both training and the
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Figure 5. Applications of NCP network path recognition based on GMXSTs. (a)
Schematic illustration of the path recognition task. (b) The structure of the NLP-based
neural network computing system for path recognition task. (c¢) Vector maps and
coordinates for directions. (d) The scalar of each vector set to fit a standard distance.
(e) The configuration of a pathway vector (P), including thirty directional vectors. (f)
The path recognition results with and w/o various standard deviations of Gaussian
noises. (g) Recognition accuracy of path recognition as functions of learning epochs

under different level of Gaussian noises.

test set at the 200" epoch. The main reason is that the number of samples of digit 5 is
the smallest among all the digits in the dataset, as illustrated in Figure S13.

Then we investigated the noise tolerance of the ANN simulator, all the samples in
the MNIST hand-written digit dataset were altered with random noise. The samples of
images with noise in the training and test sets were used for the ANN training and

inferring to show the fault-tolerance of the ST-based ANN. Figure 4(f) shows the
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image of 0 and 1 with various levels of noise, from 0.1 to 0.4. Figure 4(g) and (h)
respectively show the recognition accuracy rate of the training set and test set with noise
level from 0 to 0.4. It could be noticed that as the noise level increases, the ANN
requires more training epochs to reach the saturation and the recognition accuracy at
the saturation decreases. According to the results, the simulator could effectively
recognize the image under 30 noise condition. But with a noise level of 0.4, the
recognition accuracy of training set and the test set are both around 0.4, which is also
difficult to identify the number by human eyes, as depicted in Figure S19. Therefore,
to some extent, the classifier is close to the image recognition ability of the human eye.

The ANN simulator based on the performance of GMXSTs showed basic
application results in the field of deep learning. To reveal a more advanced application
potential of GMXSTs, we applied the blue light stimulated updating rule to the task of
path recognition task, as shown in Figure 5(a). A system based on a convolution feature
extractor and an NCP path recognition unit was established to analysis the
icra2020_lidar_collision_avoidance dataset[64]. The weight update rule is the same as
that described in Figure 4. Due to the synaptic transistor neural network and digital
neural network being mapped, a random number of LTP stimulation (LTP 0~5) is
applied to each weight in the initialization phase, which simulates the random
initialization phase of the digital neural network, making the gradient easier to calculate.
Next, the update direction of each weight is through simulation calculation, but the
update value and update behavior are determined by the LTP/LTD characteristics,
where Gmayx is the maximum value of conductivity equal to 304.4. Gmin is the minimum
value of conductivity value equal to 0.97. G, is the current conductivity value, and the
initial Gn is Gmin. ap is the step length of the first update equal to 21.07. Bp is the

nonlinearity equal to 5.048. This stage simulates the weight modulation process of the
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synaptic transistor by the peripheral circuit. For the convolution feature extractor, a one-
dimensional convolution kernel with a size of 5 was used to repeatedly operate the
convolution process. Combined with the pooling steps and the dense layer, which acted
as a fully connected layer, the image feature was effectively extracted. Subsequently,
the recurrent neural network (RNN)-like NCP neural network was utilized to train,
which contained only 19 control neurons (12 interneurons, six command neurons and
one action neuron). Through 253 synapses, the control neurons could reflect the
convolution input to the final output. Figures 5(c) and (d) depict the method of building
a path from the NCP output with the help of vectors for eight directions. The
configuration of a pathway vector (P) is composed of thirty directional vectors, as
shown in Figure 5(e). The direction of the turning angle at the beginning of the nu
vector (Pn) depends on the turning Angle at the end of Pn.1. Thanks to the small scale
of neurons in the NCP network, the path recognition system had excellent
robustness[64]. The Gaussian noises with the standard deviations of 0.2, 0.4, 0.6, and
0.8 were added to the input data, and the results of path recognition are shown in Figures
5(f) and (g). The over 80% accuracy under Gaussian noises with 0.8 standard deviations

demonstrated the high noise tolerance of the NCP-based path recognition system.

3. Conclusion

In conclusion, we successfully proposed a kind of optical synaptic TFTs with
enhanced photosensitivity via GMX 2D nanosheet. The existence of GeO,/ZTO
heterostructure and the V,'s excitation acted as the main factors of generating the non-
volatile photocurrent. The MXene core effectively enlarged the light-receiving area of
the GMX nanosheets and increased the conductivity of the channel. Through
experimental demonstration, the channel structure of ZTO\GMX(freeze-dried) doped

ZTO was regarded as the optimal structure for the GMXSTSs. Subsequently, the RGB
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light spiking test and the Vs pulse test were applied to the GMXSTs to reveal the
synaptic behaviors. Through further exploration and analysis, the devices showed the
capability of applicating in the image processing tasks. The results of nucleus detection
for DAPI-stained cell counting and image reconstructions provided evidence of the
GMXSTs for the applicating potential in the artificial visual perception. Finally, the
LTP/D properties of RGB-voltage stimulated GMXSTs were applied to the neural
network computing tasks. The results of ANN-based MNIST digits identification and
NCP-based path recognition showed excellent accuracy and noise tolerance, which
further provide evidence for the application potential of GMXSTs in the field of in-

memory computing tasks.

4. Experimental Section

Preparation of the TisC2Tx MXene dispersion. First, 2 g lithium fluoride (LiF,
99.99% metals basis, Aladdin) and 40 ml hydrochloric acid (HCI, AR 36.0~38.0%,
Sinopharm Chemical Reagent Co., Ltd) were mixed and stirred in a
polytetrafluoroethylene (PTFE) beaker for 30 min. Second, 2 g titanium aluminum
carbide MAX (MAX-Ti3AlC», 98%, 11 technology Co., Ltd) was slowly added to the
beaker in the first step, the reaction temperature was adjusted to 35 °C, and stirring was
continued for 24 h in a fume hood. Subsequently, the obtained solution was centrifuged
(3500 rpm, 10 min) and poured off the supernatant. Then 40 ml of deionized (DI) water
was added to the sediment of the centrifuge tubes. After that, the tubes were shaken by
hand to mix the sediment with DI water and ultrasonicated for 15 min in a high-power
ultrasonic machine (750 W). Then, the above centrifugation and ultrasonication steps
were repeated until the pH of the supernatant poured out after centrifugation was 5.
After that, 40 ml of ethanol (CH3CH20OH, AR >99.7%, Sinopharm Chemical Reagent

Co., Ltd) was added to the centrifuge tubes, followed by ultrasonication for 1.5 h (with

22



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

the function of intercalator) and centrifugation for 10 min (10000 rpm). Next, 20ml of
DI water was added to the centrifuged sediment and ultrasonicated for 20 minutes.
Finally, the obtained mixture was centrifuged again at 3500 rpm for 3 min to obtain the
black-brown few-layer dispersion.

Preparation of the GeOx/GMX precursors. Firstly, 0.5g of GeO2 powder (99.99%
metal basis, Aladdin) was slowly added to 5ml DI-water at 75 °C and then followed by
adding the 2.5 ml ammonia (13.2 mol L, Aladdin) into the GeO2 suspension. The
GeOz/ammonia mixture would quickly transfer to a transparent solution, along with
adding ammonia. Meanwhile, ultrasonication dispersed the 0.03g PVP (99% Aladdin)
into 25ml of TisC,Tx MXene dispersion (10mg ml?). After that, the PVP/MXene
dispersion was added to the GeOz/ammonia mixture with further stirring treatment.
Then, the NaBH4 solution (0.9g NaBH., 98% from Aladdin, added into 20 ml DI-water
with ice-water bath) was slowly dropped into the above mixture solution with magnetic
stirring. After 12 hours, the dark-green suspension was obtained. The GMX powder
was collected in the final step after centrifuging, washing, and freeze-drying for 48h.
The same approach prepared the pure GeOy powder except for the addition of MXene
nanosheet.

Preparation of the ZTO, GeOx-ZTO, GMX-ZTO, MXene, GeOx, GMX
precursors. For the ZTO solution preparation, the HCI was first diluted 10 times with
DI water. Then, 0.9 g tin chloride dihydrate (SnCl; 2H20, 99.99% metals basis,
Aladdin) and 1.78 g zinc nitrate hexahydrate (Zn(NO3)2 6H20, 99.99% metals basis,
Aladdin) were added into the diluted HCI solution to obtain the pristine ZTO precursor
solution. The solution was then stirred in the atmosphere for 12 h in a fume hood. For
the GeOx-ZTO/GMX-ZTO solution, the GeO,/GMX power obtained in the previous

step was added into the ZTO solution with a concentration of 0.2 mg/ml and stirred for
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2 h. As control groups, the MXene dispersion and GeOy/GMX powder were also
soluted or added into DI water to form a 0.2 mg/ml solution.

Device fabrication. The heavily doped n-type silicon substrates with 100 nm
thermally grown silicon oxide (SiO2) were performed as the gate electrodes and the
TFT dielectrics. A 30 min-air plasma process was applied on the SiO surfaces to
improve the hydrophilicity. For the channels with different structures, the depositing
parameters of each kind of solution are: (i) spin-coating at 5000 rpm, 30 s, followed by
pre-annealing at 180 °C, 2 min and annealing at 300 °C, 2 h for ZTO/GMX-ZTO/GeOx-
ZTO precursors; (ii) spin-coating at 3000 rpm, 20 s and annealing at 50 °C, 2 min for
Mxene/GeOyx/GMX precursors. Finally, aluminum (Al) source and drain electrodes
were deposited onto the top semiconductor layer by thermal evaporation through a
shadow mask with a width/length ratio (W/L) of 15.

Characterization. The XPS measurement of the thin films was measured by Thermo
scientific ESCALAB 250Xi with Al Ka X-ray source. The micro-scope of the flims
was revealed by a field-emission SEM (FE-SEM, Hitachi S-4800). The microstructure
and morphologies of the achieved samples were examined under the high-resolution
transmission electron microscopy (HR-TEM, FEI Tecnai G2 F20 S-TWIN). The
electrical characteristics of the TFTs were revealed utilizing a semiconductor analyzer
(Keysight B1500 A) at room temperature. The light spikes were provided by a pulse
generator (RIGOL DG1022U)and three LED lights with RGB colors. The open-source
code for the main part of NCP-based based simulation could be downloaded from
https://github.com/HelloLeexy/HDF-based-Simulation
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