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ABSTRACT: Neuromorphic vision that integrates the functionalities of
sensing, memory, and processing may provide an important approach to
overcome the drawbacks of a conventional artificial visual system such as data
redundancy and high-power consumption. It has exhibited considerable
potential to mimic the functionalities of human vision even beyond the
visible-light range. In this work, we show an ultraviolet (UV)-responsive synaptic
transistor based on the heterostructure of 4H-SiC and organic semiconductors.
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Benefiting from the heterostructure design and photogating effect, the non-

volatility of the synaptic transistor is achieved. Various biological synaptic functionalities are successfully mimicked by the synaptic
transistor. The electrical energy consumption of the device per synaptic event is only 0.55 ], which is comparable to the energy
consumption of a biological synapse. Furthermore, the dynamic learning and forgetting process of the image of a letter is simulated
by using an array of the devices, demonstrating the potential of the UV-responsive synaptic devices for neuromorphic UV vision with

the capability of the image recognition and memory.
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B INTRODUCTION

Relying on sensory neurons in a retina human vision is capable
of parallelly sensing and processing visual information," which
has inspired research on artificial visual systems based on
optoelectronic devices.”’ A conventional artificial visual system
consists of a photoreceptive chip, an analog-to-digital
converter, a memory unit, and a processing unit.* Such a
system with physically separated functional units shows
disadvantages of data redundancy, data access delay, and
high power consumption.” In contrast, neuromorphic vision
that is an artificial visual system based on non-volatile
optoelectronic synaptic devices integrates the functionalities
of sensing, memory, and processing. It may provide an
important approach to overcome the drawbacks of a
conventional artificial visual system. The neuromorphic vision
has shown potential applications in image contrast enhance-
ment,l image recognition,5 pattern memory,6 and so on.

The construction of neuromorphic vision increasingly
requires UV-responsive synaptic devices.”” Although a
human retina cannot sense UV light, the majority of animal
species use their UV vision for navigation, orientation,
intraspecific communication, and food seeking.8 For instance,
bees use their excellent UV vision to distinguish flowers from
complex surroundings and locate a nectar more easily.”'’
Various materials such as Si nanocrystals,'""'* organic semi-
conductors,'>'* perovskite quantum dots,">'°  two-dimen-
sional materials,'"” and wide/ultrawide bandgap semiconduc-
tors”'®~** have been used to fabricate UV-responsive synaptic
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devices. As a typical wide-bandgap semiconductor, 4H-SiC is
an ideal candidate for UV-responsive synaptic devices due to
its intrinsic wide bandgap (3.3 €V), strong UV light absorption,
UV radiation robustness,”* and high thermal conductivity.”’
4H-SiC has been already used in UV photodetectors,”* "
posg)ion-dependent photodetectors,” and electronic synap-
ses.

In this work, a UV-responsive synaptic transistor based on
the heterostructure of 4H-SiC and organic semiconductors is
fabricated. The n-type 4H-SiC is used as the substrate and the
main UV absorbing layer. The p-type organic materials are
utilized because of their high hole carrier mobility’’ and
widespread applications in optoelectronic synaptic devi-

es.'”*7** The synaptic transistors show response to 375
nm UV light. Benefiting from the heterostructure design and
photogating effect, the non-volatility of the synaptic transistors
is achieved. Various biological synaptic functionalities such as
the excitatory postsynaptic current (EPSC), paired-pulse
facilitation (PPF), spike-duration-dependent plasticity
(SDDP), spike-number-dependent plasticity (SNDP), spike-
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Figure 1. (a) Schematic representation of a biological synapse. (b) Schematic structure of the UV-responsive synaptic transistor. (c) Cross-
sectional HRTEM image of the synaptic transistor. (d) Energy band diagram of 4H-SiC, PVK, and P3HT. (e) Photocurrent of the synaptic

transistor as a function of the power of the 375 nm light.

rate-dependent plasticity (SRDP), and experiential learning are
successfully mimicked by the synaptic transistors. Furthermore,
the recognition and memory of an image of a letter are
simulated by using an array of the devices.

B EXPERIMENTAL SECTION

Materials and Device Fabrication. The heavily nitrogen (N)-
doped 4H-SiC wafer with a thickness of 350 ym and a N
concentration of 6 X 10" to 1.5 X 10'°/cm® was purchased from
TankeBlue Co., Ltd. The epitaxial 4H-SiC layer with a thickness of 10
pum was grown on the (0001) Si face of the wafer by hot wall chemical
vapor deposition (HWCVD) (SICEP150A). The N concentration of
the epitaxial 4H-SiC layer was 8.9 X 10'S/cm’® obtained from
capacitance-voltage measurements. In SiC, epitaxial growth is
essential to produce active layers with designed doping density and
thickness. The epitaxial 4H-SiC normally has low defect densities
compared to the 4H-SiC substrate, which is important for high-
performance devices. In N-doped 4H-SiC, the minority carrier
lifetime is inversely proportional to the majority carrier concen-
tration.”® The concentration of the free electrons in the lightly doped
epitaxial 4H-SiC is about 2 orders of magnitude lower than that in the
heavily doped 4H-SiC wafer,”” which would dramatically reduce the
recombination rate of the photogenerated holes.

The epitaxial wafer was cut into pieces of 10 X 10 mm?. The small
substrates were sequentially sonicated in acetone, ethanol, and
deionized water for 5 min. They were then immersed in 30% H,0,
solution for 10 min and 5% HF solution for 5 min to remove any
possible oxides on the surface. Afterward, the substrates were
sonicated in deionized water for 5 min and dried with high-pressure
N,. To fabricate the 4H-SiC/PVK/P3HT devices, poly(9-vinyl-
carbazole) (PVK) (in mxylene, 10 mg/mL) was spin-coated on the
substrate at a speed of 2000 rpm for 50 s and then annealed at 110 °C
for 20 min. Poly(3-hexylthiophene) (P3HT) (in o-dichlorobenzene,
10 mg/mL) was subsequently spin-coated at a speed of 1000 rpm for
50 s and annealed at 130 °C for 20 min. For 4H-SiC/P3HT devices,
P3HT was spin-coated directly on the 4H-SiC surface. Au electrodes
(100 nm thick) were evaporated on the top of the P3HT film through
a shadow mask, resulting in 25 ym long and 500 ym wide channels.
UV glue was finally dropped on the channel area to encapsulate each
device. The spin-coating of organic semiconductors, thermal
evaporation of Au electrodes, and encapsulation of the devices were
all performed in a glovebox.

Morphology Characterizations and Optoelectronic Meas-
urements. Optical microscopy (AXIO IMAGER A2M, Zeiss) was
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used to attain the photograph (Figure S1a) of the synaptic transistor.
Atomic force microscopy (AFM) (Dimension Edge, Bruker) was
employed to investigate the morphology of the P3HT film on the 4H-
SiC/PVK surface. The P3HT film surface is uniform with low
roughness (Figure S1b). Scanning electronic microscopy (SEM)
(Sigma300, Zeiss) and Fourier transform infrared spectroscopy
(FTIR) (Is50, Thermo Fisher Scientific) were performed to
investigate the thickness of the epitaxial 4H-SiC layer. A focused
ion beam (FIB) system (FEI Quanta 3D FEG) was utilized to prepare
a cross-sectional sample of a typical device. High-resolution
transmission electron microscopy (HRTEM) (FEI Tecnai G2 F20)
was employed to analyze the cross-sectional sample. The absorption
spectra were measured by using a UV—vis—NIR spectrophotometer
(UV-3600 Plus). Ultraviolet photoelectron spectroscopy (UPS)
(Thermo Scientific ESCALAB 250Xi) was used to investigate the
energy band structure of the epitaxial 4H-SiC. The optoelectronic
measurements were performed with a Keithley 2450 SourceMeter.
The synaptic functionalities were characterized by using a 375 nm
laser. The light power density was measured with a power meter
(Thorlabs GmbH, PM 100D). Optical spikes were generated with an
optical shutter tuned by an arbitrary waveform generator (RIGOL
DG4202). All the optoelectronic measurements were conducted in
the ambient environment.

B RESULTS AND DISCUSSION

The schematic structure of a biological synapse and the
designed UV-responsive synaptic transistor are shown in
Figure la and Figure 1b, respectively. The thickness of the
epitaxial 4H-SiC (~10 ym) was obtained from the SEM image
(Figure S2). In addition, FTIR was performed to analyze the
thickness of the epitaxial 4H-SiC. Thickness values of 9.7309 +
0.0156 pm were obtained after measuring five different points
on the 4H-SiC surface, which are consistent with the SEM
result. Thicknesses of the organic semiconductor layers (PVK:
~4 nm; P3HT: ~30 nm) were obtained from the cross-
sectional HRTEM image (Figure 1c) of the synaptic transistor.
Figure S3a shows the absorption spectra of PVK, P3HT, PVK/
P3HT, 4H-SiC, 4H-SiC/P3HT, and 4H-SiC/PVK/P3HT
samples in the wavelength range of 350—400 nm. Figure S3b
shows the absorption spectra of PVK, P3HT, and PVK/P3HT
samples in the wavelength range of 350—750 nm. It can be
seen that the 375 nm UV light is mainly absorbed by the thick
4H-SiC layer, and the ultrathin PVK and P3HT films hardly

https://doi.org/10.1021/acsaelm.2c01390
ACS Appl. Electron. Mater. 2023, 5, 367374


https://pubs.acs.org/doi/suppl/10.1021/acsaelm.2c01390/suppl_file/el2c01390_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.2c01390/suppl_file/el2c01390_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.2c01390/suppl_file/el2c01390_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.2c01390/suppl_file/el2c01390_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.2c01390/suppl_file/el2c01390_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c01390?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c01390?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c01390?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c01390?fig=fig1&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.2c01390?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

(2) (b) (©
Oe=00ss o or o o '] 005 mWeen? — iting
~1.26 - = O 013 mW/em? — Fitting
< 21 38 z 16 O 025mW/em? — Fitting
b=t = 2
123 EPSC 135 A =14
5 5 1.32 A 2 &
1.204 12
1.29 A
" 126 . )
1.17 T v v - T v v 1.0 —
18 19 20 21 22 18 19 20 21 22 220 2 4 6 8 10121416 18
Time (s) Time (s) Interval (s)

Figure 2. (a) EPSC of the synaptic transistor triggered by an optical spike (375 nm, 0.05 mW/cm? and 0.0S s). (b) EPSC of the synaptic transistor
triggered by two consecutive optical spikes with a spike width of 0.05 s and spike interval (At) of 0.1 s. (c) Dependence of the PPF index on the
interval of the two consecutive optical spikes. The external voltage applied on the device is 2 V during the measurements.
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Figure 3. (a—c) Dependence of the EPSC triggered by an optical spike on the spike duration. (d) SDDP of the device. (e—g) Dependence of the
EPSC on the optical spike number. The spike width and interval are both 0.05 s. (h) SNDP of the device. (i—k) Dependence of the EPSC triggered
by 15 optical spikes on the spike frequency. The spike width is 0.05 s. (1) SRDP of the device.

absorb the UV light. The photogenerated carriers will be
mainly generated in the 4H-SiC layer.

The energy band structure of the epitaxial 4H-SiC (—3.1, ~
—3.5, and —6.4 eV) (conduction band, Fermi level, and
valence band) (Figure S4) was investigated by using UPS

under ultrahigh vacuum. The results agree well with that in the
The energy band structures of PVK (—2.2, ~
-5, and —5.8 eV)* and P3HT (—3.2, ~ —4.4, and =52
eV)*>*! (highest occupied molecular orbital (HOMO) level,
Fermi level, and lowest unoccupied molecular orbital (LUMO)

. 37,38
literature.””
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Figure 4. (a) Learning/forgetting/relearning process of the synaptic transistor. (b) Magnified view of panel (a). (c) EPSC of the synaptic transistor
triggered by 200 and 400 optical spikes. The spike width and interval are both 0.05 s.

level) are obtained from the literature with the vacuum level (0
€V) as the reference level. As depicted in the energy band
diagram (Figure 1d), PVK forms the p—n junction with 4H-
SiC. The photogenerated electron—hole pairs in the 4H-SiC
layer are separated immediately under the built-in electric field.
Owing to the shallow LUMO level and deep HOMO level of
PVK, the photogenerated electrons remain trapped in the 4H-
SiC layer, while the photogenerated holes are transported and
injected into the P3HT channel. Holes are responsible for the
electrical conduction in the P3HT film. To validate the role of
PVK as the electron blocking layer (EBL) and hole transport
layer (HTL),"* the decay curves of the normalized
photocurrent stimulated by one optical spike (375 nm, 0.25
mW/cm?, and 20 s) are compared for 4H-SiC/P3HT and 4H-
SiC/PVK/P3HT devices (Figure SS). The decay time of the
photocurrent increases from 0.6 to 1.5 s after the insertion of
the PVK layer, affirming the critical role of PVK to elongate the
lifetime of photogenerated holes in the P3HT channel and the
achievement of the non-volatility of the synaptic transistor.

To gain further information on the conduction mecha-
nism,"* we studied the power dependency of the photocurrent
of the synaptic transistor. The photocurrent generated in the
device increases with the increase in the incident light power
(Figure le). The data plotted in a log—log scale appears linear,
which is a sign of a power law dependency. We fit the data to
the equation I, = A-P%, where L, is the net photocurrent,
A is a constant, P is the light power, and « is a dimensionless
fitting parameter.” Photoconductive and photogating effects
have different power dependencies of the photocurrent: @ = 1
for the complete photoconductive effect and a < 1 for the
photogating effect.”** The power exponent a is 0.7 for the
synaptic transistor, indicating that there exists a photogating
effect provided b7y the trapped photogenerated electrons in the
4H-SiC layer.”” The hybrid-induced photogating effect
modulates the conductance of the P3HT channel and induces
a positive photocurrent, directly contributing to the non-
volatility of the device,”’~° which will be shown later.

The photogenerated holes here correspond to the neuro-
transmitters in a biological neural system. When neuro-
transmitters diffuse from the pre-synaptic membrane to the
post-synaptic membrane, the EPSC is generated and the
synaptic weight is strengthened. The EPSC of the synaptic
transistor is triggered by an optical spike (375 nm, 0.05 mW/
cm?, and 0.05 s) (Figure 2a), indicating the increase in the
channel conductivity. The modulation of the channel
conductance by the photogating effect makes the synaptic
transistor capable of mimicking various synaptic functionalities.
PPF that is one of the important manifestations of short-term
plasticity (STP) is demonstrated (Figure 2b). The PPF index
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is defined as A,/A;, where A; and A, are the EPSC values
triggered by the first and second optical spike, respectively.”’
When the synaptic transistor is stimulated by the second
optical spike, the photocurrent in the P3HT channel induced
by the first optical spike has not decayed completely, leading to
a higher A, than A;. The PPF index decreases with the increase
in the interval of the two consecutive optical spikes (Figure
2c), which is similar to the behavior of biological synapses.
In biological neural systems, while STP is related to the
recognition and processing of input information that is
forgettable, long-term plasticity (LTP) is associated with the
formation of learning and memory that persist several hours or
longer in the human brain.’>>® The transition from STP to
LTP can be achieved by enhancing stimulating intensity,
duration, number, and frequency that persistently increase the
synaptic weight." Regarding the synaptic transistor, the STP-
to-LTP transition can be realized by increasing light power
density, spike duration, spike number, and spike frequency.
Figure 3a—c shows the EPSC triggered by an optical spike as a
function of the spike duration under three different light power
densities (0.05, 0.13, and 0.25 mW/cm?, respectively). A small
EPSC triggered by a short spike (0.0S s) rapidly decays, while a
larger EPSC triggered by a longer spike (10 s) decays much
more slowly. The STP-to-LTP transition is also mimicked by
increasing the optical spike number (Figure 3e—g) and spike
frequency (Figure 3i—k) at different light power densities. It
can be seen that the basic synaptic functionalities of a
biological synapse such as SDDP (Figure 3d), SNDP (Figure
3h), and SRDP (Figure 31) are successfully mimicked by our
synaptic transistor. Figure S6 shows that the synaptic
functionalities such as the EPSC, SDDP, SNDP, and SRDP
can still be well emulated by the device after it has been stored
in the glovebox for 6 months. The EPSC values of the device
(Figure S6d—f) stimulated by identical optical spikes show no
big difference from those of the as-prepared device, suggesting
a relatively good long-term stability of the synaptic transistor.
“Experiential learning” that is one of the learning behaviors
of biological neural systems is also mimicked by the synaptic
transistor. As demonstrated in Figure 4a, when the synaptic
transistor is stimulated by 10 optical spikes, the EPSC steadily
increases. After the stimulation stops, the EPSC decreases,
which is analogous to the forgetting process during the grasp of
new knowledge of a human being.’* When the synaptic
transistor is stimulated by the optical spikes again, the
maximum value of the previous EPSC is quickly reached
within eight identical optical spikes (Figure 4b). During the
“forgetting process”, the EPSC stimulated by previous 10
optical spikes gradually decays to an intermediate value,
meaning that there still exist some photogenerated holes in the
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of each device. The image obtained (a) without training, (b) after 400 training times (UV light stimulation: 375 nm, 0.38 mW/cm?, 400 spikes with
a spike width of 0.05 s and spike interval of 0.0S s, 2 V), (c) 1 s after the training, and (d) 100 s after the training.

Table 1. Comparison of the Electrical Energy Consumption of Different UV-Responsive Synaptic Devices

materials wavelength(nm) light powerdensity (mW/cm?) electrical energyconsumption (pJ) reference
Si nanocrystals 375 1.3 940 11
C8-BTBT-C8/PAN 360 0.9 ~420 13
C8-BTBT-C8 365 0.009 13.6 14
pentacene/PMMA/CsPbBr; 365 0.041 ~1.4 x 10° 1$
black phosphorus 280 0.4 3.5 17
ZnO NWs/sodium alginate 365 0.55 ~1.1 x 10° 6
InGaZnO/SiO, 375 500 123 19
InGaZnO/AlL O, 365 3 ~12.5 56
In, 05 365 091 ~100 20
a-Ga,0, 254 0.005 1.1 X 1072 21
4H-SiC/PVK/P3HT 375 0.05 (55 +0.1) x 107* this work

P3HT channel. Hence, less than 10 optical spikes are needed
to reach the previous maximum EPSC, indicating that it is
more efficient to relearn a previous forgotten knowledge than
to learn for the first time.

The long-term retention capability (Figure S7ab) of the
synaptic transistor was also investigated by stimulating the
device with 200 and 400 optical spikes (375 nm and 0.38 mW/
cm?). The EPSC does not decay completely even 10* s after
the stimulation stops, proving the superior retention capability
and the formation of long-term memory (LTM) of the
synaptic transistor.

The magnified graphs of Figure S7ab are organized in
Figure 4c. Based on the LTM behavior, the simulation of the
recognition and memory of a flower stamen image is shown as
a proof of concept (Note S1 and Figure S8). In nature, most of
the animals can sense UV light, which is of great significance
for navigation, orientation, intraspecific communication, and
food seeking.” Diverse flowers can reflect UV light to attract
the nectarivorous pollinator with UV vision.”” The UV-
reflecting areas (shown in purple in Figure S8) positioned in
the UV-absorbing parts (shown in black in Figure S8) display
strong UV signals to help pollinators locate the floral nectar,
while such signals are totally invisible to us humans that lack
the UV photoreceptors in the retina.

By statistically investigating the LTM behavior of nine
devices integrated in an array, the dynamic learning and
forgetting process of the image of the letter “X” is
demonstrated in Figure S. The letter “X” is memorized in
the array by selectively stimulating five devices with 400 optical
spikes (375 nm, 0.38 mW/cm? a spike width of 0.05 s, and
spike interval of 0.0S s, 2 V), indicating that a learning process
is achieved (Figure Sb). The forgetting process is faster at the
beginning (Figures 4c and Sc) followed by a slower process
(Figure 5Sd). Even 100 s after the training, the letter “X” is still
recognizable. The learning and forgetting behavior are
consistent with those of the biological visual system, indicating
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the applications of the UV-responsive synaptic transistors in
neuromorphic UV vision with the capability of the image
recognition and memory.

Low energy consumption is critical for neuromorphic UV
vision. Figure S7c shows one typical current curve of a single
synaptic event triggered by one optical spike (375 nm, 0.05
mW/cm?, 0.0005 V, and 0.02 s). According to eq S1 described
in Note S2, the average energy consumption of a single
synaptic event calculated from three independent measure-
ments is only 0.55 fJ. The energy consumption is lower than
that of other UV-responsive synaptic devices based on Si
nanocrystals,"' organic semiconductors,'>'* perovskite quan-
tum dots,”> two-dimensional materials,'” other wide-bandgap
materials,”'”*° and ultrawide bandgap materials’’ in the
literature (Table 1). The energy consumption is also
comparable to that of a biological synapse (1—100 f]).”’

B CONCLUSIONS

In summary, we have shown a UV-responsive synaptic
transistor based on the heterostructure of 4H-SiC and organic
semiconductors. Benefiting from the device structure design
and photogating effect, the non-volatility of the synaptic
transistor has been achieved. Various synaptic functionalities
such as the EPSC, PPF, SDDP, SNDP, SRDP, and experiential
learning have been mimicked by the synaptic transistor. The
device shows superior retention capability with duration of the
photocurrent beyond 10* s after the stimulation of repeating
optical spikes. The electrical energy consumption of the device
per synaptic event is only 0.55 ], which is lower than that of
other UV-responsive synaptic devices. In addition, the dynamic
learning and forgetting process of the image of a letter is
simulated by using an array of the devices, demonstrating the
potential of the UV-responsive synaptic devices for neuro-
morphic UV vision with the capability of image recognition
and memory.
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