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Abstract With advances in Si-based technology infrastructures and t he rapid integration of Si-based op-
toelectronics, Si-based optoelectronic synaptic devices have the potential to greatly facilitate the large-scale
deployment of neuromorphic computing. The incorporation o f solution-processable polymer semiconductors
into Si-based optoelectronics may enable the cost-e�ectiv e fabrication of optoelectronic synaptic devices.
Poly(3-hexylthiophene) (P3HT) is a semiconducting polyme r used to manufacture optoelectronic synaptic
transistors with P3HT channels and Si gates. The gate dielec tric between them consists of a SiO 2 layer.
Hybrid inorganic-organic Si/P3HT optoelectronic synapti c transistors can mimic synapses when exposed to
optical and electrical stimuli. The Si/P3HT synaptic devic es can spatiotemporally integrate optical and
electrical stimuli to mimic cross-modal learning.

Keywords poly(3-hexylthiophene), silicon, optoelectronic synapt ic devices, cross-modal learning, transis-
tor
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1 Introduction

The performance of conventional neuromorphic computing basedon complementary metal-oxide semi-
conductors (CMOSs) and silicon (Si) transistors is impressive [1, 2]. However, the enormous amount of
energy consumed by conventional neuromorphic computing is becoming increasingly problematic [3, 4].
This has prompted the development of novel devices with ultra-low energy requirements that can sim-
ulate synapses in biological neural networks [5{ 10]. Synaptic devices can be used to build an arti�cial
neural network (ANN) for neuromorphic computing. An ANN is an int egrated system, so it would ide-
ally be constructed using Si-based synaptic devices. This is becausean advanced Si-based infrastructure
can greatly facilitate large-scale integration, which is critical to the commercialization of neuromorphic
computing.

It has become clear that the development of Si-based technologieslargely hinges on optoelectronic
integration [11,12]. Si-based optoelectronic integration should thus be improved for the realization of high-
performance neuromorphic computing. The advantages of optoelectronic synaptic devices include wide
bandwidths, excellent interconnectivity, negligible resistance-capacitance (RC) delays, and high power
e�ciency [ 13]. In order to make full use of these advantages, Si-based optoelectronic synaptic devices
should be proactively investigated [14{ 18]. Research on traditional Si-based optoelectronic devices, such
as solar cells [19], photodetectors [20], and light-emitting devices [21], indicates that Si-based hybrid
structures are ideal for the fabrication of optoelectronic synaptic devices [15, 22{ 25]. The capabilities
of Si and organic semiconductor hybrid structures are of particular interest for cost-e�ective processing
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at low temperatures [26]. However, few of the organic semiconductors including small molecules have
been employed to construct hybrid structures with Si, and thermal evaporation in a vacuum could be
specially required for the process [27{ 30]. Semiconducting polymers are amenable to solution processing,
which could further simplify device fabrication [31]. Poly(3-hexylthiophene) (P3HT) is one of the most
important semiconducting polymers, because its optical and electrical properties make it readily adaptable
for use in traditional optoelectronic devices [32{ 35]. Hence, Si/P3HT hybrid structures are of interest for
the fabrication of emerging optoelectronic synaptic devices.

In this study, we fabricated hybrid optoelectronic synaptic transistors that responded to both optical
and electrical stimuli. We selected Si and P3HT to serve as the back gates and channels, respectively. The
devices exhibited important synaptic features, such as excitatory postsynaptic current (EPSC), inhibitory
postsynaptic current (IPSC), paired pulse facilitation (PPF), spik e-number-dependent plasticity (SNDP),
and spike-rate-dependent plasticity (SRDP). Signi�cantly, the devices could be used to simulate cross-
modal learning with a combination of optical and electrical stimuli.

2 Experimental section

2.1 Device fabrication

Si substrates with 200 nm thick, thermally grown SiO2 layers were sequentially ultrasonicated in acetone,
isopropyl alcohol, and absolute ethanol for 30 min. The substrates were dried under streaming nitrogen
gas and subjected to ultraviolet (UV) ozone treatment for 15 min. They were then transferred to a
glovebox and annealed at 130� C for 60 min. A 5 mg/mL solution of regioregular P3HT (4002-E, Rieke
Metal Inc.) was prepared by dissolving it in dichlorobenzene (CB). The P3HT solution was stirred at
35� C for over 9 h in darkness. P3HT �lms were spin-coated onto the SiO2/Si substrates at 1000 rpm for
� 40 s, and the �lms were annealed at 135� C for 30 min. 100 nm thick gold (Au) electrodes were then
vapor-deposited onto each P3HT �lm at a pressure of less than 3� 10� 3 Pa using a shadow mask. The
channels in the synaptic transistors were 25� m long and 500� m wide. UV glue was used to encapsulate
each device.

2.2 Characterization

UV-visible (UV-vis) absorption spectra of the P3HT �lms were collect ed using a UV-vis-NIR spectrom-
eter (Hitachi U4100). The surface morphologies and thicknessesof the P3HT �lm were characterized
using an atomic force microscope (Veeco NanoScope V, Bruker). All of the devices were tested using a
semiconductor parameter analyzer (FS480, PDA Co., Ltd) and a 532 nm laser as a light source. Optical
stimulation was performed using an optical shutter equipped with a transistor-transistor logic (TTL)
controller. An arbitrary waveform function generator (RIGOL DG 5100) was used to modulate the opti-
cal shutter, and a PM 100D power meter (Thorlabs GmbH) was employed to measure the optical power
density. The arbitrary waveform function generator was also used to directly deliver electrical pulses.

3 Results and discussion

In biological systems, synapses form the junctions between neuronal axons of presynaptic neurons, and
the dendrites or cell bodies of postsynaptic neurons. A biological synapse is schematically illustrated
in Figure 1(a). The transmission of information through a synapse begins withthe stimulus-triggered
release of neurotransmitters from synaptic vesicles in the presynaptic neuron into the synaptic cleft. The
neurotransmitters are taken up by receptors in the postsynaptic neuron, which generates a postsynaptic
current (PSC). An arti�cial Si/P3HT-based synapse, referred t o here as a synaptic transistor, is shown
in Figure 1(b). A presynaptic pulse was simulated by either delivering an opticalpulse to the P3HT
channel or delivering an electrical pulse to the Si back gate. Carriers in the P3HT channel acted as
neurotransmitters, while the current collected at the drain (I D ) was the equivalent of the PSC.

A UV-vis absorption spectrum of P3HT is shown in Figure 1(c). P3HT absorbed visible light well,
and it absorbed wavelengths in the range from 500 to 600 nm most strongly. We thus selected a 532 nm
laser for optical stimulation of our synaptic transistors. The P3HT channel �lms were � 33 nm thick
and quite uniform with a surface roughness value of� 0.49 nm (Figure 1(d)). Typical output curves of a
synaptic transistor are shown in Figure1(e). A shift in the back gate voltage VG from 0 to � 40 V I D was
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Figure 1 (Color online) Schematic illustrations of (a) a biological synapse and (b) an arti�cial Si/P3HT-based synaptic transi stor.
Inset: optical microscope image of the device. (c) UV-visib le absorption spectrum of P3HT. (d) Atomic force microscope (AFM)
images of a P3HT thin �lm. Inset: the thickness of the P3HT thi n �lm measured via AFM line pro�ling. (e) Output curves of
a typical synaptic transistor. (f) Transfer curves of the sy naptic transistor obtained at VD = 5 V in darkness and under optical
illumination at ( � ) 532 nm and a power density of 3.5 mW/cm 2 .

consistent with the p-type conductivity of P3HT. The transfer cu rves of a synaptic transistor obtained
at VD = 5 V are shown in Figure 1(f). Hysteresis was observed when the voltage (VG ) was adjusted
from � 40 to 40 V, then back to � 40 V. Hysteresis arose from the trapping and detrapping of carriers
at the interface between P3HT and the SiO2 gate oxide. This phenomenon is thoroughly documented in
the literature on thin-�lm transistors based on organic semiconductors [36,37]. Hysteresis became more
pronounced when P3HT was illuminated with the 532 nm laser (Figure1(f)). This could be attributed
to an excess of photogenerated carriers in P3HT, which could also be trapped and detrapped at the
P3HT/SiO 2 interface.

The EPSC of a synaptic transistor induced by a single optical spike incident upon the P3HT channel is
shown in Figure 2(a). The power density and duration of the optical pulse were 3.5 mW/cm 2 and 200 ms,
respectively. The resting current (I D0 ) of each synaptic transistor was set to zero, although the actual
value was approximately 5.2� 0.8 nA. The EPSC reached a maximum of� 16 pA, i.e., EPSCmax = 16 pA,
at the end of the optical pulse. After exposure to the optical pulse, the EPSC decayed with a relaxation
time of � 9.68 s. The relaxation time was the amount of time needed for the EPSC change from 90% to
10% of its original value [16, 38]. The increase in the EPSC was related to an excess of photogenerated
holes in P3HT, while EPSC decay was caused by the detrapping of excess photogenerated electrons that
were trapped at the P3HT/SiO 2 interface. The magnitude of EPSCmax depended on the duration of
the optical pulse (Figure 2(b)). When the optical pulse duration was increased from 50 ms to 80 s, the
EPSCmax increased linearly, then gradually reached a plateau. This trend is also observed after the PSC
of a biological synapse reaches its maximum value [39]. To analyze the working mechanism of the device,
we chemically modi�ed the surface of the SiO2 layer by applying a (3-aminopropyl) trimethoxysilane
(APTMS) self-assembled monolayer (SAM) [40]. The maximum EPSC was higher following surface
modi�cation, and it decayed more rapidly (Figure S3). This was because the SAM on SiO2 e�ectively
reduced the density of defects at the P3HT/SiO2 interface [41]. We thus concluded that defects at the
P3HT/SiO 2 interface played an essential role in the working mechanism of our synaptic devices.

Paired pulse facilitation is one of the most important phenomena a�ecting the short-term plasticity
(STP) of a biological synapse. PPF could be simulated using our synaptic transistors. The EPSC induced
by two consecutive optical pulses separated by a pulse interval of300 ms is shown in Figure2(c). The
EPSCmax induced by the second optical pulse (A2) was clearly higher than that induced by the �rst pulse
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Figure 2 (Color online) (a) EPSC of a synaptic transistor induced by a single optical spike ( � = 532 nm) at VD = 5 V and VG

= 0 V. The power density and duration of the optical pulse were 3.5 mW/cm 2 and 200 ms, respectively. (b) Dependence of the
EPSC max on optical pulse duration. (c) EPSC induced by two consecuti ve optical pulses separated by a 300 ms pulse interval (� t ).
(d) Dependence of the PPF index on � t . (e) EPSC induced by 10 consecutive optical pulses. (f) Depe ndence of A 10 /A 1 on VG at
VD = 5 V.

(A 1). Upon completion of the second optical pulse, the EPSC decreased with a decay time of 35.61 s.
The A2/A 1 ratio is referred to as the PPF index. The dependence of the PPF index on the interval
(� t) between two consecutive optical spikes is illustrated in Figure2(d). The PPF index increased to
� 1.4, then decreased over time (�t) until 300 ms had elapsed. We then �tted the data using a double
exponential function. Rapid decay (� 1) and slow decay (� 2) of the PPF index were � 4.16 and 25.18 s,
respectively. � 2 was approximately one order of magnitude larger than� 1, which was consistent with the
dependence of the PPF index of a biological synapse on �t [42].

Both the EPSCmax and the EPSC decay time increased with the number of optical pulses(Figure S1).
Figure 2(e) is a representative plot of the EPSC induced by ten consecutiveoptical pulses. The A10/A 1

ratio of the EPSCmax reached� 3.4 during the 10th optical pulse. The EPSC decay time following the
10th optical pulse was 54.48 s. These results were consistent with SNDP [43]. A similar transition could
be induced by varying the optical pulse frequency from 0.13 to 4 Hz (Figure S2). Importantly, the Si
back gate of the synaptic transistor could modulate synaptic plasticity (Figure 2(f)). When the back
gate voltage was adjusted from� 8 to 8 V, the A10/A 1 ratio for ten consecutive optical pulses increased.
As the back gate voltage changed, holes in P3HT were signi�cantly depleted. Light-induced variations
in the hole concentration in P3HT were consequently more pronounced. Biological neurons exist in
an electrochemical environment. Global parameters, such as theconcentrations of various hormones,
regulate the overall neural network [44]. In this study, we applied a constant voltage to the Si back
gates of several synaptic devices to mimic global regulation. We were clearly able to simulate biological
homeostasis [45], which indicated that the Si substrates had an active functionality.

Our synaptic transistors could also be activated by electrical stimulation. Both an EPSC and an IPSC
could be induced by applying positive and negative electrical spikes, respectively, at the Si back gate
of a synaptic device (Figure 3(a)). Electrical stimulation was achieved by applying voltages of 0.1 V
(positive) and � 0:1 V (negative) for 200 ms. Whether the PSC was excitatory or inhibitory depended
on the magnitude of the PSC immediately before the electrical pulse ended. The induction of the EPSC
and IPSC by positive and negative electrical pulses was related to charging of the acceptor state and
decharging of the donor state of the SiO2 gate, respectively. This phenomenon was recently discussed
in detail by Yin et al. [ 17]. Changes in the EPSCmax and IPSCmax depended on the duration of the
electrical pulses (Figure3(b)). The EPSCmax initially increased, while the IPSCmax initially decreased.
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Figure 3 (Color online) (a) EPSC induced by a positive electrical spi ke (0.1 V) and IPSC induced by a negative electrical
spike ( � 0:1 V) applied to the Si back gate of a synaptic transistor for 20 0 ms ( VD = 5 V). (b) Dependence of the EPSC max and
IPSC max on electrical pulse duration. (c) PPFs of a synaptic transis tor stimulated with two consecutive positive (0.1 V) or nega tive
( � 0:1 V) electrical pulses (� t = 200 ms). (d) Dependence of the PPF index on the � t of electrical stimulation. (e) EPSC induced
by consecutive positive (0.1 V) electrical pulses with dura tions of 500 ms, where pulse quantity i = 5, 10, and 15. (f) EPSC induced
by 10 positive (0.1 V) electrical pulses of 500 ms each at freq uencies of 0.67, 1, and 1.67 Hz.

In both cases, saturation occurred when the duration of the electrical pulse was increased.
PPF in a synaptic transistor stimulated by two consecutive positive and two consecutive negative

electrical pulses can be seen in Figure3(c). The pulse duration and interval (� t) were 200 and 300 ms,
respectively. Like consecutive optical pulses, the second positiveelectrical pulse (B2) induced a larger
EPSCmax than the �rst (B 1). IPSC induction by negative electrical stimulation followed the sametrend.
The dependence of the PPF index (B2/B 1) on the � t of electrical stimulation is illustrated in Figure 3(d).
The PPF indices of the positive and negative electrical pulses decreased from � 1.32 and 1.29 when
� t exceeded 300 ms.� 1 and � 2 associated with the decrease in the PPF index of positive electrical
stimulation were 0.14 and 1.92 s, respectively. The� 1 and � 2 decay times associated with negative
electrical stimulation were 0.26 and 2.23 s, respectively. The transitions resulting from both positive and
negative electrical stimulation are examples of SRDP. The EPSCs induced by i (pulse quantity i = 5, 10,
and 15) consecutive positive electrical spikes are shown in Figure3(e). The maximum EPSC increased
as i increased from 5 to 15, and the EPSC decayed more after electrical stimulation stopped. Similar
changes were observed when the frequency of the positive electrical spikes increased from 0.67 to 1.67 Hz
(Figure 3(f)).

Energy consumption by an optoelectronic device is one of its most important properties. Higher
voltages usually lead to greater energy consumption. To minimize theamount of energy consumed by
the synaptic devices, we used relatively low input voltages. The energy consumed by a synaptic device
during a synaptic event can be calculated using

E =
Z t

0
V � I (t)dt; (1)

where V (I ) is the voltage (current) of the device, and t represents the duration of stimulation [18]. The
energy required for stimulation is not included in this calculation. The minimum amount of energy
consumed during both optical and electrical stimulation was� 5.2 nJ, although less energy might have
been consumed if we reduced the pulse duration and device dimensions.

It is well known that the information delivered to a biological nervous system by multiple sensory
modalities must be processed in an integrated manner [46], which is made possible by the spatiotemporal
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Figure 4 (Color online) (a) Schematic illustration of spatiotempor al synaptic integration. The optical and electrical pulses
correspond to visual presynaptic neuron and olfactory pres ynaptic neuron stimulation, respectively. The power densi ty and duration
of the optical pulse are 1.5 W/cm 2 and 200 ms, respectively. The electrical pulse has a voltage of 0.5 V and a duration of 200 ms.
(b) EPSC with intervals (� T ) of � 1 s, � 0:2 s, 0 s, and 1 s between visual and olfactory stimulation. (c) Dependence of perception
(EPSC max ) on � T .

integration of synapses [47]. Our synaptic devices could spatiotemporally integrate optical andelectrical
stimuli, which enabled us to simulate cross-modal learning [48]. In Figure 4(a), the optical and positive
electrical pulses correspond to visual presynaptic neuron and olfactory presynaptic neuron stimulation,
respectively. The two pulses induced an EPSC in a postsynaptic multisensory integrative neuron [48].
How a 
ower is perceived depends on visual and/or olfactory stimulation, and perception may be evaluated
by EPSCmax .

The interval between visual and olfactory stimulation (� T ) was varied to examine its e�ect on per-
ception. The results obtained with � T values of � 1, � 0:2, 0, and 1 s are shown in Figure4(b). � T was
negative when the visual stimulus was delivered before the olfactory stimulus. � T equaled zero when the
visual and olfactory stimuli were delivered simultaneously, and � T was positive when the visual stimulus
was delivered after the olfactory stimulus. � T clearly a�ected the EPSCmax , which indicated that timing
had an important impact on synaptic integration [ 22,49,50]. The dependence of perception on the interval
between visual and olfactory stimulation can be seen in Figure4(c). The EPSCmax was highest when the
visual and olfactory stimuli were delivered simultaneously, which meant that simultaneous stimulation
resulted in maximum perception. When the visual stimulus preceded the olfactory stimulus, perception
was more pronounced than it was with either visual or olfactory stimulation alone. When the visual
stimulus was delivered after the olfactory stimulus, perception matched that triggered by an individual
stimulus. This di�erence was attributed to much slower EPSC decay after the visual stimulus was de-
livered. The decay times for the visual and olfactory stimuli were 18.29 and 0.29 s, respectively. These
results indicated that our Si/P3HT-based synaptic transistors could be employed to simulate cross-modal
learning. It should be noted that the current VD of 5 V used for our synaptic devices is somewhat high
for Si-based integrated circuits. Additional experiments at lowerVD values are needed to ensure that the
hybrid Si-based synaptic devices are fully compatible with Si-based optoelectronic integration.

4 Conclusion

We fabricated hybrid optoelectronic synaptic transistors based on P3HT and Si in this study. The de-
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vices were stimulated by both optical and electrical pulses, and they mimicked several important synaptic
functionalities. The Si/P3HT-based synaptic transistors demonstrated spatiotemporal integration dur-
ing optical and electrical stimulation, which allowed us to simulate cross-modal learning. This study
has important implications for the development of cost-e�ective Si-based optoelectronic synaptic devices
with solution-processed organic semiconductors. We were inspiredby recent progress in the application
of Si and organic-inorganic perovskite hybrid structures in optoelectronic synaptic devices [51, 52]. We
believe that hybrid devices comprised of Si and organic semiconductors are also promising for the devel-
opment of novel Si-based optoelectronic synaptic devices, which should be useful for the construction of
optoelectronic ANNs for neuromorphic computing.
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