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Optoelectronic synapse using 
monolayer MoS2 field effect 
transistors
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Tania Roy1,2,3,4*

Optical data sensing, processing and visual memory are fundamental requirements for artificial 
intelligence and robotics with autonomous navigation. Traditionally, imaging has been kept 
separate from the pattern recognition circuitry. Optoelectronic synapses hold the special potential of 
integrating these two fields into a single layer, where a single device can record optical data, convert 
it into a conductance state and store it for learning and pattern recognition, similar to the optic nerve 
in human eye. In this work, the trapping and de-trapping of photogenerated carriers in the MoS2/
SiO2 interface of a n-channel MoS2 transistor was employed to emulate the optoelectronic synapse 
characteristics. The monolayer MoS2 field effect transistor (FET) exhibits photo-induced short-term 
and long-term potentiation, electrically driven long-term depression, paired pulse facilitation (PPF), 
spike time dependent plasticity, which are necessary synaptic characteristics. Moreover, the device’s 
ability to retain its conductance state can be modulated by the gate voltage, making the device 
behave as a photodetector for positive gate voltages and an optoelectronic synapse at negative gate 
voltages.

The increasing demand for computational power and high cost of specific data transfer speeds between the 
memory and processors reveal the limitations of von Neumann architecture1. In traditional computing systems 
based on von Neumann architecture, memory and computational units are physically separated and connected 
by data bus. The bottleneck of von Neumann architecture arises from this data bus, which limits speed and 
efficiency and becomes inefficient while dealing with complex problems such as speech, image, and video data 
processing2. While neuromorphic systems can overcome this bottleneck by creating a network of artificial neu-
rons and synapses, they do not respond directly to light stimulus. Bulky circuitry converts the image captured 
for pattern recognition to electrical signals which are then interpreted by the neuromorphic hardware. An 
optoelectronic synapse, similar to the sensory neurons in the human eye, can detect light and store information 
through conductance states, enabling optical sensing, storage and processing of data in the same device3–5. Argu-
ably, the idea of optoelectronic synapse originated from the demonstration of optically tuned resistance states in 
poly(3-octylthiophene-2,5-diyl) (P3OT)-coated carbon nanotube transistors using the charge detrapping at the 
P3OT/gate dielectric interface6. Two dimensional (2D) materials established themselves as strong candidates 
for the realization of optoelectronic synapses, arising from their success in photodetection over a wide range of 
wavelengths7. Considerable efforts have been made in developing optoelectronic synapses with graphene, black 
phosphorus, and transition metal dichalcogenides due to their strong light-matter interactions and the ability to 
trap photoexcited carriers because of their large surface-to-volume ratio1–5,8–15. A photosensitive layer, such as 
perovskites to absorb light and a conductive channel to transport the photogenerated carriers, with the interface 
enabling charge trapping has been used to generate synaptic properties11,13,14,16. Alternatively, efficient charge 
trapping by engineering a floating gate2 or charge traps by functionalizing the channel/gate dielectric interface17 
have enabled the demonstration of optoelectronic memory and synapses using MoS2. Synaptic behavior has been 
demonstrated in pristine films of amorphous oxide semiconductors, such as indium-gallium-zinc-oxide (IGZO) 
by tapping their inherent persistent photoconductivity18. Persistent photoconductivity, affected by gate voltage 
bias and measurement environment is known to be inherent in MoS2

19,20. A monolayer MoS2/Si heterojunction 
diode exhibits properties of an optoelectronic synapse due to the persistent photoconductivity19,20. However, 
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the use of this property to demonstrate optically-stimulated synaptic behavior in a monolayer MoS2 field effect 
transistor has not been explored yet.

In this work, we employ the persistent photoconductivity of monolayer MoS2 to mimic all necessary optical 
synapse characteristics such as short-term and long-term plasticity, photoconductance retention for at least 104 s, 
paired pulse facilitation (PPF) and spike time dependent plasticity (STDP). The use of atomically thin monolayer 
MoS2 maximizes the charge trapping and de-trapping in the MoS2/gate oxide interface. This charge trapping abil-
ity can be modulated with an applied gate bias to operate the device as an optoelectronic synapse at a negative gate 
voltage and as a photodetector at zero or positive gate voltage. The mechanism of photogenerated charge trapping 
in the MoS2/gate oxide interface has been verified for both single crystal and polycrystalline monolayer MoS2 
forming interface with either SiO2 or Al2O3 dielectric. We portray that the use of persistent photoconductivity 
of monolayer MoS2 as an optoelectronic synapse can constitute a paradigm shift to neuromorphic computing.

Results and discussion
Figure 1a depicts the schematic of a monolayer MoS2 FET used as an optoelectronic synapse. Monolayer MoS2 
films were grown by CVD (Supplementary Figure S1a), as described in the Experimental section. Supplemen-
tary Figure S1b shows optical microscopic image of back gated monolayer MoS2 FET as optoelectronic synapse. 
Supplementary Figure S1c shows the Raman spectroscopy of the CVD-grown MoS2. E1

2g and A1g modes of the 
MoS2 characteristic peaks are at 382.4 cm−1 and 400.3 cm−1, respectively. The energy difference between the two 
peaks is 17.9 cm−1 confirming the monolayer thickness of MoS2

8. Supplementary Figure S1d shows the photolu-
minescence spectrum of the CVD-grown MoS2 film with a strong peak at 1.84 eV corresponding to the excitonic 
bandgap of the monolayer material21. Figure 1b shows the scanning electron microscope (SEM) image of a mon-
olayer MoS2 FET fabricated on Si/SiO2 substrate. The thickness of the SiO2 layer is 10 nm. The device fabrication 
process is described in the Experimental section. Figure 1c shows the Atomic Force Microscopic (AFM) image 
of a monolayer MoS2 FET which confirms the thickness of monolayer MoS2

22,23. Figure 1d shows the transfer 
characteristics of the MoS2 FET device with n-type behavior and on/off current ratio of 105 in dark. Under light 
illumination of 450 nm wavelength, the photogenerated carriers cause a negative shift in threshold voltage and 
increases the drain current. The ID–VD characteristics of the device in dark is shown in Supplementary Figure S2a. 
We examined the change in drain current enhancement for intensities of light varying from 6 to 13.5 mW/cm2 
to confirm that the enhancement in drain current observed is indeed due to optical stimulus. Figure 1e shows 
the drain current normalized with respect to the dark current at VDS = 1.0 V, VGS = − 2.0 V as a function of time 
when the device is illuminated with a 450 nm light pulse for 30 s. The actual drain current values are shown in 
Supplementary Figure S2b. Supplementary Figure S2c shows the transfer characteristics at VD = 1.0 V in dark 
and with different intensities of incident light. The threshold voltage shifts towards negative VG with increasing 
intensities of incident light, which confirms the photogating effect of the device. The conductance of the device 
increases with increasing light intensity, which indicates accumulation of photogenerated carriers. The transient 
photo response of the monolayer MoS2 FET device is shown in Fig. 1f when a train of light pulses is applied to 

Figure 1.   (a) Schematic diagram (not to scale) of back-gated monolayer MoS2 FET as optoelectronic synapse. 
(b) Representative SEM image of back-gated monolayer MoS2 FET. (c) AFM image of back-gated monolayer 
MoS2 FET. (d) ID–VG at VD = 1.0 V in dark and under light illumination (wavelength 450 nm and power 
35.18 mW), showing the effect of photogenerated carriers. (e) Transient characteristics of the device showing 
change in the device conductance after applying a single light pulse (pulse duration 30 s) with varying intensity 
at VD = 1.0 V and VG = − 2.0 V. (f) Photo-switching characteristics of the monolayer MoS2 FET as photodetector 
at two different gate voltages under altering dark and light illumination.
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the device keeping the gate voltage positive and drain voltage at 1.0 V. The device exhibits a quick rise to a high 
conductance state in a repeatable manner with the application of lightand reverts to its initial low conductance 
state upon removal of light, indicating that the device can be used as a light-activated switch. The response time 
for the device conductance to increase to 80% is approximately 0.5 s. The photocurrent decay time is also similar 
for 80% decay from its maximum value. No obvious change in the rise and fall times are observed for the different 
positive gate voltages applied. The device exhibits a photoresponsivity R of 12.03 AW−1 and a detectivity D* of 
4.0 × 109 Jones. The photoresponsivity is calculated according to the equation R = Iph/PincA, where, Iph is the pho-
tocurrent given by Ilight – Idark, Pinc is the power of incident light and A is the area of the photoactive channel. Pinc 
was 35.18 mW, where VD and VG was kept at 1.0 V and 3.0 V, respectively. The detectivity is calculated as D* = RA
0.5/(2eIdark)0.5, where, R is the responsivity, A is the area of the photoactive channel and e is the absolute value of 
electronic charge. These values are consistent with previously reported results on MoS2 phototransistors24–26.

We further examined the effect of negative gate voltages on the device characteristics, since prior reports show 
that the maximum responsivity of MoS2-based phototransistors occur at negative gate voltages20. We applied a 
train of 5 light pulses with on and off time of 5 s each, for a constant VD of 1.0 V and for gate voltages varying 
from − 3.0 to 3 V. The photocurrent was recorded continuously up to 1000 s. The light stimulated potentiation 
and drain current retention of CVD grown monolayer MoS2 on SiO2 gate at different gate voltages are shown in 
Supplementary Figure S3. The device conductance normalized to the dark current is shown in Fig. 2a for gate 
voltages varying from − 1 to 3 V. For VG ≥ 0 V, the device behaves as a photodetector, as described earlier, with the 
photocurrent decaying quickly to the initial dark current level when the light is turned off. However, for VG < 0 V, 
we observed that the device conductance increases for each incident light pulse, resembling the potentiation of 
a synapse. This conductance is hereby referred to as the post synaptic current. When the light is withdrawn, the 
device does not return to its initial dark current state for a long period of time. The level of conductance that 
the device maintains after the light pulses are withdrawn is determined by the negative gate voltage applied. At 
negative gate bias, the photogenerated holes are injected towards the gate oxide and get trapped in the SiO2/
MoS2 interface trap centers (inset of Fig. 2a). Thus, the photogenerated electrons are unable to recombine with 
the trapped holes and contribute to the high conductance of the n-channel MoS2 device. As the gate voltage 
is increased from − 3.0 to − 1.0 V with the train of light pulses being applied, the photocurrent increases due 

Figure 2.   CVD grown monolayer MoS2 on SiO2 gate: (a) Gate-tunable potentiation and conductance retention. 
(b) Retention for 104 s, after applying 5 light pulses. Inset shows the retention curve fitted with an exponential 
decay function. CVD grown monolayer MoS2 on Al2O3 gate: (c) Gate-tunable potentiation and conductance 
retention. (d) Retention for 104 s, after applying 5 light pulses (5 s on/5 s off). Inset shows the retention curve 
fitted with an exponential decay function.
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to photogating effect. The normalized device conductance increases when the light pulses are withdrawn with 
decreasing negative VG with increasing number of photogenerated electrons as the holes get trapped at the SiO2/
MoS2 interface. This high normalized conductance maintained after the light is withdrawn is referred to as the 
retention of the conductance state. But, when VG ≥ 0 V is applied, despite the larger number of photogenerated 
electrons and holes, the absence of a negative gate field keeps the carriers together in the channel causing them 
to recombine soon after the light is withdrawn. The device does not retain its photoconductance in dark for 
VG ≥ 0 V. Figure 2b shows the conductance retention of CVD grown monolayer MoS2 on 10 nm SiO2 gate oxide 
after the application of five light pulses to potentiate the device, at VD = 1.0 V and VG = − 2.0 V. The device retains 
its conductance state for at least 104 s after the light pulses are withdrawn. The normalized conductance retained 
in dark decays with time following a double exponential function Y = 1 + C1 exp (− t/τ1) + C2 exp (− t/τ2), which is 
plotted in the inset of Fig. 2b. Here, t is the time, C1, C2 are initial conductance magnitudes and τ1, τ2 are the fast 
and slow decay time constants, respectively. We obtain a small time constant τ1 = 3.48 × 102 s, symbolizing a rapid 
relaxation to an intermediate conductance state after light withdrawal and a larger time constant τ2 = 3.07 × 103 s 
indicating the long term potentiation (LTP) of the device. Thereby, LTP was induced in the device by applying 
5 light pulses and it was sustained for 104 s.

In order to explore the role of the gate dielectric/channel interface on photogenerated hole-trapping and 
conductance retention, we sought to alter the gate dielectric from thermally grown SiO2 to atomic layer deposited 
Al2O3. CVD grown monolayer MoS2 was used as the n-channel on 20 nm thick Al2O3 gate dielectric to fabricate 
the FET device and the same measurements were repeated as shown in Fig. 2a,b. Figure 2c represents the light 
induced potentiation and conductance retention for varying gate voltages. The device behavior is similar to 
when SiO2 is used as the gate dielectric. The actual drain currents as a function of time for varying VG are shown 
in Supplementary Figure S4. The device retains its photoconductance for 104 s at VG < 0 V, as shown in Fig. 2d. 
The inset of Fig. 2d shows the post-synaptic normalized conductance fitted with the previously used double 
exponential function, to obtain the fast and slow decay time constants of τ1 = 1.54 × 102 s and τ2 = 1.50 × 103 s, 
respectively, which are in the same range as in the case of SiO2 gate dielectric.

Memristive behavior in CVD-grown monolayer MoS2 has been attributed to carrier trapping at grain 
boundaries27. Now, to examine the possibilities of the photogenerated carriers getting trapped in the grain 
boundaries of MoS2, the same measurements were repeated with exfoliated monolayer MoS2 as the n-channel 
of the FET on SiO2 gate dielectric. Figure 3a shows the gate tunable potentiation and retention for single-crystal 
exfoliated MoS2 flake, similar to the polycrystalline CVD-grown MoS2 film. The characteristics in terms of 
drain current is shown in Supplementary Figure S5. At a negative gate bias, the exfoliated MoS2 device retains 
its high photoconductance state for at least 104 s, as presented in Fig. 3b. The inset of Fig. 3b shows the normal-
ized photoconductance fitted with the double exponential function with fast and slow decay time constants of 
τ1 = 2.23 × 102 s and τ2 = 1.76 × 104 s, respectively. While the fast time constant is in the same range as the CVD-
grown MoS2 cases, the slow time constant is an order of magnitude higher for the exfoliated MoS2 case, indicating 
the role of grain boundaries in reducing the persistent photoconductivity of MoS2. However, it is worth noting 
that both single crystal (exfoliated) and polycrystalline (CVD) monolayer MoS2 forming interface with either 
SiO2 or Al2O3 dielectric can trap photogenerated holes substantially. An interesting question is whether other 2D 
materials would show similar photoconductance retention. To seek the answer, we fabricated FET devices using 
exfoliated WSe2 as the channel material (Supplementary Figure S6a) and conducted the same measurements as 
shown in Fig. 3a. The WSe2 device behaves as a p-type semiconductor as shown in the ID–VG and ID–VD (dark) 
in Supplementary Figure S6b,c. Figure 3c shows that the WSe2 device conductance does not keep increasing with 
each light pulse applied for any gate voltage in the range of − 3 V to + 3 V, in contrast with MoS2 devices. The 
characteristics in terms of actual drain current is shown in Supplementary Figure S6. Thus, we confirm that the 
persistent photoconductivity is inherent in monolayer MoS2 and can be used to demonstrate the functionalities 
of an optoelectronic synapse.

Figure 3.   Exfoliated monolayer MoS2 on SiO2 gate: (a) Gate-tunable potentiation and conductance retention, 
(b) Retention for 104 s, after applying 5 light pulses. Inset shows retention curve fitted with an exponential 
decay function. (c) Potentiation and zero conductance retention of exfoliated WSe2 on SiO2 gate at different gate 
voltages.
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To establish the role of device environment in the transfer characteristics and the transient photocurrent 
characteristics, we measured the CVD-grown monolayer MoS2 devices on SiO2 gate dielectric both in ambient 
air and in vacuum. In ambient air, the MoS2 channel material absorbs O2 and H2O molecules from the environ-
ment, which causes hysteresis in the transfer characteristics19,28–30. The schematics of the device in ambient and 
in vacuum are depicted in Fig. 4a,b, respectively. The ID–VG of the device in ambient and in vacuum is presented 
in Fig. 4c. It shows that the hysteresis in transfer characteristics decreases drastically in vacuum and the thresh-
old voltage of the device shifts negatively from − 0.5 to − 2.5 V. The drain current also increases by an order of 
magnitude in vacuum, consistent with previous reports19. After the application of 5 light pulses, the normalized 
photoconductance retention of the same device in ambient and in vacuum at gate voltage VG = Vthreshold – 0.5 V 
(in ambient, VG = − 1.0 V and in vacuum, VG = − 3.0 V) are shown in Fig. 4d. The retention of the device also 
increases by 10 times in vacuum when compared to the case in ambient. These observations suggest that, in 
ambient condition, some electrons are trapped in the absorbed O2 and H2O molecules on the MoS2 surface 
resulting in a decreased drain current in air19. Thereby, removal of those absorbed O2 and H2O molecules in 
vacuum enhances the conductance and the photoconductance retention of the device. This also proves that the 
high photoconductance retention of the device observed at negative gate voltages is not due to the absorbed O2 
and H2O molecules but due to defects at the gate dielectric/MoS2 interface.

With the understanding of persistent photoconductivity of MoS2, we now demonstrate an optoelectronic 
synapse using the simple CVD-grown monolayer MoS2 FET. Long-term plasticity and short-term plasticity of 
biological synapses are two cooperative operations to complete learning and memory functionalities in human 
brain31. Long-term plasticity enables neuromorphic synaptic devices to hold the memory for a long period of 
time while short-term plasticity enables the device to relax back to its initial low conductance state3. To emulate 
these conditions, our MoS2 device on SiO2 gate dielectric was potentiated by applying light pulses and depressed 
by applying electrical pulses at the drain. Figure 5a shows the optical potentiation and electrical depression of 
the optoelectronic synapse device. The device was potentiated by applying 50 light pulses (on and off time of 5 s 
each) at constant drain bias of 1.0 V, VG = − 2 V. The device was depressed by applying 50 electrical pulses (on 
time 1 s) of amplitude − 0.1 V at the drain, with VG = − 2 V. The non-linearity factor extracted from potentiation 
and depression is 2.92 and 5.49, respectively and the asymmetry is 2.5715. This represents the conductance tuning 
required for training of the optoelectronic synapse for neural network applications. The negative voltage pulses 
applied at the drain de-traps the holes from the SiO2/MoS2 interface and thus gradually depress the device to 
its initial low conductance state. The optoelectronic synapse device follows paired pulse facilitation (PPF), an 

Figure 4.   Schematic of CVD grown monolayer MoS2 FET in (a) ambient and (b) vacuum condition. (c) 
Comparison of ID–VG at VD = 1.0 V in ambient and in vacuum. (d) Comparison of potentiation and conductance 
retention at VD = 1.0 V and VG = VThreshold – 0.5 V of MoS2 FET in ambient and in vacuum.
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important synaptic learning rule involving short term plasticity of the synapse, as represented in Fig. 5b. The 
increase in device conductance for the application of light pulse corresponds to the excitatory post-synaptic 
current (EPSC). The PPF index, defined as the ratio of the amplitudes between the second EPSC (A2) and the 
first EPSC (A1), is plotted as a function of time interval Δt. The inset of Fig. 5b shows the transient photocurrent 
upon application of two successive pulses. PPF signifies the fact that the second light pulse results in a larger 
post-synaptic current compared to the first pulse when two consecutive pulses are applied to the device8. The PPF 
index is high for a small interval between two applied light pulses as the photogenerated carriers from the first 
light pulse combine with photogenerated carriers from the second light pulse before recombination, resulting in 
an enhancement in the conductance state of the device. With increasing time interval between successive light 
pulses, the PPF index decreases gradually. PPF index is found to decay with Δt following a double exponential 
function: Y = 1 + D1 exp (− Δt/τ1) + D2 exp (− Δt/τ2), where, Y = A2/A1, Δt is the time interval between two con-
secutive pulses, D1, D2 are the initial facilitation magnitudes and τ1, τ2 are the characteristic relaxation time of 
the rapid and slow decay term, respectively. The relaxation time obtained are τ1 = 2.45 s and τ2 = 24.78 s, which 
are consistent with those of biological synapses8. Our neuromorphic synaptic device shows a maximum PPF 
index of 203.5% for a time interval of 5 s between two consecutive light pulse. Supplementary Figure S7 shows 
the change in photocurrent with varying time interval between two consecutive light pulses, each pulse having a 
duration of 5 s. In neuromorphic operation, the intercoupling between pre-synaptic and post-synaptic activities 
is defined by spike time dependent plasticity (STDP), which is measured by the change in synaptic weight due to 
relative timing between them32–34. To mimic the STDP function, two separate devices were used, and the source 
contact of one device was electrically shorted with the drain contact of the other device. The schematic diagram 
of the connected devices is depicted in Fig. 5c. The light pulses on the first and second device are referred as 
pre-synaptic and post-synaptic pulse, respectively. The governing parameter which determines the connection 
strength is the time interval between the light pulses, Δtpost-pre = tpost – tpre, where, tpost is the time when post-synaptic 
pulse is turned off and tpre is the time when pre-synaptic pulse is turned on. The STDP induced change in synaptic 

Figure 5.   MoS2 FET as optoelectronic synapse. (a) Optical potentiation by applying 50 light pulses (5 s on/5 s 
off) at VD = 1.0 V and electrical depression by applying 50 electrical pulses at the drain of amplitude − 0.1 V and 
duration 1 s in dark, VG = − 2 V is maintained throughout. (b) Excitatory post-synaptic current induced PPF 
index of the optoelectronic device with respect to time interval between two consecutive pulses measured at 
VD = 1.0 V and VG = − 2.0 V. Inset shows transient photocurrent of the device for applying two consecutive light 
pulses. (c) A schematic showing two connected optoelectronic synaptic devices for the emulation of spike-
timing-dependent plasticity and (d) Emulation of spike time dependent plasticity.
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weight (ΔW) between the pre-synaptic and post-synaptic device is calculated as: ΔW = (Ipost – Ipre)/Ipre. Here, Ipost 
and Ipre are the currents induced by post-synaptic and pre-synaptic pulse, respectively18. Figure 5d shows the 
change in synaptic weight as a function of time interval Δtpost–pre. For Δt > 0, light pulse (on time 5 s) was applied 
on pre-synaptic device first and then the post-synaptic device at VG = − 2.0 V and VD = 1.0 V. On the other hand, 
for Δt < 0, light pulse (on time 5 s) was applied on post-synaptic device first and then the pre-synaptic device at 
the same VG and VD. Exponential growth function: Y = 1 + F1 exp (R0Δt) was used to fit for Δt < 0 and exponential 
decay function Y = 1 + F2 exp (− Δt/τ) was used to fit for Δt > 0, where, R0 is the initial rate of growth, Δt is the time 
interval between two applied pulses and τ is thecharacteristic relaxation time. A symmetric STDP characteristic 
was observed for varying Δtpost–pre from − 30 to + 30 s. The change in synaptic weight was maximum for small 
|Δtpost–pre| and it decreased exponentially with increasing |Δtpost–pre|. Supplementary Figure S8 shows the transient 
photocurrent characteristics with varying time intervals between the pre-synaptic and post-synaptic pulse.

Conclusion
An optoelectronic synapse is realized using monolayer MoS2 as a conducting channel by a simple strategy of 
SiO2/MoS2 interfacial charge trapping causing persistent photoconductivity in MoS2. The strategy is based on 
injecting photogenerated holes towards the SiO2/MoS2 interface by applying a negative gate voltage. The trapping 
and de-trapping of photogenerated holes at the SiO2/MoS2 interface enables the monolayer MoS2 FETs to emu-
late all necessary optical synapse characteristics such as short-term and long-term plasticity, photoconductance 
retention for at least 104 s, PPF and STDP. Moreover, the monolayer MoS2 device is gate tunable to behave as 
a photodetector with no conductance retention at VG ≥ 0 V. Emulating a biological optical synapse by a simple 
monolayer MoS2 FET utilizing the gate dielectric/channel interface charge trapping mechanism opens up new 
possibilities for machine vision technologies for artificial intelligence.

Methods
Materials and device fabrication.  For CVD growth, MoS2 powder precursor of molecular weight 160.07 
was purchased from Sigma Aldrich. High quality and large area of monolayer MoS2 was synthesized directly 
on 2.0 × 2.0 cm2 Si/SiO2 substrate by Chemical Vapor Deposition (CVD) method. MoS2 powder was used as 
precursor and was placed upstream at the center of the heating zone. The substrate was placed downstream at 
a distance 7.0 cm from the precursor. 1553 sccm flow of Ar was used as the carrier gas. 950 °C temperature was 
applied to the precursor and the substrate was approximately at 700 °C. For a growth time of 30 min, Si/SiO2 
substrate was completely covered with a monolayer film of MoS2. The CVD grown monolayer MoS2 was coated 
with a thin layer of poly (methyl methacrylate) (PMMA), followed by drying at room temperature for 12 h. The 
PMMA coated sample was then floated on buffer oxide etch (BOE, 40% NH4F/49% HF, 6:1 v/v in water) for 12 h 
to remove the SiO2 under the MoS2 film. The MoS2 film was released from the substrate and held together by the 
PMMA supporting layer, floated on the acid bath. The floating MoS2 film with PMMA was then transferred to 
a deionized water bath and kept floating for 12 h to remove the acid remnant. The source/drain contacts were 
patterned on a separate SiO2 (10 nm)/Si substrate followed by e-beam evaporation of Ni (60 nm). The MoS2 film 
with PMMA was then transferred on the target SiO2 (10 nm)/Si substrate and dried for 15 min. The sample was 
heated on a hot plate at 150 °C for 5 min and the PMMA layer was removed by immersing the sample in acetone 
for 3 h. The MoS2 film was patterned by photolithography and etched in O2 plasma.

Device characterization.  Raman spectroscopy was performed on a Renishaw RM 1000B Micro-Raman 
Spectrometer with excitation of 514 nm. The PL spectra was recorded using WITec Alpha300 with excitation of 
532 nm and integration time of 10 s. We performed electrical characterization with HP 4156A precision semi-
conductor parameter analyzer on a Janis cryogenic probe station in air and in vacuum at a pressure of 10–4 Torr. 
A 450 nm laser was used as the light source. Light intensity was measured by Daystar’s DS-05A meter. All electri-
cal measurements were conducted at room temperature.

Data availability
All data generated and analyzed during this study are either included in the published article itself (or available 
within the Supplementary Information files).

Received: 15 September 2020; Accepted: 25 November 2020

References
	 1.	 Wang, S. et al. A photoelectric-stimulated MoS2 transistor for neuromorphic engineering. Research 2019, 1618798 (2019).
	 2.	 Zhang, M. et al. MoS2-based charge-trapping synaptic device with electrical and optical modulated conductance. Nanophotonics 

9(8), 2475–2486 (2020).
	 3.	 Luo, Z.-D. et al. Artificial optoelectronic synapses based on ferroelectric field-effect enabled 2D transition metal dichalcogenide 

memristive transistors. ACS Nano 14, 746–754 (2019).
	 4.	 Zhou, F. et al. Optoelectronic resistive random access memory for neuromorphic vision sensors. Nat. Nanotechnol. 14, 776–782. 

https​://doi.org/10.1038/s4156​5-019-0501-3 (2019).
	 5.	 Mennel, L. et al. Ultrafast machine vision with 2D material neural network image sensors. Nature 579, 62–66 (2020).
	 6.	 Agnus, G. et al. Two-terminal carbon nanotube programmable devices for adaptive architectures. Adv. Mater. 22, 702–706. https​

://doi.org/10.1002/adma.20090​2170 (2010).
	 7.	 Wang, X. et al. Recent advances in the functional 2D photonic and optoelectronic devices. Adv. Opt. Mater. 7, 1801274. https​://

doi.org/10.1002/adom.20180​1274 (2019).
	 8.	 He, H. K. et al. Photonic potentiation and electric habituation in ultrathin memristive synapses based on monolayer MoS2. Small 

14, 1800079 (2018).

https://doi.org/10.1038/s41565-019-0501-3
https://doi.org/10.1002/adma.200902170
https://doi.org/10.1002/adma.200902170
https://doi.org/10.1002/adom.201801274
https://doi.org/10.1002/adom.201801274


8

Vol:.(1234567890)

Scientific Reports |        (2020) 10:21870  | https://doi.org/10.1038/s41598-020-78767-4

www.nature.com/scientificreports/

	 9.	 Kim, S.-G. et al. Infrared detectable MoS2 phototransistor and its application to artificial multilevel optic-neural synapse. ACS 
Nano 13, 10294–10300 (2019).

	10.	 Ahmed, T. et al. Optically stimulated artificial synapse based on layered black phosphorus. Small 15, 1900966 (2019).
	11.	 Pradhan, B. et al. Ultrasensitive and ultrathin phototransistors and photonic synapses using perovskite quantum dots grown from 

graphene lattice. Sci. Adv. 6, 5225 (2020).
	12.	 Ni, Z. et al. in 2018 IEEE International Electron Devices Meeting (IEDM) 38.35. 31–38.35. 34 (IEEE).
	13.	 Tian, H., Wang, X., Wu, F., Yang, Y. & Ren, T.-L. in 2018 IEEE International Electron Devices Meeting (IEDM) 38.36. 31–38.36. 34 

(IEEE).
	14.	 Qin, S. et al. A light-stimulated synaptic device based on graphene hybrid phototransistor. 2D Mater. 4, 035022 (2017).
	15.	 Seo, S. et al. Artificial optic-neural synapse for colored and color-mixed pattern recognition. Nat. Commun. 9, 1–8 (2018).
	16.	 Wang, S. et al. A MoS2/PTCDA hybrid heterojunction synapse with efficient photoelectric dual modulation and versatility. Adv. 

Mater. 31, 1806227 (2019).
	17.	 Lee, J. et al. Monolayer optical memory cells based on artificial trap-mediated charge storage and release. Nat. Commun. 8, 14734. 

https​://doi.org/10.1038/ncomm​s1473​4 (2017).
	18.	 Lee, M. et al. Brain-inspired photonic neuromorphic devices using photodynamic amorphous oxide semiconductors and their 

persistent photoconductivity. Adv. Mater. 29, 1700951 (2017).
	19.	 Cho, K. et al. Gate-bias stress-dependent photoconductive characteristics of multi-layer MoS2 field-effect transistors. Nanotechnol-

ogy 25, 155201 (2014).
	20.	 Di Bartolomeo, A. et al. Electrical transport and persistent photoconductivity in monolayer MoS2 phototransistors. Nanotechnol-

ogy 28, 214002 (2017).
	21.	 Tongay, S. et al. Defects activated photoluminescence in two-dimensional semiconductors: interplay between bound, charged and 

free excitons. Sci. Rep. 3, 1–5 (2013).
	22.	 Chae, W. H., Cain, J. D., Hanson, E. D., Murthy, A. A. & Dravid, V. P. Substrate-induced strain and charge doping in CVD-grown 

monolayer MoS2. Appl. Phys. Lett. 111, 143106 (2017).
	23.	 He, G. et al. Conduction mechanisms in CVD-grown monolayer MoS2 transistors: from variable-range hopping to velocity satura-

tion. Nano Lett. 15, 5052–5058 (2015).
	24.	 Yu, S. H. et al. Dye-sensitized MoS2 photodetector with enhanced spectral photoresponse. ACS Nano 8, 8285–8291 (2014).
	25.	 Kufer, D. & Konstantatos, G. Highly sensitive, encapsulated MoS2 photodetector with gate controllable gain and speed. Nano Lett. 

15, 7307–7313 (2015).
	26.	 Ling, Z. et al. Large-scale two-dimensional MoS 2 photodetectors by magnetron sputtering. Opt. Express 23, 13580–13586 (2015).
	27.	 Sangwan, V. K. et al. Gate-tunable memristive phenomena mediated by grain boundaries in single-layer MoS2. Nat Nano 10, 

403–406. https​://doi.org/10.1038/nnano​.2015.56. http://www.natur​e.com/nnano​/journ​al/v10/n5/abs/nnano​.2015.56.html#suppl​
ement​ary-infor​matio​n (2015)

	28.	 Late, D. J., Liu, B., Matte, H. R., Dravid, V. P. & Rao, C. Hysteresis in single-layer MoS2 field effect transistors. ACS Nano 6, 
5635–5641 (2012).

	29.	 Lee, G.-H. et al. Flexible and transparent MoS2 field-effect transistors on hexagonal boron nitride-graphene heterostructures. ACS 
Nano 7, 7931–7936 (2013).

	30.	 Li, T., Du, G., Zhang, B. & Zeng, Z. Scaling behavior of hysteresis in multilayer MoS2 field effect transistors. Appl. Phys. Lett. 105, 
093107 (2014).

	31.	 Ohno, T. et al. Short-term plasticity and long-term potentiation mimicked in single inorganic synapses. Nat. Mater. 10, 591–595 
(2011).

	32.	 Kumar, M., Kim, J. & Wong, C.-P. Transparent and flexible photonic artificial synapse with piezo-phototronic modulator: Versatile 
memory capability and higher order learning algorithm. Nano Energy 63, 103843. https​://doi.org/10.1016/j.nanoe​n.2019.06.039 
(2019).

	33.	 Gholipour, B. et al. Amorphous metal-sulphide microfibers enable photonic synapses for brain-like computing. Adv. Opt. Mater. 
3, 635–641 (2015).

	34.	 Ren, Q., Zhang, Y., Wang, R. & Zhao, J. Optical spike-timing-dependent plasticity with weight-dependent learning window and 
reward modulation. Opt. Express 23, 25247–25258 (2015).

Acknowledgements
This work is supported by the NSF CAREER Award under Grant NSF-ECCS-1845331. Article processing charges 
were provided in part by the UCF College of Graduate Studies Open Access Publishing Fund.

Author contributions
M.M.I. and T.R. conceived the project and T.R. directed it. M.M.I. performed the material synthesis, device fab-
rication and electrical characterization. D.D. performed the SEM of CVD grown monolayer MoS2 and assisted 
M.M.I. with the electrical depression and STDP measurement. A.K. assisted with device fabrication. L.T. per-
formed the photoluminescence measurement. M.M.I. and T.R. wrote the manuscript with inputs from all authors.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https​://doi.
org/10.1038/s4159​8-020-78767​-4.

Correspondence and requests for materials should be addressed to T.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/ncomms14734
https://doi.org/10.1038/nnano.2015.56
http://www.nature.com/nnano/journal/v10/n5/abs/nnano.2015.56.html#supplementary-information
http://www.nature.com/nnano/journal/v10/n5/abs/nnano.2015.56.html#supplementary-information
https://doi.org/10.1016/j.nanoen.2019.06.039
https://doi.org/10.1038/s41598-020-78767-4
https://doi.org/10.1038/s41598-020-78767-4
www.nature.com/reprints


9

Vol.:(0123456789)

Scientific Reports |        (2020) 10:21870  | https://doi.org/10.1038/s41598-020-78767-4

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

http://creativecommons.org/licenses/by/4.0/

	Optoelectronic synapse using monolayer MoS2 field effect transistors
	Results and discussion
	Conclusion
	Methods
	Materials and device fabrication. 
	Device characterization. 

	References
	Acknowledgements


