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Abstract Molybdenum disulfide (MoS2) holds great promise in the future applications of nanoelectronics

and optoelectronic devices. Exploring those interesting physical properties of MoS2 using a strong electric

field provided by electrolyte-gel is a robust approach. Here, we fabricate an MoS2 phototransistor gated

by electrolyte-gel which is located on a fused silica substrate. Under the modulation of electrolyte-gel, the

Schottky barrier between MoS2 and source/drain electrodes can be widely regulated from 11 to 179 meV. The

MoS2 phototransistor exhibits excellent responsivity of 2.68 × 104 A/W and detectivity of 9.6× 1010 Jones

under visible incident light at negative gate voltage modulation. We attribute the optoelectronic performance

enhancement to the Schottky barrier modulation of electrolyte-gel gating. It makes the device suitable for

applications in high-sensitive photodetectors.
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1 Introduction

Two-dimensional materials have become an essential research object in electronics and optoelectronics [1,

2], since they are constantly breaking through the limits of devices based on those traditional materials. In

view of the new features of 2D materials, it can also be widely used in electrocatalysis, gas sensors, pressure

sensors and energy [3–6]. Graphene is the first 2D material discovered [7, 8], however, the absence of

bandgap is its major drawback which hinders the applications in logic electronics. Molybdenum disulfide

(MoS2) is one of the most typical transition-metal dichalcogenides (TMDs) which embraces a considerable

bandgap. The bandgap of MoS2 changes from 1.2 eV in bulk to 1.8 eV in monolayer [9–11]. Based on its

excellent physical properties, MoS2 has displayed great potential in ultralow-power nanoelectronics [12–

14], optoelectronics [15, 16], and transducers [17–21]. It is usually assembled into a heterojunction using

two-dimensional materials and other-dimensional materials, which can greatly improve the photodetection

performance of 2D materials [22–26]. However, the performance of MoS2 phototransistors fabricated on

Si/SiO2 substrate is commonly limited by the interface defects, as the same case of its mobility. Actually,

under the modulation of high-k dielectrics, such as HfO2, Al2O3, and ferroelectrics [27–32], the charge

impurities are screened and then the scattering at the interface between MoS2 and dielectric is reduced.
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As a result, the substantial mobility and optoelectronic performance are both enhanced. Another factor

limiting device performance is the contact between MoS2 and source/drain electrodes [33]. It should

be admitted that the linear output curves in most field effect transistors (FETs) cannot prove to be

Ohmic contact. Numerous methods have been developed to eliminate the Schottky barrier, such as

using low work function contact metals [33, 34], forming a tunneling contact [35], and phase-engineered

low-resistance contacts [36]. For photodetectors, Schottky barrier in a device is an effective approach to

reduce the dark current, improve the photocurrent gain, and achieve fast photoresponse speed [37, 38].

The height of the Schottky barrier can be modulated by applying a gate voltage. In order to achieve a wide

range modulation of Schottky barrier, it is necessary to employ a gate dielectric with large capacitance.

Electrolyte-gel can form electric double layers and thus act as an extremely large capacitance. The

MoS2 FETs gated by electrolyte-gel exhibit high carrier mobility, high current on/off ratio, and low

subthreshold swing. Moreover, the Schottky barrier can be dramatically modulated and the MoS2 FETs

can be transferred into bipolar characteristic [39].

In this study, we report an MoS2 phototransistor gated by electrolyte-gel to modulate the Schottky

barrier and enhance its optoelectronic performance. Although the output curves of MoS2 FETs have

a good linear characteristic, the existence of the Schottky barrier between MoS2 and the source/drain

electrodes can be determined in the photocurrent mapping. The Schottky barrier height changes from

11 to 179 meV with the modulation of electrolyte-gel. Under the visible incident light, the MoS2
phototransistor exhibits high responsivity of 2.68 × 104 A/W and detectivity of 9.6 × 1010 Jones at

−3 V gate voltage gating, indicating that the sensitivity of the photodetector is effectively enhanced by

electrolyte-gel modulation.

2 Device structure and preparation

Figure 1(a) shows a three-dimensional structure schematic of the MoS3 phototransistor with electrolyte-

gel gating. The device is fabricated on a highly transparent fused silica substrate which transmittance

for visible light is greater than 95%. Few-layer MoS2 is mechanically exfoliated from bulk crystals

and served as the channel. The source and drain electrodes are prepared by electron beam lithogra-

phy, thermal evaporation and lift-off processes. Meanwhile, the side gate electrode is also prepared at

this step. The electrode metal is titanium/gold (Ti/Au), and the thickness of Ti and Au is 15 and

45 nm, respectively. At last, the electrolyte-gel covers the surface of MoS2 channel and all electrodes

by dropping method. The electrolyte-gel is composed of lithium perchlorate (LiClO4) dissolved in high-

molecular-weight polyethylene oxide (PEO). Specifically, 0.5 g PEO and 0.06 g LiClO4 are dissolved in

18 mL methanol. Then the solution is stirred for 30 min when heated to 70◦C. Using Buchner fun-

nel together with 15 µm filter paper, the large particles are removed and the solution becomes more

transparent, more methanol is added to adjust the viscosity of the electrolyte. Finally, the obtained

LiClO4/PEO electrolyte is then continuously stirred in a glass bottle to keep the suspension homoge-

neous. As the top view of the device covered with the electrolyte-gel does not clearly show its structure,

Figure 1(b) displays the micrograph of the device before covering the electrolyte-gel. The thickness of

MoS2 is further confirmed by atomic force microscopy (AFM) and Raman spectroscopy. As shown in

Figure 1(c), the thickness of MoS2 is approximately 22 nm. Moreover, the Raman shift difference be-

tween E1
2g and A1g is 25.1 cm−1 (Figure 1(d)), which also indicates that the MoS2 used in this study is a

few-layer sample [40].

3 Electrical characteristic and working principle

Before the optoelectronic measurements, we first study the electrical properties and working principle

of the device. The electrical measurements are carried out by an Agilent B1500 semiconductor analyzer

with a Lakeshore probe station under high vacuum (2 × 10−4 Torr). The vacuum environment is very

important for preventing the effects of water in the air to electrolyte-gel properties. Figure 2(a) shows
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Figure 1 (Color online) Device structure and characteristics of MoS2. (a) A three-dimensional structure diagram of the

MoS2 phototransistor with electrolyte-gel gating. (b) Micrograph of an MoS2 transistor with a side gate prepared on the

fused silica substrate. The area circled by the red ellipse will be covered by electrolyte-gel. (c) The height of MoS2 used as

the channel is approximately 22 nm, the inset is the AFM morphology of the device. (d) Raman spectrum of MoS2 on the

fused silica substrate with two vibration modes E1

2g and A1g (the laser excitation wavelength is 532 nm).
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Figure 2 (Color online) Electrical characteristics and working principle of the device. (a) A working circuit schematic

of the MoS2 phototransistor with electrolyte-gel gating; (b) the transfer curves of the device at 100 mV drain bias;

(c) the output characteristics of the device with gate voltage varies from −3 V to 3 V; (d)–(f) schematics of device working

principle at positive, zero and negative gate voltage. When Vg 6= 0 V, an electric-double layer is formed at the surface of

the side gate electrode and the MoS2 channel.

the schematic of the electrical measurement circuit. The gate voltage (Vg) is applied between the gate

and the source electrode, then acts on the electrolyte-gel to modulate the MoS2 channel. The drain

bias is applied between the drain and the source electrode, which is used to read the channel current.

Figure 2(b) demonstrates the transfer curve of the device at Vd = 100 mV. Figure 2(c) shows the output
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Figure 3 (Color online) Schottky barrier modulation of electrolyte-gel gating. (a) The photocurrent mapping of the

MoS2 phototransistor covered with electrolyte-gel and the Vg = 0 V, Vd = 0 V. Significant photocurrent generation can be

found at the contact between MoS2 channel and source/drain electrode. Red and blue color represent positive and negative

photocurrent, respectively. (b) A section cut perpendicular to the plane along two extreme points in (a). It is apparent

that a photocurrent is generated at the position of Schottky barrier. (c) Schottky barrier height and standard deviation

of the device at different gate voltages. (d) The band structure of MoS2 at Vg = 3 V, Vg = 0 V, Vg = −3 V. The drain

bias is 0 V in all cases. φB1, Ef1, φB2, Ef2, φB3, Ef3 correspond to Schottky barrier height and Fermi level at Vg = 3 V,

Vg = 0 V, Vg = −3 V, respectively. Ec, Ev, Ei, and Eg represent the conduction band, valence band, intrinsic Fermi level

and band gap of MoS2, respectively.

curves of the device at Vg from −3 to 3 V. Such a linear trend is usually considered to be Ohmic contact

between source/drain electrode and MoS2.

Figure 2(d)–(e) demonstrates the schematic illustration of the device working principle. As shown in

Figure 2(d), ions are randomly distributed in the electrolyte-gel at Vg = 0 V. When a positive Vg is

applied on the gate electrode, such as Vg = 3 V (Figure 2(e)), negative ions accumulate on the gate

electrode side and positive ions accumulate on the MoS2 side. Conversely, the positive and negative ions

in electrolyte-gel are reversed by negative gate voltage (Figure 2(f)). In both Figure 2(e) and (f), electric

double layers form at the interfaces between electrolyte-gel and gate electrode and between electrolyte-gel

and MoS2. Therefore, the number of ions in the electric double layer changes with the variation of gate

voltage, thereby modulating the carriers in MoS2 channel.

4 Optoelectronic performance and the Schottky barrier modulation of

electrolyte-gel gating

We further explore the optoelectronic properties of the device. Figure 3(a) demonstrates the three-

dimensional photocurrent mapping profile of the device at Vg = 0 V and Vd = 0 V. The incident light

wavelength is 520 nm and power is 16.3 µW. A curve along the peaks of the photocurrent is extracted,

as shown in Figure 3(b). The position of the device corresponding to the photocurrent is also marked

in Figure 3(b). It is obvious that most of the photocurrent occurs in the contact area between MoS2
and metal electrodes. Moreover, the photocurrent directions of these two contact areas are the opposite.

Therefore, it indicates that the Schottky barrier exists between MoS2 and electrodes, and the photocurrent

is derived from the photovoltaic effect.
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Figure 4 (Color online) Optoelectronic performance of the MoS2 phototransistor gated by electrolyte-gel. (a) Id-Vd

characteristics of the device with Vg = −3 V under dark and different laser powers (the laser wavelength is 520 nm and the

power varies from 0.09 nW to 27.1 µW); (b) the photocurrent dependence on the incident laser power; (c) the responsivity

and detectivity of the device at different incident light powers; (d) the photocurrent rise and fall time of the device at

Vg = −3 V and Vd = 100 mV.

The height of the Schottky barrier can be calculated by [33, 41]

I = AA∗T 2 exp

(

−qφB

kBT

)

, (1)

where I is the current flowing through the device, A is the area of the Schottky junction, A∗ is the

effective Richardson constant, q is the elementary charge, kB is the Boltzmann constant, and T is the

temperature. Here, we conduct electrical measurements with different temperatures on five samples.

Under the modulation of different gate voltages, the temperature dependence of Id-Vd is shown in Fig-

ures S1–S5. According to (1), we extract the height of Schottky barriers from these Id-Vd curves at

different gate voltages, as shown in Figure 3(c). The curve in Figure 3(c) is the standard deviation of the

height of Schottky barriers at different gate voltages. It is well known that the Schottky barrier can be

modulated by the gate voltage, however, such a large barrier modulation range benefits from the strong

electric field provided by electrolyte-gel. The band diagram of MoS2 modulated by gate voltage is shown

in Figure 3(d). When Vg = 0 V, MoS2 is in the initial state and its Fermi level (Ef1) is close to the

conduction band (Ec). Based on our experimental results, the Schottky barrier height is approximately

43 meV at Vg = 0 V (φB1 ≈ 43 meV). When Vg is increased to 3 V, the Fermi level is elevated by this

positive gate voltage to a position (Ef2) closer to the conduction band. The Schottky barrier height is

thereby decreased to about 11 meV (φB2 ≈ 11 meV).

Conversely, the Fermi level is degraded by negative gate voltage (Vg = −3 V) to a position (Ef3) closer

to the central level (Ei). In this case, the Schottky barrier height (φB3) exceeds 179 meV. Moreover,

other studies had demonstrated that under the modulation of ionic liquids, the Fermi level of MoS2 can

be degraded below the central level to achieve a bipolar MoS2 [39].

Photodetectors based on Schottky barrier have advantages of fast photoresponse speed, low power con-

sumption, and high photocurrent gain [37,38]. We comprehensively study the optoelectronic performance

of MoS2 gated by electrolyte-gel. As shown in Figure 4(a), with the modulation of −3 V gate voltage,
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we measure the output characteristics of the device at different incident light powers. In this case, the

wavelength of incident light is 520 nm. For a clear display of the dependence of the photocurrent of the

device on the incident light power, we extract the photocurrent at Vd = 100 mV as shown in Figure

4(b). Obviously, the relationship between photocurrent and incident light power is a nonlinear curve

similar a parabola. Such a phenomenon is abnormal compared to photoconductive and Schottky junc-

tion photodetectors [42]. This abnormality is mainly attributed to the ion intercalation effect. Actually,

during the optoelectronic measurements, we gradually increase the incident light power from 0.09 nW to

27.1 µW, it takes about 73 s to obtain each curve in Figure 4(a). The intercalation effect of electrolyte-

gel on MoS2 exacerbates with time, especially under a high gate voltage. The interlaminar molecular

structure of MoS2 is destroyed, causing the photocurrent to degrade as the incident light power increases

after a period of time. The responsivity (R) and detectivity (D∗) can be calculated by R = Ip/P , and

D∗ =
√

RA/(2eIdark), where Ip is the photocurrent, P is the power of incident light, A is the area of the

detector, e is the unit charge, and Idark is the dark current. Figure 4(c) demonstrates the incident light

power dependence of the responsivity and detectivity of the device. The responsivity is 2.68× 104 A/W

and detectivity of 9.6× 1010 Jones when the incident light power is 0.09 nW. The photocurrent switching

characteristic of the device at Vg = −3 V and Vd = 100 mV is shown in Figure 4(d). It can be extracted

that the rise and fall times of the photocurrent are 260 ms and 1.58 s, respectively. The photoresponse

speed is still faster than that of MoS2 phototransistor gated by SiO2. Moreover, Figure S6 demonstrates

the photocurrent switching characteristic of the device at Vg = −3 V and Vd = 0 V with a laser power

of 96 µW. Based on the photovoltaic effect of Schottky junction, the device also embraces an obvious

photoresponse with the visible light.

5 Conclusion

In conclusion, we studied the optoelectronic properties of MoS2 phototransistor gated by electrolyte-

gel. The Schottky barrier between MoS2 and the source/drain electrodes is greatly modulated by the

strong electric field provided by electrolyte-gel. Through the temperature dependence experiments, we

accurately calculate the height of the Schottky barrier and describe its modulation principle of electrolyte-

gel. The photocurrent mapping indicates that the photocurrent of the device is mainly induced by the

Schottky junction. As a photodetector, the high responsivity of 2.68 × 104 A/W and detectivity of

9.6 × 1010 Jones are achieved. Electrolyte-gel is useful in exploring the ultimate physical properties of

semiconductors. MoS2 phototransistor gated by electrolyte-gel is promising in photodetector applications

with high sensitivity.
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