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Abstract 

Recently, devices based on organic and two-dimensional (2D) materials have been recognized as 

the easiest way to fabricate hybrid 2D van der Waals (vdW) heterojunction devices for electronic 

and optoelectronic applications. Depositing organic materials on 2D materials is typically 

demonstrated by thermal evaporation using high voltage and vacuum systems. In this paper, a 

simple way to fabricate organic/n-2D heterostructures, where Pedot:PSS is chosen to be the 

organic material due to its high conductivity, excellent film forming ability and good stability, 

while WS2 is selected as the n-2D material due to its well-known properties has been presented. 

By systematically studying the gate dependent and temperature-dependent I–V characteristics of 

the Pedot:PSS/WS2 heterojunctions, it is demonstrated that the device shows a diode-like 

behavior with rectification ratio (RF) of ≈5 and a turn on voltage of ≈2 V at room temperature 

(RT). Furthermore, the rectification ratio of the junction reaches up to 103 using a back-gate bias 

voltage (Vgs) of 20 V together with drain–source voltage (Vds) ranging from −4 to 4 V. On the 

basis of the results, it is demonstrated that this simple technique of fabricating organic/2D vdW 

heterojunctions can extend to other organics and 2D materials. 
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1 Introduction 

The successful isolation of graphene in 20041 has stimulated a lot of interest in exploring the 

feasibility for applying graphene in electronic devices. Unfortunately, graphene lacks a 

bandgap,2 and this limits its applications in electronics and optoelectronics. Besides graphene, 

other 2D materials, such as transition-metal dichalcogenides (TMDs), MXenes, and others, also 

exhibit many interesting properties when they are scaled down from bulk to nanoscale.3 Among 

2D materials, TMDs have been intensely studied because of their high carrier mobility, direct–

indirect bandgap transition, strong spin–orbit coupling, and good chemical stability.4 These 

advantages make TMDs turn into materials suitable for next-generation flexible nano-electronics 

and nano-optoelectronics applications.5, 6 TMDs usually is described by formula MX2, 

where M stands for transition metal (Mo, W, Nb, Ta) and X stands for chalcogenide atom (S, Se, 

Te).7 WS2 is one of the representatives of TMDs and has a lot of excellent electrical properties. 

Monolayer WS2 is a n-type 2D semiconductor, exhibiting a direct bandgap of 2.0 eV,8 the 

highest theoretical mobility of 1000 cm2 V−1 S−1 among the semiconducting 2D TMDs due to its 

reduced effective mass, and a transistor switching ON/OFF ratio of ≈106.9 It is air and chemical 

stable which is necessary in electronic and optoelectronic device applications and can be used to 

combine with other materials to construct 2D vdW hybrid heterostructures. Conducting polymers 

are one of the suitable materials to combine with 2D TMDs to form a 2D vdW heterojunction. A 

significant advantage of employing conducting polymers in vdW heterojunctions is due to their 

simple deposition process compared with traditional oxide semiconductors. Furthermore, 

conducting polymers offer the advantages of low cost and flexibility.10 A hole transporting 

poly(3,4-ethylenedioxythiophene) doped with poly styrene-sulfonic acid (Pedot:PSS) is 

commercially available and often used to be a hole transporting layer in organic solar cells.11 In 
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this paper, by using simple spin-coating technique, PEDOT-PSS was easily deposited on WS2 to 

form a hybrid organic/inorganic Schottky diode. The turn on voltage of this diode was ≈2 V and 

the rectification ratio was ≈5. The rectification ratio of the junction was further increased to 

103 using a back-gate bias voltage (Vgs) of 20 V together with drain–source voltage (Vds) ranging 

from −4 to 4 V. As a result, we have successfully demonstrated that this simple technique 

introduced in our fabrication of organic/2D van der Waals heterojunction could extend to include 

other organics and 2D materials. 

2 Device Fabrication 

The fabrication process of the Pedot:PSS/WS2 hetero-junction are summarized in Figure 1. 

Firstly, mono-layer WS2 flakes were grown on sapphire substrates using chemical vapor 

deposition (CVD). Then the flakes were transferred by PMMA wet transfer technique12 onto p-

doped silicon substrates containing a 300 nm SiO2 layer. Secondly, Au(50 nm)/Ti(5 nm) 

electrodes were deposited on WS2 and SiO2 using e-beam lithography. Here, two electrodes were 

deposited partially on top of WS2 and partial on SiO2, and another two electrodes were totally on 

SiO2 near WS2. PMMA was spin-coated on the whole device. Another e-beam lithography step 

was used to remove the PMMA (as shown in Figure 1) in order to open a window to allow the 

Pedot:PSS depositing onto WS2 to produce a hetero-junction. Before spin-coating at 2500 rpm 

into the PMMA window, the Pedot:PSS aqueous solution (Al 4083) was filtered through a 

0.45 µm syringe filter. The Pedot:PSS(Al 4083) was purchased from Ossila and the ratio of 

Pedot:PSS (Al 4083) used was 1:6 which is one of the most commonly used formulations in thin 

film electronic devices.13 The device was then thermal annealed on a hot plate at 150 °C for 

10 min to enhance the crystallinity of Pedot:PSS. As shown in Figure 1, our device consists of 

WS2 field effect transistor (FET), Pedot:PSS/WS2 heterojunction, and a Pedot:PSS FET by 
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selecting different combination of electrodes, which were electrically characterized 

independently. 

3 Materials Characterization 

Figure 2(a) is the optical microscopic image showing the surface morphology of the CVD grown 

triangle WS2 on SiO2/Si after transferring from sapphire. Figure 2(b) and (c) are the Raman and 

photoluminescence (PL) spectra of the WS2 flake, respectively. The Raman peak difference 

between the A1g mode and E1
2g mode is 61.0 cm−1, confirming the presence as well as the 

monolayer nature of the WS2.14 The strong PL peak at the 630 nm (2.0 eV) is responding to the 

direct bandgap of WS2. Figure 2(d) shows the Raman spectrum of Pedot:PSS after depositing on 

the WS2 and annealing. The measured spectrum is the same as the standard spectrum of 

Pedot:PSS, indicating that Pedot:PSS has excellent quality and no degrading or contamination 

after the deposition as well as thermal annealing. 

In this paper, 10 Pedot:PSS/WS2 devices of similar configuration have been fabricated and 

characterized, and all the devices showed similar structural and electronic properties. In the 

following, a typical device has been selected to show their measured electric properties. The 

characterization was measured under vacuum and dark environments to avoid any unwanted 

interference. 

4 Results and Discussion 

The I–V characteristics of Pedot:PSS films and WS2 films are shown in Figure 3. Figure 3(a) 

shows the drain–source current (Ids) versus drain–source voltage (Vds) of WS2 FET for various 

back gate bias voltage (Vgs) taken under vacuum. WS2 is a n-type semiconductor and its 

conductivity is expected to exponentially increase when positive back-gate voltage bias is 
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applied. The rectification ratio of WS2 FET was about 105 which is comparable with literature 

reported.9 The non-linear output characteristics of WS2 FET suggest the existence of Schottky 

barrier in our FET device with Au/Ti electrodes. Figure 3(b) shows the transfer characteristic of 

WS2 FET. The low OFF state current (10−12 A at Vds = +4 V) is reached due to the relatively large 

bandgap and ultrathin nature of monolayer WS2. Figure 3(c) shows the current–voltage 

characteristics of Pedot:PSS film. When the Pedot:PSS was connected in a FET configuration, 

the slope of the I–V curve was linear and did not change with the applied back-gate voltage bias. 

This behavior is due to the high charge carrier density of the conducting polymer, external 

electric field should have been screened on the atomic scale, so it follows the ohmic conductor at 

low voltage bias. Figure 3(d) shows the optical image of actual Pedot:PSS/WS2 heterojunction 

device in order to compare with the device schematic. 

Figure 4(a) shows the drain current–voltage characteristics of the Pedot:PSS/WS2 heterojunction Schottky 

diode at various gate voltages in dark and RT conditions. The rectification ratio at Vds = ±4 V was ≈5 and 

the device turns on voltages under various back-gate voltage bias was observed to be around 2 V. The I–

V characteristics of the Pedot:PSS/WS2 heterojunction were also investigated with various back-gate 

voltage bias and temperature conditions. Using the back-gate bias voltage, the carrier density in 

WS2 could be tuned, and therefore the barrier height of the heterojunction was changed. Compared to 

Figure 3(a), it is noticed that Figure 4(a) clearly shows a rectify effect and the device performance can be 

tuned by applying different back-gate voltage bias. When the back-gate voltage bias increased from +10 

to +30 V, the OFF-state current remained at around 10−13 A and the ON-state current increase slightly 

from around 10−11 to 10−10 A. However, when the back-gate voltage bias increased from +30 to +50 V, the 

OFF state current increased from 1.2 × 10−13 A to 3.1 × 10−12 A, but the ON state current was kept at 

around 10−10 A. As a result, the RF ratio increased when gate voltage bias increased from +10 to +30 V 

but decreased when gate voltage bias increased from +30 to +50 V. Figure 4(b) plots the variation of 
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rectification ratio of Pedot:PSS/WS2 device measured at different drain–source voltage at various back-

gate voltages. Drain–source voltage from ±1 to ±4 V also shows a similar trend that the RF ratio increased 

from 0 to +30 V but decreased from +30 to +50 V. A remarkable RF ratio about 103 was reached 

at Vds = ±4 V with back-gate voltage bias between +20 and +30 V. These results are comparable with the 

reported value in other 2D vdW heterostructure devices.15-19 Under +30 V back-gate voltage bias 

and ±4 V drain–source voltage bias, we noticed that the device has a very low dark current of ≈0.12 pA at 

the −4 V reverse voltage bias and exponentially increased with forward voltage bias, the maximum 

measured rectification ratio was about ≈103. 

Figure 5(a)–(d) show the drain–source current versus drain–source voltage (Ids vs. Vds) curves as a 

function of back-gate voltage (Vgs) measured at 100, 150, 200, and 250 K, respectively. From the figures, 

we noticed that the device showed a diode-like behavior at all temperatures. Furthermore, a similar trend 

that RF ratio reached its maximum at Vgs = 20 V was also observed at all temperatures. Among different 

temperatures, the highest RF ratio of 4 × 104 was obtained at 200 K with Vgs = 20 V, and Vds from −4 to 

4 V. However, a relative low RF ratio was observed at RT, which was owing to the large Ireverse obtained at 

RT (as shown in Figure 4(a)). 

The turn on voltage of the diode at various back-gate voltage bias ranging from +20 to +50 V under 

different temperatures is shown in Figure 6(a). It was noticed that the turn on voltage of the diode is 

increased with decreasing back-gate voltage bias and temperature. Given that the Pedot:PSS did not show 

a field effect but WS2 did (as demonstrated in Figure 3), the back gating effect is simply explained as the 

resistance of WS2 in our device was changed by the back-gate voltage bias, leading to the variation of the 

diode current. 

The current flow through a Schottky contact can be described by the thermionic emission theory, 

and the I–V relationship of a Schottky diode is given by 20 
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        (1) 

where 

        (2) 

Here Is is the saturation current, q is the electron charge, V is the applied voltage, T is the 

absolute temperature, n is the ideality factor, k is the Boltzmann's constant, A is the contact 

area, A** is the effective Richardson constant (120 cm−2 K−2 for n-WS2),21 and φ is the Schottky 

barrier height. The effective constant A** is known and the I–V measurement was made to 

determine the saturation current Is. Thus, the barrier height can be deduced in terms of the 

thermionic emission theory. 

         (3) 

By Equation 3,21 the calculated values of φ is plotted as a function of back-gate voltage bias at 

room temperature. It is observed that the barrier height of the Schottky diode is strongly 

depending on the applied back-gate voltage bias. As can be seen in Figure 6(b), the barrier height 

was found to decrease with increasing positive back-gate voltage bias. 

On the basis of literature21 and our results, it was noticed that the Schottky junction was formed 

by Pedot:PSS and WS2 at all temperatures. Pedot:PSS is a conducting polymer and does not 

show field effect (in this case, it can be seen as a metal) and WS2 is a n-type semiconductor. 

When these two materials are in contact, the Fermi level of the two materials must match at the 

heterojunction. Figure 7 shows the band diagram after connecting Pedot:PSS and WS2 in thermal 

equilibrium. The barrier height depends on the work function of Pedot:PSS and the surface states 
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on WS2.22 When positive gate voltage was applied, the charge density of n-type WS2 increased 

from Vgs = 0 V to Vgs = 50 V which causes the upward shift of Fermi level in n-type WS2. The 

upward shift of Fermi level in n-type WS2 resulted in a lowering of Schottky barrier which 

allowed more electrons diffuse toward the Pedot:PSS, thus Iforward increased. Due to the thermal 

activation at high temperature, the charge density of WS2 was increased significantly that also 

produced the upward shift of Fermi level, resulting in a lower potential barrier. For temperatures 

between 100 and 250 K, due to the inhibition of the thermal activation at low temperatures, the 

charge density was reduced and became the limiting factor of Iforward. 

5 Conclusion 

In summary, a gate-tunable Pedot:PSS – monolayer WS2 van der Waals heterojunction – 

Schottky diode was demonstrated. With acceptable operating back-gate voltage bias, the device 

showed a large RF ratio up to 103. Under the temperature range of 150 K to room temperature, 

the device worked well with the rectification ratio increased from 103 to 104. Compared with 

other vdW heterojunction systems, p-organic polymer offers the advantages of low cost, 

flexibility, and transparency, which may facilitate the design of future opto-electronic devices. 
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Figure 1. Fabrication procedures of the Pedot:PSS/WS2 heterojunction devices. 

 

Figure 2. a) Surface morphology of a typical CVD grown triangle monolayer WS2. b) The 

Raman spectrum of the CVD grown WS2. c) The photoluminescence spectrum of the CVD 

grown monolayer WS2. The excitation laser is 488 nm. d) The Raman spectrum of Pedot:PSS. 

The excitation laser is 488 nm. 



 

Figure 3. a) Drain–source current (Ids) versus drain–source voltage (Vds) of WS2 FET for various 

back gate bias voltage (Vgs) taken under vacuum. b) Transfer characteristics of WS2 FET. c) 

Current–voltage (Ids–Vds) curve for Pedot:PSS connected in a FET configuration under vacuum 

with various back gate voltage biases ranging from −50 to +50 V. d) An optical image of actual 

Pedot:PSS/WS2 heterojunction device. 

 

 

 



 

Figure 4. a) Drain current–voltage characteristics at various gate voltages in the dark and RT 

conditions. b) RF curves of Pedot:PSS/WS2 device measured at different ±Vds at various back-

gate voltages. 

 

Figure 5. Drain current–voltage characteristics at various gate voltages at (a) 100, (b) 150, (c) 

200, and (d) 250 K, respectively, in the dark condition. 



 

Figure 6. a) Turn on voltage of diode at various gate voltages from 100 to 300 K. b) The barrier 

height of Pedot:PSS/WS2 heterojunction as a function of back-gate voltage bias. 

 

Figure 7. Schematic band diagram of the Pedot:PSS/WS2 heterojunction. 
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