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Abstract 

This paper mainly focused on one of the recent attractive electronic devices which is the ambipolar field-effect 

transistor. Ambipolarity has become important for many applications in recent years. Many factors that cause 

ambipolarity have been reported in the literature. However, the causes of ambipolarity have not been fully 

investigated so far. In this study, the degree of ambipolarity was determined as a function of the channel 

thickness for the WS2 FET device. For the WS2 FET device, the ambipolarity starts from a few layers of channel 

thickness, and then as the thickness increases, the ambipolarity begins to decrease again. It has been observed 

that as the thickness increases, the degree of ambipolarity approaches zero. The fact that the degree of 

ambipolarity approaches zero indicates that the WS2 channel exhibits natural n-type behavior and the 

ambipolarity effect disappears. 

 

Keywords: field effect transistor, ambipolarity, TMDC. 

 

TMDC Tabanlı Alan Etkili Transistörlerde Ambipolaritenin Kanal Kalınlığına Bağımlılığının 

Araştırılması  

Öz 

Bu çalışmada ağırlıklı olarak güncel ambipolar alan etkili transistor üzerinde duruldu. Ambipolarite, son yıllarda 

birçok uygulama için önemli hale geldi. Literatürde ambipolariteye neden olan birçok faktör bildirilmiştir. 

Bununla birlikte, ambipolaritenin nedenleri literatürde tam olarak araştırılmamıştır. Bu çalışmada, ambipolarite 

derecesi, WS2 FET cihazı için kanal kalınlığının bir fonksiyonu olarak belirlenmiştir. Kalınlık arttıkça 

ambipolarite derecesinin sıfıra yaklaştığı görülmüştür. Ambipolarite derecesinin sıfıra yaklaşması, WS2 

kanalının doğal n-tipi davranış sergilediğini ve ambipolarite etkisinin ortadan kalktığını gösterir. 

 

Anahtar Kelimeler:  alan etkili transistor, ambipolarite, TMDC. 

1. Introduction 

According to the switching characteristic and the dominant charge carriers in semiconductors, 

the polarity of transistors can be categorized as unipolar (full-dominant p-type or electron-

dominant n-type) or bipolar (ambipolar) (holes and electron together) (Van Berkel & Powell, 

1987). The behavior of unipolar and ambipolar transmitters is given in Figure 1. The 

simultaneous transfer of electrons and holes in ambipolar materials and devices, together with 

p-type and n-type properties in a single device, makes them useful in many different 

applications. In the last few years, various bipolar materials such as organic materials (Ni et al., 
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2019), carbon nanotubes (Gomulya et al., 2015), two-dimensional (2D) (Baugher, Churchill, 

Yang, & Jarillo-Herrero, 2014) and perovskite materials (Li et al., 2015) have been investigated. 

Various device architectures (El Gemayel et al., 2014; Gao, Zhang, Kong, Chen, & Jiang, 2015) 

have been created for device applications that perform ambipolar transmission, such as solar 

cells (Das, Pandey, Thomas, & Roy, 2019), logic devices (T. Liu et al., 2018), neuromorphic 

devices (Ren et al., 2018), light emitting transistors (LETs) (J. Liu et al., 2015), and gas sensors 

(Wannebroucq et al., 2018). Ambipolar materials and devices have been studied for their 

intrinsic properties, which can greatly increase the electrical performance of the devices by 

reducing the complexity of fabrication (Wang et al., 2018), as well as generating new electrical 

and optoelectronic phenomena. 

 

Figure 1. Comparison of the current/voltage characteristics of an unipolar (a) and an ambipolar 

(b) transistor (Chen et al., 2012). 

In ambipolar transistors, p- and n-type electrical performance has seen in a single device. For 

this reason, it has attracted the attention of researchers in device fields  (Bisri, Piliego, Gao, & 

Loi, 2014). Ambipolar transistors carrying both charges further simplify the construction of 

metal oxide semiconductor devices. In addition, devices that exhibit ambipolar behavior show 

unipolar behavior due to the return of the material to its natural state at high voltages (Acar, 

Mobtakeri, Efeoğlu, Ertuğrul, & Gür, 2020). 

The ambipolar behavior in transistors is attributed to various reasons in the literature. These 

are; 

It has been shown that by changing the thickness of the WS2 semiconductor channel, the polarity 

can be changed and thus the channel thickness has an effect on the ambipolarity (Radisavljevic, 

Radenovic, Brivio, Giacometti, & Kis, 2011; Pudasaini et al., 2018; Wang et al., 2018). 

 The formation of Tungsten oxide in the WS2 structure has a p-type doping effect, which 

causes to show ambipolar behavior. 

 One of the behaviors of ambipolarity is charge traps due to several reasons such as 

defects and gaps in the semiconductor layer (Ren et al., 2019). 
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 It is reported in the literature that the sulfur content causes ambipolarity. WS2 has shown 

n-type characteristics as the S/W ratio approaches 2. On the other hand, it shows p-type 

behavior as the sulfur ratio moves away from 2 to 1. Due to the sulfur deficiency in the 

material, tungsten bonds can be formed with the oxide layer on the surface of the films. 

This situation is thought to be another reason for the observed ambipolarity.  

 Due to the water vapor accumulating on the surface, a layer of positive charges (H+) 

may formed on the surface of the film. This layer causes some of the free electrons in 

the thin film to be trapped. This situation is thought to be another reason of ambipolarity. 

In the literature, it has been suggested by theoretical models that WS2 based transistors may 

play a role in n-type, p-type or ambipolar behavior due to various conditions. (Risteska et al., 

2012). An n-type transistor with ambipolar behavior can have four regions and those regions 

are theoretically modeled in the literature (Risteska et al 2012). One of the regions where the 

carrier charges are electrons and holes is shown ambipolar behavior. The drain current equation 

for this region is given as follows (Chen et al., 2012): 

𝐼𝐷 =
𝑊

2𝐿
𝐶𝐺[𝜇𝑒(𝑉𝐺 − 𝑉𝑇𝑁)2 + 𝜇𝑝(𝑉𝐷 − (𝑉𝐺 − 𝑉𝑇𝑃))2] 

In this equation; ID is the drain current, W is the channel width, L is the length, CG is the gate 

capacitance, n is the electron mobility, p is the hole mobility, VD is the drain voltage, VG is 

the gate voltage, VTN is the electrons' threshold voltage. 

Experimental studies have shown that electron and hole mobility depend on thickness (Kim et 

al., 2016; Rawat, Jena, & De Sarkar, 2018; Kang, Jeon, & Kim, 2020). As can be seen from the 

Figure 2, when thickness increases from mono layer to 6 layers, electron mobility increases 

from 10 to 18 cm2/Vs for MoS2 based FET device. The study suggests that the increase in 

mobility may be associated with the thickness dependence of the MoS2 device's contact 

resistance and dielectric constant (Kim et al., 2016).  

 

Figure 2. Change of electron mobility with layer number in MoS2 FET device (Kim, et al. 

2016). 

Electron and hole mobility may depend on several factors besides thickness such as 

temperature, gate voltage (Ovchinnikov, Allain, Huang, Dumcenco, & Kis, 2014). In the 

literature, the dependence of ambipolarity on thickness has been shown, but the degree of 
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ambipolarity with thickness has not been investigated. This study is aimed to contribute to the 

literature by examining the dependence of the degree of ambipolarity on thickness.  

In a study in the literature, the degree of ambipolarity is given by the following equation 

(Senanayak, Ashar, Kanimozhi, Patil, & Narayan, 2015). 

𝐷 =
𝜇𝑝

𝜇𝑒
 

Here p and e are hole and electron mobility, respectively. Since WS2 is naturally an n-type 

semiconductor, the D value decreases as the n-type natural behavior of the WS2 material begins 

to dominate and reaches a constant value. In the literature, devices produced from TDMS 

materials show a p-type behavior as they move towards a monolayer. On the other hand, it has 

been shown that as the number of layers or thickness increases, the material evolves from the 

p-type behavior first to the ambipolar behavior and then to the n-type behavior for MoS2, which 

is the natural behavior of the material (Figure 3) (Rani et al., 2019) . 

 

Figure 3. Field-effect mobility of electrons and holes vs. channel thickness for MoTe2 FETs 

(Rani et al., 2019). 

However, the dependence of the degree of ambipolarity on thickness in the ambipolar region 

has not been investigated in the literature. In this study, thickness dependence of the degree of 

ambipolarity was investigated for 4 different thicknesses between 8 and 30 nm. It has been 

observed that the results we have obtained show the same trend with the literature in general. 

2. Material and Methods 

In the literature, TMDC materials are mostly grown by CVD techniques (Zhang et al., 2019). 

However, TDMC films grown with CVD are not large scale but in the form of flakes. For this 

reason, it is either very difficult or very expensive to fabricate transistors at a scale applicable 

to the technology with thin-film TMDCs growth by the CVD technique. In addition, the 

uniformity of flake-shaped TMDC film growth with CVD is also problematic. For all these 

reasons, the sputtering technique that allows large-scale TMDC film growth was used in this 

study. In order to obtain WS2 thin films in a single step, growth was performed on Si/SiO2 

substrates in Argon environment using WS2 target. The growth parameters that affect the WS2 

channel thickness with sputtering as shown by our previous article (Acar et al., 2020) and that 

may affect the ambipolarity behavior other than the thickness are given in the Table 1. 
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Table 1. Parameters of WS2 thin films grown by sputtering technique. 

Target Purity (WS2) (%) 99.8 

Power (W) 120 

Base Pressure (Torr) 10-7 

Sputtering Pressure (mTorr) 20 

Growth Ambient Ar (220 sscm) 

Growth Time (Second) 1, 5, 10, 30 

Growth Temperature (oC) 300 

Substrate-Target Distance (cm) 7 

Substrate  Rotation Speed (rot/s) 1/20 

 

It was observed from the samples obtained by sputtering that as the growth time increased, WS2 

nano-walls were formed in the structure. FESEM image of one of the grown samples is given 

in Figure 4. 

 

Figure 4. FESEM image of a WS2 film. 

After the samples were obtained, device fabrication was started with the lithography process. 

The mask was first designed for fabrication. The optical lithography technique has been used 

to create the contacts. The device is formed by metal evaporation and lift-off steps. In order to 

remove the residual residues on the device and to improve the contacts, annealing was 

performed and the device was made ready for measurement. In this section, mask design, 

lithography steps, metal coating, lift-off and annealing steps are explained in detail in our 

previous study (Acar et al., 2020). 

After the device fabrication stage, electrical measurements of the devices were carried out with 

the help of the homemade system (Figure 5) and software (Figure 6). 
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Figure 5. Homemade electrical properties measurement system. 

 

Figure 6. Homemade software for the electrical measurements. 

3. Resarch Findings 

Carrier mobility is expressed as the average charge carrier rate per applied electric field. The 

carrier mobility (µ) is calculated using equations given below by subtracting the 

transconductance (transfer conductance (gm)) from the slope of the region where the Ids-Vgs 

curve changes linearly. 

𝑔
𝑚 =

𝜕𝐼𝑑𝑠
𝜕𝑉𝑔𝑠
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𝜇 =
𝐿

𝑊 × 𝑉𝑑𝑠 × 𝐶𝑖
×

𝑑𝐼𝑑𝑠

𝑑𝑉𝑔𝑠
 

Here; L, Channel length; W, Channel width; Ci, SiO2 dielectric capacitance, ε0, the dielectric 

constant for vacuum; εr is the relative dielectric constant of SiO2; d, Thickness of the insulating 

layer SiO2; Vds is the drain-source voltage. Table 2 shows mobility values for WS2 films that 

grow at different times. 

Table 2. Hole and electron mobility values obtained from Ids-Vgs curves grown at different 

times. 

Time 

(s) 

pμ 

(cm2/Vs) 

nμ 

(cm2/Vs) 

1  0,002 0,0002 

5  0,235 0,27 

10  17,6 5,3 

30  301,6 295 

 

Since the growth processes are carried out at different times, the thicknesses of the samples 

were obtained with the help of an Atomic Force Microscope (AFM). However, the 

measurement could not be taken with AFM for growth 1s time. Therefore, a calibration curve 

was drawn to find the thickness for 1s growth. For the calibration curve, values of known 

thickness and coating time are used. Thus, thickness for 1s growth film is obtained from this 

curve. 

As expected, the thickness of WS2 films is in a linear relationship with the growth time. Using 

this relationship, the thicknesses of WS2 films were obtained as 8.8, 11.7, 15.3 and 29.9 nm, for 

growth times of 1, 5, 10 and 30 s, respectively. Table 3 shows the values of the degree of 

ambipolarity according to the thickness. 

 

Figure 7. Thickness-Growth time graph. 
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The variation of the degree of ambipolarity depending on the WS2 film thickness has been 

plotted using the values in Table 3 and shown in Figure 8. Estimated p-type, ambipolar and n-

type regions are given in Figure 9.

Table 3. Ambipolarity degree versus WS2 film thickness (Thickness of the Monolayer WS2 is 

about 0.618nm)

Thickness 

(nm) 

Hole 

Mobility 

p 

(cm2/Vs) 

Electron 

Mobility 

μn 

(cm2/Vs) 

Ambipolarity 

Degree (D) 

p/μn) 

 

Reference Growth 

method 

8,8 0,002 0,0002 10 

 (Acar et al., 2020) Sputtering 
11,7 0,235 0,27 0,85 

15,3 17,6 5,3 3,32 

29,9 301,6 295 1,02 

0,618 116 540 0,215 Krymowski (2015) Theoretical 

0,618 43 44 0,98 (Jo, Ubrig, Berger, 

Kuzmenko, & 

Morpurgo, 2014) 

Mechanically 

exfoliation 

0,8 0,28 0,46 0,61 (Zhang et al., 2013) CVD 

12 110 214 0,51 (Lee, Oh, Kim, & 

Kim, 2020) 

Mechanically 

exfoliation 

Bulk 50 200 0,25 (Roy & Bermel, 

2018) 
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Figure 8. Variation of the degree of ambipolarity with WS2 film thickness. 
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Figure 9. Estimated p-type, ambipolar and n-type regions for sputtered growth WS2 FET 

4. Discussion 

Electron and hole mobility for the WS2 films differ in the literature depending on many factors 

such as growth method, thickness, growth and annealing temperature, gate voltage, etc. In the 

literature, it has been reported that the electron mobility of WS2 monolayer films ranged from 

0,01 to 234 (cm2 / V.s) while the electron mobility of bulk WS2 is 205 (cm2/Vs). On the other 

hand, bandgaps of monolayer and bulk WS2 are 1.7 and 1.2eV, respectively [Boeckl and 

Jagadish 2016]. In addition to these, the number of studies in the literature investigating the 

dependence of electron and hole mobility on thickness is not sufficient to give statistically 

significant results. Therefore, it is difficult to compare the results obtained in this study in the 

literature. However, when the results in the literature were compared with this study, it was 

seen that they showed similar behavior. For this reason, it has been tried to evaluate the current 

study together with the few studies in the literature. 

Devices showing ambipolarity behavior have become important for many applications in recent 

years. Explaining the reasons of ambipolarity behavior is important for understanding the 

ambipolar devices. In addition, understanding this phenomenon makes it easier to control 

whether ambipolar devices can behave p or n-type. Many factors affecting ambipolarity have 

been reported in the literature. In this study, the dependence of the WS2 FET device's 

ambipolarity on the WS2 film thickness was investigated and it has shown that, similar to the 

literature, the WS2 films with a few layer thicknesses showed p-type behavior. It has been 

observed that as the thickness increases monolayer to multilayer, the WS2 FET device shifts 

their ambipolar behavior. It has been determined that as the thickness of the WS2 thin-film 

increases from multilayer (20-30 nm) to the bulk structure, it turns from ambipolar behavior to 

n-type behavior again and then the WS2 material completely returns to its natural or bulk state 

and exhibits n-type behavior. Ambipolarity depends on many factors such as WS2 thickness, 

gate voltage, annealing temperature, W/S ratio, thin-film growth technique, crystal defects, etc. 

In this study, since the sputtering technique is used to grow the WS2 films, film growth 
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parameters for the sputtering technique also affect the ambipolarity behavior. In addition to this 

study, the effects of these parameters on ambipolarity have not been examined in the literature. 

These will be focused on in future studies. 

Ambipolar FET devices are relatively new and important due to their many application 

potentials. However, there are not enough studies in the literature, especially regarding the 

dependence of ambipolarity on channel thickness. A complete and clear presentation of 

ambipolar behavior will make an important contribution to the literature in this regard. In this 

study, results that can contribute to the literature were obtained for WS2 devices grown by the 

sputtering method. However, new and further studies should be done to better understand 

ambipolarity and to validate the results obtained in this study. 

Acknowledgments: The authors thank Prof. Dr. Emre Gür for his guidance and Soheil 
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