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Abstract:The purpose of this study is to evaluate the performance of MoS2 transistor with different gate oxides. 

This paper systematically evaluates various performance parameters of transistors such as threshold voltage 

(Vth), on/off ratio, maximum drain current (Id), transconductance (gm), and output conductance (gd) . This 

comprehensive analysis is done using six different oxides namely silicon dioxide (SiO2), hafnium oxide (HfO2), 

lanthanum oxide (La2O3), strontium zirconium oxide (SrZrOx), composite of PMMA:SrZrOx, and titanium 

dioxide (TiO2) for a back-gate device. Results of the paper suggest that SrZrOx exhibits better performance with 

lower Vth is -0.4 V, along with on/off ratio, maximum Id,and gm, are 10
13

, 662.57 µA, and 8.12 µS respectively. 

Device with a relatively higher on/off ratio, high drive current, high gm and lower Vthdemonstrates superior 

switching and improved performance. With the achieved performance of the above device offers considerable 

potential for real-time, energy-efficient applications, particularly where power consumption is a big concern. 

Device with SrZrOx oxide employed for various real-time applications including wearable electronics, medical 

and industrial applications. 

Keywords: MoS2, High-k dielectric, gate oxides, Low power applications. 
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1. Introduction  

Molybdenum Disulfide (MoS2) is an example of TMDC known for its unique properties. Its tunable band gap, ranging from 

1.2 eV in bulk form to approximately 1.8 eV in monolayer form, enables efficient light absorption and makes it suitable for a 

range of optoelectronic applications [1]. Its large area facilitates enhanced charge carrier mobility, leading to improved 

performance in thin film transistors [2,3]. Furthermore, MoS2is the prominent candidate for various applications such as 

flexible electronics and sensors because of its superior carrier mobility, low leakage current and exceptional chemical 

stability.However, numerous transistor-based studieshave been also reported for wide range of applications [4]. In this 

sequence, MoS2 based thin-film transistors (TFTs) are well-established as gas sensors for detecting hazardous gases in real-

time [5,6]. MoS2 based devices also exhibit improved performance, such as high mobility, better on/off ratio, and many more 

[7]. Thus, it can be summarized that MoS2 is compatible with different electronic applications and has been used for next-

generation devices [8]. Furthermore, performance of MoS2 based devices is further improved by employing its hybrid 

structures [9].Yuning Li et al reported photo-detection capability of graphene/MoS2 heterojunction-based transistor. The 

proposed device exhibits excellent photo detection behavior with responsivity ≈ 1.5 *10
4
 A/W, detectivity ≈ 3.9* 10

10
 Jones, 

and external quantum efficiency ≈4.1 * 10
6
 % [10]. In another study, it is reported that gold (Au) decorated MoS2 demonstrates 

superiorsensing response as compared to pristine MoS2[11]. 

Choosing high-k dielectric material for gate oxide is another key strategy for enhancing device performance. Employing high-k 

gate oxide in transistor exhibits superior response of device as compared to silicon dioxide (SiO2) [12,13]. High-k oxide 

improves the electrostatic control over gate [14,15], which helps to reduce short-channel effects in scaled devices [16]. As a 

result, it significantly influences key electrical parameters such as carrier mobility, threshold voltage (Vth), and overall 

functionality of the transistor [17], which contributes to more efficient and reliable transistor operation. Investigating different 

gate oxide materials for MoS2 transistors is necessary for improving performance, optimizing interface quality, ensuring 

scalability, and enabling integration with flexible electronics.It has been investigated that hafnium oxide (HfO2) exhibits 

superior device performance in comparison to SiO2. Device with HfO2 gate oxide exhibits superior response in terms of 

various performance parameters including driving current (Id), oxide capacitance (Cgg), on/off ratio, subthreshold swing (SS), 

Vth, and transconductance (gm) as compared to the device SiO2 gate oxide.  The findings of this study show that device with 

HfO2 is suitable for high-speed, power-efficient device, which can be employed for various real-time applications [18]. It is 

found that both on/off and SS enhances as device's gate oxide switch from aluminum oxide (Al2O3) to HfO2[19]. It is reported 
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that utilization of another high-k material i.e., zirconium dioxide (ZrO2)improves mobility, on/off ratio and SS of MoS2 device. 

These values recorded under the influence of   ZrO2 as gate oxide are 89.6 cm
2
/V, 10

8
, and 95.2 mV/dec [20]. In another study, 

a transistor wafer with improved performance is investigated, due to the utilization of ultra-thin high-k HfO2 as a gate oxide.  

The above study has relatively low leakage current, low SS, high current density, and on/off ratio i.e., 10
-6

 A/cm
2
,75 mV/dec, 

260 µA/ µm, and 10
8
[21].Thus, it can be concluded that devices with high-k gate oxides are suitable for high-speed, low-power 

devices.In this study, a comparative analysis is done for MoS2 transistor for six different dielectrics as shown in Fig.1. The 

effect of different high-k dielectrics as gate oxide has been visualized through comparing its various aspects, such as on/off 

ratio, threshold voltage (Vth), maximum drain current (Id), and transconductance (gm) etc. 

 

Fig. 1. Transistor geometry with different gate oxide 

 

2. Model Details and Methodology: 
Models of the discussed device are simulated by using the semiconductor module of COMSOL Multiphysics 6.4. 

Dimensions of device used in this study are calibrated in the reportedliterature by Howell et. al [21]. Furthermore, material 

properties of MoS2 are also taken from the ref. [21] and illustrated in Table 1.  

 

Parameters Name Value References 

Bandgap (eV ) 1.6  

 

[21] 
Relative permittivity 11 

e
−
 Mobility (cm

2
/V · s) 25 

Hole Mobility (cm
2
/V · s) 25 

Effective mass of holes 0.5*me 

Effective mass of e
-
 0.5*me 

Note: 0.5*me is the mass of electron in rest position and it is a constant. 

Modelling of the above thin film transistor (TFT) incorporate various numerical equations and models including complete 

ionization, drift-diffusion mobility modeling, Fermi-Dirac statistics, Poisson’s equation, and Shockley–Read–Hall 

recombination model to establish the accurate simulation of device. In this study, doping of the device with a carrier 

concentration of 2∗10
18

 cm
−3

 represents an intentional and controlled introduction of dopants to achieve specific electrical 

characteristics. Structure of device is two-dimensional with channel length of device is 3.5 µm.Fig.2 illustrates a 

comparison of simulated data with experimental data to verify the simulation setup. It has been observed that the 

experimental data can be reproduced with the help of COMSOL with minute fluctuations, which verify the simulation 

environment of modelling tool. 
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Fig. 2. Calibration of simulation tool with experimental data 

Structure of device isshown in Fig. 3,which is tested for different oxides SiO2, lanthanum oxide (La2O3), HfO2, strontium 

zirconium oxide (SrZrOx), composite of PMMA: SrZrOx, and titanium dioxide (TiO2). Values of dielectric constant of 

these materialsare illustrated in Table 2.All the simulations are performed at room temperature with the same geometrical 

parameters. These gate oxides with different dielectric constants affect the oxide capacitance of devices which further 

impact the performance of devices.  

 

Fig. 3. Structure of MoS2 transistor with back gate 

 

Table 2: Dielectric constant of used material as a gate oxide 

Material 
Dielectric 

constant 
Reference 

SiO2 3.9 [22] 

HfO2 20 [23,24] 

La2O3 27 [25] 

SrZrOx 28 [26] 

PMMA: SrZrOx 32.2 [26] 

TiO2 50 [25] 
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Fig. 4. Possible fabrication steps of proposed device 

This simulation study offers various design considerations and detailed insights into the device’s performance behavior, which 

will assist in guiding further device fabrication. Although this is pure simulation study but understanding the feasibility of 

device, essential fabrication steps are incorporated in Fig.4. The discussed device is the back gate TFT where oxide can be 

deposited over pre clean silicon substrate. After deposition of oxide, MoS2 layer can be depositedone by one through spin 

coating. Finally, to facilitate metal contact i.e., source, drain and gate lithography step can be done followed by 

metallization.Photolithography can be performed using a photoresist and ultraviolet (U.V.) light exposure. 

 

3. Results and Discussion  

Performance of a TFT can be analyzed through various electrical parameters such as Vth, on/off ratio, maximum Id, gm, and 

gdetc. The present study is a comprehensive analysis based on the above discussed parameters for different gate oxide 

including SiO2, La2O3, HfO2, SrZrOx, PMMA: SrZrOx, and TiO2.Behavior of device has beenrecorded for these gate oxides, 

which affects the electrostatic control of the device over the gate and correspondingly leakage current of device changes. Fig.5 

shows transfer curve of MoS2 device for all above discussed gate oxideat Vd =0.1 V. From Fig.5, Id of device is recorded as 

0.74 µA, 16.63 µA, 19.83 µA, 20.20 µA, 21.21 µA and 25.24 µAfor SiO2, HfO2, La2O3, PMMA: SrZrOx,SrZrOx,and 

TiO2respectively. Vth of device is also extracted from the curve i.e, -4.6 V, -1.1 V, -0.6 V, -0.7 V, -0.4 V, and -0.8 V for SiO2, 

HfO2, La2O3, PMMA: SrZrOx ,SrZrOx, and TiO2 respectively. For energy efficient and optimum operation of device, lower Vth 

is preferred to reduce power consumption. on/off ratio of the device is extracted from the logarithm of transfer curve and 

measured as 10
5
,10

12 
,10

12 
, 10

12 
,10

13 
, and 10

14 
for SiO2, HfO2, La2O3, PMMA: SrZrOx ,SrZrOx, and TiO2 respectively.It has 

been visualized from Fig. 5 that although on/off ratio and Id of TiO2 device is better thanother oxides, i.e., 10
14

, and 25.24 µA 

respectively, Vth associated with TiO2 is comparatively high. It is also depicted from Fig.5 that SrZrOX exhibits lowest Vth i.e., 

-0.4 V with relatively comparable on/off ratio. Lower Vth indicates the lesser voltage requirement to turn” ON” the transistor, 

which is an essential parameter for low-power devices whereas higher on/off ratio is mandatory for smooth switching. Thus, it 

can be summarized that device with SrZrOXgate oxide demonstrates lower Vth with optimum on/off ratio.  Id of device for 

above discussed gate oxide is further illustrated by Fig. (6). Fig. 6 (a), (b), (c), (d), (e) and (f) illustrated drain characteristics of 

the device for different oxides, which are essential for knowing the behavior of any device as they establish important 

parameters, including the voltage drop across the device and maximum achievable drain current. Devices are tested for 

different values of Vgs = 1 to 5V with step size of 1 V.  Initially, the current increases drastically, indicating a constant 

increment in the transmission of charge carriers through the channel. However, as the device reaches in saturation, the 

transmission of charge carriers becomes almost constant due to channel length modulation. From Fig.  6 (a), (b), (c), (d), (e) 

and (f), it is evident that as the dielectric constant of the device increases, Id increases. Higher Id signifies an increment in the 

electric field due to the accumulation of more charge carriers at lower gate voltage in the channel region. Higher drain current 

is essential for device performance, as it is an indicative feature of the current driving capability of the device. It has been 

visualized from Fig. (a)-(f) that Id of device withSiO2 ,HfO2 ,La2O3 ,SrZrOx:PMMA , SrZrOx, and TiO2 oxide is41.9 µA, 506.79 

µA, 616.84µA, 614.32 µA,662.57 µA and,804 µA respectively. It is also observed from Fig. (a)-(f) that the device with TiO2 

as gate oxide exhibits superior performance in terms of its current drive capability. gm of the device is a crucial parameter to 

analyze to evaluate amplification efficiency of transistor. Fig. 7 illustrated variation gm with respect to Vgs of all devices. It is 

depicted from Fig.7 that device with TiO2 as gate oxide exhibits superior gm which signifies its superior amplification 

capability of signals. Higher drive current of device with TiO2  gate oxide is responsible for higher gm of device. It has been 
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also depicted from Fig.7 that initially gm start increasing and attain its maximum value.   After reaching its peak value at 

certain voltage gm starts rolling off which indicates saturation of the device. For the comprehensive analysis of devices, 

evaluation of gd of device is mandatory and Fig. 8 illustrates gdof device for above discussed oxides. It should be minimum for 

better performance of device. It has been visualized from Fig. 8 that device with TiO2 oxideexhibits worst gdwhereas SiO2 

showssuperior response. Higher Id associated with TiO2 oxide deviceis responsible for lowest gd. It is also visualized from Fig.8 

that gd of thedevice for every case gd decreases for higher value of Vd , which indicates pinch off state of device.  

 

 
Fig. 5. Transfer curve for MoS2 transistor at Vd = 0.1V for different gate oxide 

 

                                   (a)                                                                        (b) 
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                                   (c)                                                                        (d) 

 

                                   (e)                                                                        (f) 

Fig. 6. Output plot for MoS2 transistor for different gate oxide (a) SiO2, (b) HfO2,(c) La2O3, and (d) SrZrOx:PMMA , 

(e)SrZrOx, (f)TiO2 

 

 

Fig. 7. Transconductance for MoS2 transistor for different gate oxide 
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Fig. 8. Variation of output conductance of MoS2 transistor for different gate oxide 

Table 3 illustrates summary of all the performance parameters of MoS2transistor for different gate oxides. It has been 

observed from Table 3 that TiO2 exhibits highest on/off ratio with highest Idand gm, which is 10
14  

804 µA and 10.51 µS 

respectively. It has been also analyzed from Table 3 that although TiO2has high Id , gm and lower  gd , due to relatively higher 

Vth, it can’t be used in energy-efficient applications. It is observed from Table 3 that lowest Vth is -0.4 V achieved by SrZrOx 

with optimum on/off ratio, maximum Id, and gm   i.e., are 10
13

, 662.57 µA,and 8.12 µS  respectively.  Even though TiO2has a 

higher dielectric constant, its higher conductivity and oxygen vacancies lead to charge trapping at the oxidechannel interface, 

resulting in a relatively higher Vth.  Thus, it is summarized that the device with SrZrOx gate oxide exhibits best performance 

among all the dielectrics used as gate oxides for MoS2 devices. This device is suitable for low-power circuits or battery-

operated applications having lesser Vth and moderate on/off ratio and Id. DevicewithSrZrOx gate oxide offers an efficient 

solution for power hungry equipment such as various battery operated portable appliancesand  low-power sensors in IoT 

systems etc. 

Table 3. Performance parameters MoS2 for different oxide 

Gate oxide Vth On/off ratio Maximum Id gm gd 

SiO2 -4.6 V 10
5
 41.9 µA 0.23 µS 7.17 µS 

HfO2 -1.1 V 10
12

 506.79 µA 5.55 µS 157.01 µS 

La2O3 -0.6 V 10
12

 616.84 µA 7.16 µS 193.768 µS 

PMMA:SrZrOx -0.7 V 10
12

 614.32µA 7.34 µS 193.47 µS 

SrZrOx -0.4 V 10
13

 662.57 µA 8.12 µS 201.05 µS 

TiO2 -0.8 V 10
14

 804 µA 10.51 µS 239.9 µS 

 

With the above results it can be concluded that only high dielectric constant of gate oxide does not promise its improved 

performance. For suitable gate oxide bandgap of material in also lies in the insulating range. It has been visualized from the 

results of above study where TiO2 has highest dielectric constant, but due its conductive nature limits its performance as a gate 

oxide.  However, device with SrZrOxas gate oxide exhibitalmost comparable performance in terms ofdrive current along with 

lowest Vth. Fig. 8 (a), (b), (c), and (d) illustrate variation of all the parameters with respect to the gate oxides. 
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                                   (a)                                                                                           (b)                                                                                                     

 

 

(c)   (d)                                                        

 

 

 (e) 

Fig. 9. Variation of electrical parameters with respect to oxides for MoS2 transistor (a) Vth, (b) on/off ratio, (c) Id, (d) gm , and 

(e)gd 

4. Conclusion 

The present article evaluates the comparative performance of MoS2 transistors with different gate oxides. The study highlights 

that varying dielectric materialssignificantly affects the performance of transistor. From the above study, it is summarized that 

a material with a higher dielectric constant does not guarantee superior performance of device, as bandgap of the material also 

plays a significant role. The material used as gate oxide should alsohaveits band gap in the insulator range. Therefore, it is 

essential to consider all relevant factors before selecting oxide gates to enhance device performance. It can be concluded that 

although device with TiO2 oxide demonstrate higher current driving capability, and gm as compared to other oxides, but it 
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cannot be useful for low-power device as compared to device with SrZrOx oxide. This device is well-suited for a range of real-

time applications, where low-power switching is a big concern. With these performance parameters deviceswith SrZrOx 

oxidecan be effectively utilized in various fields, including biosensors, digital circuits, and gas sensors, demonstrating its 

versatility and efficiency across multiple applications. 
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