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ABSTRACT 
 

This paper investigates the impact of TiO2 high-k gate insulator on the electrical 
characteristics of AlGaN/AlN/GaN MOS-HEMT transistors using MATLAB and Atlas-TCAD 
simulation software. The physical analytical model of the MOS-HEMTs is used for simulation 
from Al2O3, HfO2, and TiO2 as the gate dielectric materials, which provide higher 
performance and reliability of the MOS-HEMT devices. The device shows a good 
improvement in its result of the DC and AC characteristics with different permittivity of 
insulator materials. Thus, the DC and AC performance of GaN MOS-HEMTs are higher than 
with other insulators Al2O3 and HfO2 by using TiO2 as gate dielectric. Moreover, the 
simulation results proved that TiO2 is the better gate dielectric material to enhance the 
electrical reliability of the power switching devices for high-temperature applications such 
as economic electrical automobiles. 

 

Keywords: AlGaN/AlN/GaN, MOS-HEMTs, high-k, DC and AC performance, Atlas-
TCAD 

 

   

1.  INTRODUCTION  
 

Recently, many subjects of intense research have emerged as attractive candidates have arisen to 
investigate in the future high-power microwave and low noise applications such as AlGaN/GaN 
heterostructures based metal-insulator/oxide-semiconductor high electron mobility transistors 
(MIS/MOS-HEMTs), thanks to their superior material physical and electrical properties [1-4]. 
However, the conventional AlGaN/GaN HEMTs are largely impaired by high gate leakage current 
which limits the gate voltage swing, and therefore the maximum current of the channel could, 
therefore reach [5, 6] by using widely high-k insulator materials, including Al2O3 [7-9], HfO2 [10], 
and TiO2 [11-15] which have been employed as gate insulator (oxide) dielectric and surface 
passivation materials to improve the electrical device performance of GaN HEMTs [1].  
 

Moreover, the binary oxide materials are thermodynamically stable when they are contacted with 
III-V semiconductors. Among the high-k dielectric insulator materials such as Al2O3, HfO2, and TiO2 
are promising as gate insulator materials in III-V semiconductor materials-based device, thanks to 
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the wide bandgap materials (8.8, 5.8, and 3.5) eV and moderate permittivity (9, 25, and 80) of Al2O3, 
HfO2, and TiO2, respectively [10, 16].  
   

Besides, Smorchkova et al. proposed that the insertion of a very thin AlN binary transition layer 
between the AlGaN barrier layer and the GaN buffer layer [17] increases the concentrations of 2-
DEG formed at the AlGaN/GaN heterointerface, and also reduces the alloy scattering of 2DEG as 
well as it improves the electron mobility and provides better carrier confinement owing to the large 
band offset and the effective polarisation induced charge at the heterointerface AlN/GaN [2, 4, 8]. 
Moreover, 1 nm of the optimal AlN transition layer thickness is required for high electron mobility 
[18].  
 
The problem in the electrical properties includes the bulk, the surface, and the interface trap states 
in the semiconductor material, the gate leakage, and the large transconductance dispersion of GaN 
HEMTs. They are still hurdles in the research. MOS-HEMTs based on AlGaN/GaN heterostructure 
exhibited good static and dynamic performance [2]. The vital factor influencing the device 
operation is the oxide/insulator material type so as to achieve better performance.  
 

Besides, Amarnath et al. [19] have presented their work on static and dynamic with different gate 
lengths of AlGaN/AlN/GaN heterostructure based MOS-HEMTs. However, the impact of the gate 
insulator type is not considered in their work. 
 

Furthermore, the important parameter is the gate insulator material type to solve the distortion 
performance in case of MOS-HEMTs. It has been reported in other literature [9-15]. However, the 
impact of TiO2 gate insulator type and their thickness on the static (DC) and dynamic (AC) electrical 
performance of AlGaN/GaN MOS-HEMTs have not been taken into consideration yet.  
 

This paper tackles the effect of TiO2 gate dielectric material on the DC and AC characteristics of GaN-
based MOS-HEMTs by using a simulation study and to compare the results with other gate dielectric 
materials such as Al2O3 and HfO2.   
 

Moreover, the rest of the paper is organised as follows: the section of the physical model 
formulations derives the analytical expressions of the sheet carrier density, the I-V, C-V and the cut-
off and the maximum oscillation frequencies have been presented. In the results and discussions 
section, the numerical simulation results of the analytical model obtained by MATLAB for the DC 
and AC electrical performance of GaN MOS-HEMTs are presented and calibrated with necessary 
results extracted by Atlas-TCAD simulator software [20]. The experimental data from the available 
literature have proved the validity of the proposed model. Finally, the conclusion is drawn in 
section 4. 

 

 
2. PHYSICAL MODEL FORMULATIONS 

 

A schematic cross-sectional view of the AlGaN/GaN conventional HEMTs and MOS-HEMTs 
structures is shown in Figure 1, with  𝑑𝑜𝑥  is the insulator oxide layer thickness,  𝑑𝐴𝑙𝐺𝑎𝑁 represents 
barrier layer thickness, 𝑑𝐴𝑙𝑁 is the transition layer thickness, and 𝑑𝐺𝑎𝑁 is the buffer layer thickness. 
The gate insulator materials such as Al2O3, HfO2, and TiO2 have been used in the simulation study. 
Besides, the dimensions and materials have been considered in the simulation. 
 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Amarnath%2C+G
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Figure 1. Cross-sectional Schematic of (a) conventional HEMTs and (b) MOS-HEMTs on AlGaN/AlN/GaN 
heterostrucrure. 

2.1 Gate Leakage Current Model 
 

The gate leakage current especially in high power switching device applications leads to high off-
state power consumption. The gate leakage current mechanisms in insulator/AlGaN/AlN/GaN 
heterostructure is analysed by the temperature-dependent Poole-Frenkel emission model. The gate 
leakage current variation related to the Poole-Frenkel emission can be expressed by [21] 
 

𝐼𝑔 = 𝐶𝑃𝐹𝐴𝐸𝑜𝑥𝑒𝑥𝑝 [−
𝑞(𝑄𝑓−(𝑞𝐸𝑜𝑥 𝜋⁄ 𝜀𝑜𝑥))

𝑘𝐵𝑇
] .                                                                                                               (1) 

 
Where 𝐶𝑃𝐹 represents the Poole-Frenkel constant, 𝐴 is the gate contact area and 𝐸𝑜𝑥  

is the electric 
field across the insulator layer, 𝑞 is the electronic charge, 𝑄𝑓 is the interface state density, and 𝜀𝑜𝑥 
is the insulator layer permittivity. 𝑘𝐵  and 𝑇 are the Boltzmann's constant and the temperature, 
respectively.  
 

2.2 Sheet Carrier Density Model  
 

The 2-DEG is formed in the AlN/GaN quasi-triangular quantum well. Among the principal factors 
controlling the electrical device operation and heterostructure performance, it can be obtained by 
self-consistent solution of the Poisson’s and Schrödinger’s equations, which have been reported by 
K. Jena et al. [21, 22].  
 
The analytical expression for sheet carrier concentration 𝑛𝑠 can be formulated as [23]   
 

𝑛𝑠 =
𝐶𝑔

𝑞
[𝑉𝑔0

𝑉𝑔0−𝜃(𝑉𝑔0)
2 3⁄

𝑉𝑔0+2𝜃(𝑉𝑔0)
2 3⁄ ]                                                                                                                                     (2) 

 

Where 𝜃 = (𝛾0 3⁄ )(𝐶𝑔 𝑞⁄ )
2 3⁄

 and 𝛾0 represents the fitting parameter extracted from data enlisted 

in Table 2, 𝐶𝑔 represents the total gate capacitance. 𝑉𝑔0 = 𝑉𝑔 − 𝑉𝑜𝑓𝑓−𝑉𝑥,  𝑉𝑔 is the gate voltage, 𝑉𝑜𝑓𝑓 

represents the pinch-off voltage, and 𝑉𝑥 represents the channel potential at point 𝑥.  
 
 
 
 
 



      International Journal of Nanoelectronics and Materials 

In Press, Accepted Manuscript – Note to user 
 

 

 

Note: Accepted manuscripts are articles that have been peer-reviewed and accepted for publication by the Editorial Board. 
These articles have not yet been copyedited and/or formatted in the journal house style. 

 

The total gate capacitance 𝐶𝑔 of the GaN MOS-HEMTs device can be determined by the smallest 

capacitance component among the three capacitances 𝐶𝑜𝑥 , 𝐶𝐴𝑙𝐺𝑎𝑁 , and  𝐶𝐴𝑙𝑁  series-connected is 
shown in Figure 2(a). 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
  

Figure 2. (a) Equivalent circuit diagram for gate capacitance in AlGaN/GaN MOS-HEMTs and (b) charge 
distribution profile of an insulator/AlGaN/AlN/GaN heterostructure. 

The gate capacitance 𝐶𝑔 of GaN MOS-HEMTs, it can be expressed as follows 

 
1

𝐶𝑔
=

1

𝐶𝑜𝑥
+

1

𝐶𝐻𝐸𝑀𝑇𝑠
                                                                                                                                                      (3)  

 
The equivalent capacitance 𝐶𝐻𝐸𝑀𝑇𝑠 of GaN HEMTs, it can be calculated as [24]  
 

 
1

𝐶𝐻𝐸𝑀𝑇𝑠
=

1

𝐶𝐴𝑙𝐺𝑎𝑁
+

1

𝐶𝐴𝑙𝑁
                                                                                                                                          (3a) 

 

𝐶𝑔 =
𝐶𝑜𝑥×𝐶𝐴𝑙𝐺𝑎𝑁× 𝐶𝐴𝑙𝑁

𝐶𝑜𝑥×𝐶𝐴𝑙𝐺𝑎𝑁+𝐶𝑜𝑥× 𝐶𝐴𝑙𝑁+𝐶𝐴𝑙𝐺𝑎𝑁× 𝐶𝐴𝑙𝑁
                                                                                                             (3b) 

 
Where 𝐶𝑜𝑥 = 𝜀0𝜀𝑜𝑥 𝑑𝑜𝑥⁄  represents the insulator capacitance layer and 𝑑𝑜𝑥  is the insulator layer 
thickness, 𝐶𝐴𝑙𝐺𝑎𝑁 = 𝜀0𝜀𝐴𝑙𝐺𝑎𝑁 𝑑𝐴𝑙𝐺𝑎𝑁⁄  and 𝑑𝐴𝑙𝐺𝑎𝑁  are represent the capacitance and the barrier 
layer thickness of AlGaN, respectively.  𝐶𝐴𝑙𝑁 = 𝜀0𝜀𝐴𝑙𝑁 𝑑𝐴𝑙𝑁⁄  and 𝑑𝐴𝑙𝑁  are represent the capacitance 
and the transition layer thickness of AlN. 
 
The charge distribution profile of an insulator/AlGaN/AlN/GaN heterostructure is shown in Figure 
2(b). The surface and interface charge can be observed as four pairs of infinite charged planes with 
an equal quantity of heterogeneous charges. 
 

2.3 Drain Current Model 
 

The drain current 𝐼𝑑𝑠 model can be expressed as [23] 
 

𝐼𝑑𝑠 =
𝜇0𝑊𝑔𝐶𝑔

𝐿𝑔𝜌
[∑ 𝑘𝑖

6
𝑖=1 (𝜓𝑔𝑑

𝑖 − 𝜓𝑔𝑠
𝑖 ) + 𝑘0𝑙𝑛

𝜓𝑔𝑑

𝜓𝑔𝑠
].                                                                                               (4) 

(b) 
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Where 𝜓𝑔𝑠 = (𝑉𝑔𝑠 − 𝑉𝑡ℎ)
1 3⁄

+ 2𝜃 , 𝜓𝑔𝑑 = (𝑉𝑔𝑠 − 𝑉𝑡ℎ−𝑉𝑑𝑠)
1 3⁄

+ 2𝜃 , 𝜌 = 1 − [(𝑉𝑑𝑠−𝑉𝑠) 𝐸𝑇𝐿𝑔⁄ ] , 𝐸𝑇 

represents the critical electric field, with a limit at 𝑉(𝑥 = 0) = 𝑉𝑠 = 0 𝑉 and 𝑉(𝑥 = 𝐿𝑔) = 𝑉𝑑 = 𝑉𝑑𝑠. 

 
The expressions for constant terms 𝑘𝑖(𝑖 = 1, … ,6) obtained during the integartion of Eq. (4) are 
given in Table I. 
 
 

Table 1 Expressions for constant terms 𝑘𝑖(𝑖 = 1, … ,6) obtained during the integration [23]. 

Constants                                    Expressions 

𝑘0                                  −288𝜃6 

𝑘1                                     272𝜃5 

𝑘2                                     −960𝜃4 

𝑘3                                    200𝜃3 

𝑘4                                      −70𝜃2 

𝑘5                                   39𝜃    

𝑘6                                  -3 

 
 
 

 
2.4 Transconductance Model  

 
Among the important electrical parameter for evaluating the DC electrical performance is the 
intrinsic transconductance 𝑔𝑚 of HEMTs device which plays a significant role, and is defined as 
follows 
 

𝑔𝑚 =  
𝜕𝐼𝑑𝑠

𝜕𝑉𝑔𝑠
|

𝑉𝑑𝑠=𝑐𝑜𝑛𝑠𝑡

.                                                                                                                                                (5)    

 
Once a drain-source current model is developed for obtaining the transconductance numerically 
from the calculated current is a common practice. However, dedicated physical analytical 
expressions for the transconductance are developed in [25].   
 
In the linear region, the transconductance can be obtained by differentiating Eq. (4) w.r.t. gate 
voltage 𝑉𝑔𝑠, is given as [26] 

 

𝑔𝑚 = −
𝜇0𝑊𝑔𝐶𝑔

𝐿𝑔𝜌
[

1

3(𝜓𝑔𝑑−2𝜃)
2

−3(𝜓𝑔𝑠−2𝜃)
2 Ω1].                                                                                                      (6) 

 

Where Ω1 = [

288𝜃6

(𝜓𝑔𝑑−𝜓𝑔𝑠)
+ 272𝜃5 + 1920𝜃4(𝜓𝑔𝑑 − 𝜓𝑔𝑠) + 600𝜃3(𝜓𝑔𝑑 − 𝜓𝑔𝑠)

2

−280𝜃2(𝜓𝑔𝑑 − 𝜓𝑔𝑠)
3

+ 195𝜃(𝜓𝑔𝑑 − 𝜓𝑔𝑠)
4

− 18(𝜓𝑔𝑑 − 𝜓𝑔𝑠)
5

].                        (6a) 
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2.5 Capacitances Model  

 
The gate-to-source capacitance 𝐶𝑔𝑠 and gate-to-drain capacitance 𝐶𝑔𝑑  models can be expressed as, 

respectively [26] 
 

𝐶𝑔𝑠 =
𝜇0(𝑞𝑊𝑔𝜌)

2

𝐼𝑑𝑠
  [(𝑉𝑔𝑠 − 𝑉𝑡ℎ − 𝑉𝑑𝑠)

1 3⁄
− (𝑉𝑔𝑠 − 𝑉𝑡ℎ)

1 3⁄
] (

𝑔𝑚

𝐼𝑑𝑠
− 1) −

𝑞𝑊𝜌

𝐸𝑇
𝑉ds −

𝐿𝑔𝑔𝑚

𝜇0𝐸𝑇
                          (7) 

 

𝐶𝑔𝑑 =
𝜇0(𝑞𝑊𝑔𝜌)

2

𝐼𝑑𝑠
  [(𝑉𝑔𝑠 − 𝑉𝑡ℎ − 𝑉ds)

1 3⁄
− (𝑉gs − 𝑉𝑡ℎ)

1 3⁄
] (

𝑔𝑑

𝐼𝑑𝑠
− 1) −

𝑞𝑊𝜌

𝐸𝑇
(𝑉𝑔𝑠 − 𝑉𝑡ℎ − 𝑉𝑑𝑠) −

𝐿𝑔𝑔𝑑

𝜇0𝐸𝑇
                            

                                       (8)        
2.5 Cut-off Frequency Model  
 

The cut-off frequency 𝑓𝑇 is one the primary for analysing the device electrical performance at high-
frequency regime, determines that the optimal switching speed of the device, which can be obtained 
as [26, 27] 
 

𝑓𝑇 =
𝑔𝑚

2𝜋(𝐶𝑔𝑠+𝐶𝑔𝑑)
                                                                                                                                                        (9)   

   
                                                                                      
2.6 Power Gain Maximum Oscillation Frequency Model  
 

The power gain maximum oscillation frequency 𝑓𝑚𝑎𝑥 can be expressed as [28] 
 

𝑓𝑚𝑎𝑥 =
𝑓𝑇

√4𝑅𝑔(𝑔𝑑+2𝜋𝑓𝑇𝐶𝑔𝑑)
.                                                                                                                                     (10)  

 
Where 𝑅𝑔 is the gate resistance and 𝑔𝑑  represents the output conductance. 

 
Table 2 gives the analytical model parameters used in numerical simulations. 
 

Table 2 List of model parameters used in numerical simulation. 

Parameters Description Value Unit Refs. 

𝐸𝑇 Critical electric field 178 × 105 𝑉 𝑚⁄  [29] 

𝑅𝑔 Gate resistance           86.7 Ω [8] 

𝜀0 Vacuum permittivity 8.854 × 10−12     𝐹 𝑚⁄  [9] 

𝜀𝐴𝑙𝑁  Spacer layer permittivity 10.3𝜀0 𝐹 𝑚⁄  [19] 

𝜎𝐴𝑙𝑁/𝐺𝑎𝑁  Polarization 6.5 × 1017 𝑚−2 [26] 

∆𝐸𝐶
𝐴𝑙𝑁/𝐺𝑎𝑁

 Conduction band offset 1.7 𝑒𝑉 [28] 

𝜇0 Low field mobility 0.06 𝑚2 𝑉𝑠⁄  [9] 

𝛾0 Fitting parameter 4 × 10−12 𝑉𝑐𝑚4 3⁄  [24] 
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3. RESULTS AND DISCUSSIONS 
 

In this section of the DC and AC electrical characteristics of GaN MOS-HEMTs with different gate 
insulator materials such as Al2O3, HfO2 and TiO2 are discussed and compared with experimental 
data were extracted from [8]. The analytical model parameters of AlGaN/GaN MOS-HEMT devices 
used for numerical simulations of the DC and AC characteristics of three devices are indicated in 
Table 3. 
  

Table 3 Model parameters of three devices details used for numerical simulations. 

Parameters Description  Al2O3 HfO2 TiO2 

𝑄𝑓  (𝑚−2) Fixed charge density  5x1017[26] 3x1016 [26] 7x1016 [15] 

𝜀𝑜𝑥(𝐹 𝑚⁄ ) Insulator permittivity  10𝜀0 [25] 25𝜀0 [10] 80𝜀0 [13, 14] 

𝐸𝑔(𝑒𝑉) (300 K) Gap energy  8.9 [25]   5.8 [30] 3.5  [16] 

𝜒𝑜𝑥  (𝑒𝑉) Insulator electron affinity  1.35 [31]    2 [32] 2.95 [33] 

∆𝐸𝐶
𝑜𝑥/𝐴𝑙𝐺𝑎𝑁

(𝑒𝑉) Conduction band offset  1.8 [34]  1.1 [34] -1.1 [35] 

𝑉𝑡ℎ (𝑉) Threshold voltage   -5.4 [8]   -5.4 [36] -5.4 [12] 

𝑑𝑜𝑥(𝑛𝑚) Insulator thickness  5 [36, 38]     5 [39] 5 [40] 

𝑑𝐴𝑙𝐺𝑎𝑁  (𝑛𝑚)    Barrier thickness  24 [8]    24 [41] 24 [8] 

𝑥(%) Aluminum mole fraction  30 [8]     30 [10]   25~30 [8, 13] 

𝑑𝐴𝑙𝑁(𝑛𝑚) Transition thickness  1 [8] 1 [30] 1 [42] 

𝑑𝐺𝑎𝑁(µ𝑚) Buffer thickness  1.3 [8] 1.3 --- 1.3 --- 

𝐿𝑔 (𝜇𝑚) Gate length      1.2 [8] 1.2 --- 1.2 --- 

𝑊𝑔 (𝜇𝑚) Gate width   100 [26] 100 [26] 100 [8] 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3. Simulation results of the gate leakage current of the conventional HEMTs and MOS-HEMTs in 
comparison with experimental data. 

 

The simulation results of the gate leakage current characteristics of the conventional HEMTs and 
MOS-HEMTs with different gate dielectrics such as Al2O3, HfO2, and TiO2 in comparison with 
experimental data are shown in Figure 3. In the reverse bias, the gate leakage current can be 
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suppressed by more than five and four orders of magnitude in the case of TiO2-based MOS-HEMTs 
is observed lower than that of the conventional HEMTs and Al2O3-based MOS-HEMTs, respectively. 
At Vgs = −40 V, the gate leakage current density of the TiO2-based MOS-HEMTs is below 1 µA/mm 
and lower than the gate leakage current of both gate insulator materials Al2O3 and HfO2 in both 
reverse and forward gate voltage regions. Besides, the gate leakage of the conventional HEMTs and 
MOS-HEMTs was reported by Liu et al. [8] using Al2O3 as gate dielectric and the simulation results 
in good agreement with experimental data. It is clear that the gate leakage current suppression in 
the MOS-HEMTs using TiO2 as gate insulator is excellent. This indicates that the TiO2 gate insulator 
is effective in increasing the breakdown voltage. A significant reduction in gate leakage current 
observed for TiO2 gate insulator.  

Figure 4 shows a comparison between the model output current characteristics obtained by using 
MATLAB calculation, Atlas-TCAD simulation and experimental data [8] with different gate 
dielectrics such as Al2O3, HfO2, and TiO2 at Vgs = 0 V. The maximum drain saturation current Idssat = 
868.79 A/m for MOS-HEMTs device with TiO2 as gate dielectric compared to both Al2O3 and  HfO2 

is obtained and the simulation results indicated good agreement with experimental data to confirm 
the analytical model. The same dimensions of GaN MOS-HEMTs with Al2O3 as gate insulator are 
exactly considered with the results obtained by Yagi et al. [13] using TiO2 as gate insulator to reduce 
the gate leakage current. Improvements of 14% and 4.25% in Idssat are obtained for MOS-HEMTs 
device using TiO2 than both Al2O3 and HfO2, respectively.  
 
- 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Modeling of output current characteristics in comparison with Atlas-TCAD simulation results 
and the experimental data for three different devices. 

 

Moreover, it is observed here that the drain saturation current decreases in GaN MOS-HEMTs by 
using low permittivity as gate insulator dielectric materials following the same trend as reported 
by Yue et al. [10]. The AlGaN/AlN/GaN MOS-HEMTs with Al2O3 as gate insulator dielectric show a 
negative slope in the saturation region with 𝑉𝑑𝑠  changing from 5 V to 20 V due to the large 
negative differential conductance leading to reduce electron mobility and performance in terms of 
power which degrades. 
 
Besides, the self-heating effect (SHE) is the most important factor limiting the device performance 
to the reliability issue in high power operation conditions as well as the technique of the thermal 
management which has been taken into consideration in the simulation modeling of the drain 
current. However, the device in high power operation may output decreased drain current which 
is mainly attributed to the negative differential conductance region at high current densities due to 
self-heating [43]. 

https://ieeexplore.ieee.org/author/37069199900
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Furthermore, the self-heating-effect (SHE) is observed very clearly with Al2O3 as gate dielectric 
based MOS-HEMTs and has also been considered in the analytical model to enable the reproduction 
of the device behavior for the full operating domain of voltages. Figure 4 shows also the effective 
incorporation of the SHE to obtain a close agreement between simulated and measured output 
characteristics of the device by using Al2O3 as gate dielectric. However, it is clear that in the range 
the saturation current density of the curves considering the self-heating effect is smaller with using 
TiO2 as gate dielectric based MOS-HEMTs compared to both gate insulators (Al2O3 and HfO2), due 
to the excellent thermal stability of TiO2 at high power and high-temperature applications. The 
AlGaN/AlN/GaN MOS-HEMTs with TiO2 as gate insulator dielectric is a promising candidate for 
high breakdown voltage and high switching speed device applications. 
 
A comparison of the 𝐼𝑑𝑠(𝑉𝑔𝑠)  transfer characteristics of the proposed GaN-based MOS-HEMTs 

modeled and simulated with different gate dielectrics such as Al2O3, HfO2, and TiO2 at Vds = 7 V is 
shown in Figure 5. The device shows a maximum drain saturation current density of 1452 mA/mm 
at 2 V of gate voltage by using TiO2 gate insulator is obtained by calibrated simulation results model 
using the MATLAB program. Besides, it is obvious that the analytical model numerical results of the 
transfer characteristics are in good agreement with those extracted by Atlas-TCAD. The calibrated 
simulation results were compared with experimental data reported by Liu et al. [8] by using Al2O3 

as gate dielectric to validate the model calibration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. 𝐼𝑑𝑠 − 𝑉𝑔𝑠 characteristics of GaN MOS-HEMTs with different insulator dielectric materials Al2O3, 

HfO2 and TiO2 as gate dielectrics. Experimental data were extracted from [8]. 
 

Figure 6 shows the comparison of the simulation and measured results of the transconductance 
with different gate dielectrics at Vds = 7 V. The maximum transconductance (𝑔𝑚,𝑚𝑎𝑥) observed at 
Vds = 7 V for the device with TiO2 as gate dielectric is in good agreement with the physical model 
and the simulation results using Atlas-TCAD. It is also observed here that the transconductance 
decreases in GaN MOS-HEMTs using low permittivity gate insulator dielectric materials, as 
reported by Yue et al. [10] and Jena et al. [26]. Besides, improvements of 32.91% and 17.5% in 
𝑔𝑚,𝑚𝑎𝑥 are obtained for MOS-HEMTs device using TiO2 than both Al2O3 and HfO2, respectively. The 

large values of transconductance lead to high saturation velocity and higher carrier density 𝑛𝑠. On 
the other hand, higher transconductance in high-k gate dielectric materials suggests for the linear 

https://ieeexplore.ieee.org/author/37069199900
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improvement behavior of the MOS-HEMTs compared with the low-k gate dielectrics GaN MOS-
HEMTs, thus making it suitable for practical high power microwave applications. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Transconductance vs. gate voltage of  GaN MOS-HEMTs device with Al2O3, HfO2 and TiO2 as gate 

dielectrics compared with  experimental data, as reported in [8]. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Comparison of the capacitance 𝐶𝑔𝑠 with gate voltage of a device with Al2O3, HfO2 and TiO2 as gate 

dielectrics.  Experimental data were extracted from [8]. 
 

Figure 7 presents a plot of the gate-to-source capacitance (𝐶𝑔𝑠) versus gate-to-source voltage of 

GaN MOS-HEMTs with different gate dielectrics at Vds = 7 V. The modeled simulation results of the 
capacitance 𝐶𝑔𝑠  have been obtained as compared with Atlas-TCAD and experimental data. In 

addition, it is obvious that the model calibrated simulation results of the capacitance 𝐶𝑔𝑠 obtained 

by MATLAB are in good agreement with those extracted by Atlas-TCAD and experimental data, as 
reported in [8], concerning Al2O3 gate dielectric as low-k. Besides, the device shows a lower gate-to-
source capacitance 𝐶𝑔𝑠 of 22 pF at 0 V of gate-to-source bias voltage and 𝑉𝑑𝑠 = 7 V by using TiO2 

gate insulator material compared to the other insulators Al2O3 and HfO2. 
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The variation of the gate-to-drain capacitance 𝐶𝑔𝑑  versus drain voltage modeled for GaN MOS-

HEMTs with different gate dielectrics at Vgs = 0 V as shown in Figure 8. The gate-to-drain 
capacitance decreases with an increase in the drain bias until it becomes zero in the saturation 
region for different gate insulator dielectric materials such as Al2O3, HfO2, and TiO2. This happens 
because of an increase in the drain-source bias voltage. Besides, it is seen here that the 𝐶𝑔𝑑 

capacitance gradually varied function and then saturates. The MOS-HEMTs show a lower gate-to-
drain capacitance 𝐶𝑔𝑑 of 8 pF at 1 V of drain bias voltage by using TiO2 gate insulators compared 

with the other insulators Al2O3 and HfO2. Thus, the use of TiO2 high-κ as gate dielectric material 
could improve the frequencies (𝑓𝑇 and 𝑓𝑚𝑎𝑥) for dynamic (AC) electrical performance. Moreover, 
the modeled results of the gate-to-drain capacitance 𝐶𝑔𝑑  obtained by using MATLAB have been 

compared with simulation results extracted by Atlas-TCAD, thus it is shown good agreement 
between the physical model and the simulation results which validates the capacitance modeling.  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 8. Variation of  𝐶𝑔𝑑 capacitance with 𝑉𝑑𝑠 of a device with Al2O3, HfO2 and TiO2 as gate dielectrics 

at Vgs = 0 V. 
 

The variations of the cut-off and the maximum oscillation frequencies with different gate insulator 
materials are shown in Figure 9. The cut-off frequency starts initially to increase with gate-source 
voltage and decreases moderately, as a result of the collective effect of the increase in the gate 
capacitance and decreases in the transconductance, respectively.  
 
Furthermore, it is clearly that from the Figure 9 by using TiO2 as gate insulator material for GaN 
MOS-HEMTs, the peak of cut-off frequency shows an increase of 9% and 24.79% than HfO2 and 
Al2O3, respectively. Besides, at the same Figure 9 with TiO2 for GaN MOS devices, the peak of 
maximum oscillation frequency fmax shows an increase of 13.04% and 33.64% than HfO2 and Al2O3, 
respectively. Due to the high permittivity gate insulator dielectric material which allows MOS-
HEMTs to yield a large transconductance subsequently increases frequencies (𝑓𝑇 and 𝑓𝑚𝑎𝑥) for the 
AC electrical performance reliability.   
 
Moreover, the simulation results indicated by using TiO2 as gate insulator could improve the 
electrical performance of GaN HEMTs and could also promise candidature for the design of 
microwave integrated circuits and for high-power switching device applications. 
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Figure 9. Variation of the modeled 
frequencies (𝑓𝑇 and 𝑓𝑚𝑎𝑥) with gate voltage of  AlGaN/GaN MOS-HEMTs device with different gate 

dielectrics at Vds = 7 V. 

 
 
 
 
4. CONCLUSION 
 

The impact of the titanium dioxide (TiO2) high-k gate insulator material on the DC and AC electrical 
performance of AlGaN/GaN MOS-HEMTs has been investigated. The parameters data introduced in 
the model easily extracted from experiments were clearly linked to physical effects. Superior 
performance improvement in DC and AC electrical performance of GaN MOS-HEMTs using TiO2 

compared to both gate insulators Al2O3 and HfO2 due to high permittivity of TiO2 and could translate 
to more efficient gate modulation. Besides, it is clear that the gate leakage current suppression in 
the MOS-HEMTs using TiO2 as gate insulator is excellent. This indicates that the TiO2 gate insulator 
is effective in increasing the breakdown voltage. Therefore, the presented simulation results 
suggest that the titanium dioxide (TiO2) high-k gate insulator based MOS-HEMTs could improve 
electrical reliability and also emerge as a potential candidate for high power switching device and 
high-temperature applications. 
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