
 
 

    

 

 

 

 

  

 

 

 
Abstract—This paper aims to enhance the performance of 

the High Electron Mobility Transistor (HEMT) according to 

downscaling dimensions based on the electrical properties 

and semiconductor materials (GaN, Si3N4, ALGaN and Si). 

This is to solve difficulties with reducing dimensions and 

ensuring HEMT has the highest performance possible. This 

goal was met when the physical scaling restrictions of 

channel diameters for different HEMTs were concurrently 

shrunk without compromising their performance. A simula-

tion study was done using four variable factors (length, 

width, of the channel and length, width of the source and 

drain). Three electrical characteristics were used to assess 

the impact of altering dimensions on the performance of 

each kind of HEMT: threshold voltage Vt, ON-state/OFF-

state current (ION/IOFF) ratio, and transconductance gm. To 

conduct experimental simulations under the specified 

situation, the well-known Silvaco TCAD simulation tool was 

used. The acquired simulation results revealed that the 

optimum performance for the downscaling device was 

achieved at the channel length of 1.6µm, the channel width 

of 0.3µm, the length of source and drain is 0.4µm and finally 

the width of source and drain is 0.05 µm.  

Index Terms—GaN, HEMT, channel length, downscaling, 

current gain 

I. INTRODUCTION 

Since the early of 1990’s, Field Effect Transistor (FET) 

has played a backbone of semiconductor devices. It 

represents the fundamental component of the system that 

uses modern technology in microelectronics designs [1]. 

The manufacturing progress of this transistor depends on 

the enhancement performance of FET [2]. The qualitative 

leap in performance of FET happened when new 

materials have been used in the structure of the transistor 

[3]. 

These materials including GaAs, GaP, GaN, Si3N4, 

ALGaN, GaSb, InAs, InSb, etc. have attracted significant 

attention from designers [4]. Also, have a considerable 

impact on the basic features of the device and is 
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characterized by high mobility, high thermal conductivity, 

and high electrical breakdown [5, 6]. In the last years, a 

promising device that uses high mobility for charges 

(electrons) is the High Electron Mobility Transistor 

HEMT. This device (HEMT) is one of the most 

significant components that has played a major role and 

great influence in the design and development of 

microelectronics devices [7−9]. 

GaN-HEMT on a substrate of silicon has sparked a lot 

of attention because of their low cost and ability to 

scaling of Silicon. At the same time, GaN-HEMT on 

Silicon is surpass GaN-HEMT on a substrate of silicon 

carbide (SiC) according to enhancement Performance for 

the device [10−11]. The most important features of the 

HEMT based on GaN are the high frequency, high-

temperature capability, and electric breakdown field is 

high and it has proven to be effective in high-power 

systems [12−14]. One new application of HEMT based 

on GaN is light emitting energy for visual light 

communication (VLC), satellites, radar and sensor with 

high sensitivity [15]. 

The RF achievement of any transistor design is 

determined by the cutoff frequency “fT” and the device's 

maximum frequency “fmax”. In comparison to the fastest 

silicon CMOS transistor, GaN-based on HEMT is 

developing as applicable technology for high-fast and 

large-power applications [16, 17]. So GaN based on 

HEMT is outstanding to CMOS based on silicon 

transistor due to the wealth of material properties of 

gallium nitride such as big band gap (3.4eV), large 

saturation velocity (2.5×105m/s), large electron mobility 

(1600cm2/V-s) and higher breakdown electric field (330 

MV/m) [18−20]. GaN is a significant driver in 

optoelectronics and microwave circuits, and its expansion 

in the semiconductor industry is not confined to large-

power electronics and radio-frequency devices [21]. 

Finally, GaN belongs to III and V group materials that 

offer spontaneous and piezoelectric polarization because 

of inherent non-centro symmetrical [22]. 

This paper is focused on simulation to enhance the 

performance of the High Electron Mobility Transistor 

(HEMT) based on dimensions downscaling for the device 

not to solve the specified problem. The development of 
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integrated circuits (ICs) has resulted from the scaling 

down of HEMT transistors from large to small 

dimensions [23]. The downscaling was done on the 

dimension of the device such as channel length (Lg), 

channel width (Wch) and length of the source and drain 

(LSD) to investigate the performance of GaN HEMT in 

terms of threshold voltage, current drain ON-state, 

current drain OFF-state and transconductance 

(gm=Id/Vg). The saturation drain current in term of 

width to the length ratio of gate channel is given as: Id= 

½(µnCox)(W/L)(Vgs-Vth)2(1+λ VDS). 

II. LITERATURE REVIEW 

HEMTs are heterojunctions created by semiconductors 

with different band gaps, the conduction and valence 

bands must bend everywhere the material to make a 

continuous level when a heterojunction is formed 

[24−26]. The vast band gaps of material have doped with 

donor atoms have outrageous electrons through 

conduction band, while narrow band gaps of material 

(undoped) have lower energy in states of conduction band 

[27−28].  

Therefore, the diffusion process of electrons will 

happen between two different adjacent materials, wherein 

the electrons will move from wide band gap of one 

material to narrow band gap of another material. Thus 

and because of movement of these electrons, variation in 

potential will occur and induce an electrical field between 

two materials [29−32]. The influence of an electric field 

will make the electrons drift back to conduction state of 

wide band gap material.  

The process of drift and diffusion of electrons is 

continuous until one balances the other, and so a P-N 

junction is forming at an equilibrium state [33, 34]. 

Finally, the majority of carriers of undoped narrow band 

gap material will excess and causes the high speed of 

switching. A fascinating point of the undoped 

semiconductor material is a narrow band gap has no 

donor atoms to generate scattering, thus ensuring 

excellent mobility [35, 36].  

Another fascinating feature of HEMT is the discon-

tinuous state between the valence and conduction bands 

which can be designed to control the kind of carriers that 

enter and exit the device [37]. The HEMT have a high 

current result of a process of diffusion electrons that will 

be accumulating these carriers through the confines of 

two area in narrow band gap material, these accumulated 

electrons are referred to as Two-Dimensional Electron 

Gas (2DEG) as in Fig. 1 [38, 39].  

 
Fig. 1. Band diagram of a typical HEMT. 

III. DEVICE STRUCTURE  

GaN-based on HEMTs are made up of two materials 

with distinct band gaps, such as GaN and ternary alloy 

such as AlGaN. These materials (GaN and AlGaN) are 

highly advanced materials according to their structure of 

it. Fig. 1 shows schematic cross-sections of the HEMT 

that consist of a gate, source and drain made of conductor. 

The material under the gate is AlGaN, substrate material 

(under AlGaN) is GaN and insulator material on either 

side of the gate is Si3N4. 

The basis on which the dimension of the device were 

taken into account is the result of several experimental 

attempts on the program (Silvaco) and the selection of the 

best results that obtained from it. So the channel length 

(Lg) of the gate is taken at several values (1.6 µm, 1.8 µm, 

2 µm, 2.2 µm and 2.4 µm) and the channel width (Wch) of 

the gate is taken at several values (0.3 µm, 0.4 µm and 

0.5 µm). The length of the source and drain (Lds) are 

taken at (0.4 µm, 0.5 µm and 0.6 µm), and the width of 

the source and drain (Wds) is (0.05µm and 0.1 µm). The 

work function of the gate (ϕ) is 5 eV and for the source 

and drain is 3.93 eV. The applied voltage at the drain 

terminal is 1 V, and the gate voltages are taken at (−3 V, 

−2 V, −1 V, 0 V). Silvaco TCAD was used to construct 

and simulate the device to investigate the influence of 

important parameters on the device, such as electrical 

characterization Vt, ION, IOFF, ION/IOFF and gm. 

 
Fig. 2. Generalized structure of the HEMT.  

IV. RESULTS AND DISCUSSIONS  

In this section, we introduce the simulation results 

obtained from the Silvaco simulation (one dimension) to 

display the electrical characteristics for HEMT based on 

GaN. The simulation output curves of the device are 

taken under different variables and parameters are 

considered with parameters. The length of the channel (Lg) 

has been scaled (2.4 µm, 2.2 µm, 2.0 µm, 1.8 µm and 1.6 

µm), whereas the width of the channel (Wch) has been 

scaled (0.5 µm, 0.4 µm and 0.3 µm). The length of the 

source and drain (Lds) has been scaled (0.6 µm, 0.5 µm 

and 0.4 µm). Finally, the width of the material GaN has 

been scaled (1.5 µm, 1.6 µm, 1.7 µm, 1.8 µm, 1.9 µm and 

2 µm). 

A. Downscaling Channel Length 

Fig. 3 shows the transfer characteristics of drain 

current (Id) with gate voltage (Vg) at different values of 

(Lg). We noticed that when the channel length is 

decreased the drain current is increased according to the 
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equation Id=½(µoCox)(Wch/Lg)(Vg−Vth)2. Wherein the drain 

current is 34.40 mA at a channel length is 2.4 µm and the 

drain current is 34.56mA at a channel length is 1.6µm. 

Also, the threshold voltage (Vt) is reversely changed with 

channel length. Where the Vt = −10.29 V at Lg = 2.4 µm 

and Vt=−13.56 V at Lg =1.6 µm. The figure demonstrates 

the device's effectiveness by showing that the Id current 

will increase when the Lg decreases. That implies that the 

proportional between (Id and Lg) is reversed. The reason 

for the improvement in drain current (ION) in the proposed 

device is the high electron mobility (μ) obtained due to 

the use of the InAs channel, along with the reduction in 

source/drain parasitic resistance due to the use of a 

heavily multilayer cap. Also, the HEMT gate may not 

show a finite resistance in the saturation region. 

Fig. 4 shows the transconductance (gm) against gate 

voltage (Vg) at different values of (Lg). We noticed that 

when the channel length decreases the transconductance 

is increased. Wherein the gm is 27.87 m/s at a channel 

length is 2.4 µm and the gm is 29.91 m/s at a channel 

length is 1.6 µm. Also, the figure confirms the device's 

performance by validation relationship between (gm and 

Lg), wherein, gm will increase when the Lg decreases, here 

for high gain, the transconductance must be high. 

B. Downscaling Channel Width  

Fig. 5 presents transfer characteristics of drain current 

(Id) with gate voltage (Vg) at different values of (Wch). We 

noticed that when the channel width is decreased the 

drain current (ION) does not change (stable). The drain 

current is equal to 34.48 mA at channel width (0.5 µm, 

0.4 µm and 0.3 µm). While threshold voltage (Vt) is 

directly proportional and changed with channel width, 

where Vt is equal to −12.09 V at Wch = 0.5µm and Vt is 

equal to −11.69 V at Wch = 0.3 µm. 

According to the drain current formula one can say, the 

resistance of the channel is inversely proportional to its 

width-to-length ratio; reducing the length leads to 

decreased resistance and hence higher current flow. Thus, 

channel-length modulation means that the saturation-

region drain current will increase slightly as the drain-to-

source voltage increases. 

 
Fig. 3. I-V characteristics for Id-Vgs at varying (Lg). 

 
Fig. 4. gm against voltage gate at varying (Lg). 

 
Fig. 5. I-V characteristics for Id-Vgs at varying (Wch). 
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Fig. 6. gm against voltage gate at varying (Wch). 

 
Fig. 7. I-V characteristics for Id-Vgs at varying (Lsd). 

 
Fig. 8. gm versus voltage gate at varying (Lsd). 

Fig. 6 shows the transconductance (gm) against gate 

voltage (Vg) at different values of (Wch). We noticed that 

when the channel width decreases the transconductance is 

increased. Wherein the gm is 28.80 m/s at a channel width 

is 0.5 µm and the gm is 28.98 m/s at a channel width is 1.6 

µm.  
Fig. 6 demonstrates the device's effectiveness by 

showing that gm will increase when Wch decreases. That 

implies that the ratio between them (gm and Wch) is 

reversed. Reducing the length to width ratio of the 

channel may shows an effects on the current flow as the 

gate control for the current becomes limited. But the 

punch-through of current may accours. 

C. Downscaling Length of Source and Drain 

Fig. 7 depicts the transfer characteristics of the drain 

current (Id) with the gate voltage (Vg) at the different 

values of (Lds). We noticed that the relationship between 

(Id and Vgs) is a direct relationship, where the length of 

(source and drain) increased hence drain current is 

increased. Drain current is equal to 33.91mA at a length 

of 0.4 µm and the drain current is equal to 35.29 mA at 

0.6 µm for the length of (source and drain) respectively. 

While threshold voltage (Vt) is reverse proportional to 

length (Lds), where Vt is equal to −12.52V at Lds = 0.4 µm 

and Vt is equal to −11.74 V at Lds = 0.6 µm. The figure 

clear up the performance of the device when Lds will 

increase the Vt decreases. That implies that the ratio 

between (Lds and Vt) is reversed.  

Fig. 8 illustrates the transconductance (gm) against gate 

voltage (Vg) at different values of (Lds). We noticed that 

when the length of the (source and drain) is increased the 

transconductance is increased. Wherein the gm is 28.50 

m/s at Lds = 0.4 µm and Lds is 28.93 m/s at Lds = 0.6 µm. 

D. Downscaling Width of the Material (GaN) 

Fig. 9 shows the transconductance (gm) against the 

different values of the width material of GaN. We noticed 

that when the width of the material increases the 

transconductance is increased. Wherein the gm is 17.56 

m/s at GaN = 1.5 µm and gm is 28.80 m/s at GaN = is 2.0 

µm. The last figure boost the capability of the device, 

wherein when the width of the GaN increased the gm 

increased also. That reveals that the ratio between them is 

direct. 
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Fig. 9. gm versus width of GaN. 

V. RESULTS COMPARISON 

When compared between the obtained results from this       

work with other related works, we notice that some of the 

performances of electrical characteristics are improved as 

compared to the previous works, as shown in Table I. The 

transconductance gm was 13 m/s, 17 m/s, 19 m/s and 2 
m/s, respectively reported in [40−42], while according to 

our results, we obtained gm = 27.87 m/s, 28.80 m/s, 29.02 

m/s and 29.91 m/s, respectively. As we know, the higher 

of the transconductance value, that's mean the better and 

improved performance. The reason for increased in (gm 

=Id/Vg) is direct proportional with the saturation of 

drain current. ION/IOFF ratio was 6×108, 2.3×108, 2.1×109 

and 1×1010, respectively reported in [43−46] while we 

obtained ION/IOFF = 19.65×1014, 26.91×1015, 28.23×1015 

and 34.44×1015, respectively. The higher of ION/IOFF ratio, 

that's mean the better and improved performance. The 

reason for increased in ION/IOFF ratio is high electron 

mobility obtained of channel along with the reduction in 

source/drain parasitic resistance. Finally the threshold 

voltage Vt was 4.2, 5.0, 6.28 and 7.6 V, respectively 

reported in [47−49], while we obtained Vt = −10.29 V, 

−11.43 V, −11.92 V and −12.09 V, respectively. 

Subthreshold slop SS (mv/dec) has not seen significant 

improvement. 

The difference between this work and others related 

works is the result of different working conditions, type 

of material layer used in fabricated channel, type of 

deposition layers, temperature circumstances, engineering 

method for device manufactured, type of dielectric 

constant and device dimensions. 

TABLE I: PERFORMANCE COMPARISON OF WITH RELATED WORKS 

Vt  (V) *  Vt  (V)  ION/IOFF *  ION/IOFF  gm  (m/S) *  gm  (m/S)  

−10.29  4.2 [47]  19.65×1014  6×108  [50]  27.87  13 [44]  

−11.43  5.0 [51]  26.91×1015  2.3×108 [47]  28.80  17 [45]  

−11.92  6.28 [52]  28.23×1015  2.1×109 [48]  29.02  19 [46]  

−12.09  7.6 [53]  34.44×1015  1.0×1010 [49]  29.91  2 [54]  

* This work 

VI. CONCLUSION 

This article examined and evaluated the impact of 

changing the dimensions of the HEMT device based on 

channel length (Lg), the width of the channel (Wch), length 

of the source and drain (Lds) and width of the material 

(GaN) on the electrical characteristics of the device such 

as ION, ION/IOFF, and gm. By Technology Computer-Aided 

Design (TCAD) tool, we could build a new structure and 

gain improved specifications to enhance the performance 

of the device. Optimal results were obtained at channel 

length Lg = 1.6 µm, where ION = 34.56 mA, ION/IOFF = 

19.63×1015 and gm = 29.91 m/s. According to the width of 

the channel, the optimal results at Wch = 0.3µm, where 

ION = 34.48 mA, ION/IOFF = 24.80×1015 and gm = 28.98 

m/s, while the length of source and drain Lds = 0.6 µm, 

ION = 35.29 mA, ION/IOFF = 28.23×1015 and gm = 28.93 

m/s. Finally, the width of the material at GaN = 2 µm, ION 

= 34.48 mA, ION/IOFF = 26.12×1015 and gm = 28.80 m/s. 
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