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ABSTRACT 

The advantages of gallium nitride (GaN) high-electron mobility transistors, such as concentrated channel electron density, superior 
electron mobility, and high breakdown voltage, present an opportunity to replace silicon-based devices from modern power 
conversion systems in the near future. The development of low-resistance ohmic contacts in aluminium gallium nitride (AlGaN)-based 
GaN devices is crucial for predicting their performance. However, only limited studies have employed technology computer-aided 
design (TCAD) software to investigate contact resistance in GaN devices and to develop strategies for minimizing contact resistivity. 
Furthermore, the ohmic contact is able to be achieved only based on different configurations of metal stacks with annealing. This 
study, using Silvaco TCAD Atlas, first modeled contact resistance in a vertical structure and later extended the study to a lateral 
structure, which is more feasible for physical manufacturing. The investigation focused on various n++ regions with different doping 
levels beneath the metal to determine the best optimization for ohmic contact. The result revealed that reducing contact resistivity 
saturated (1 × 10−6 Ω/cm2) at a thickness of 18 nm for the heavily doped layer (≥ 1 × 1019 cm−3), beyond which no significant decrease 
in contact resistivity was observed for varying doping levels in n++ layers. This study demonstrates that including a heavily doped 
layer between the contact and semiconductor surfaces results in the ohmic behaviour emergence in metal contacts. 

Keywords: Gallium Nitride (GaN), High Electron Mobility Transistors (HEMT), TCAD simulation, Semiconductor devices, Non-alloyed 
Ohmic contact 

 
1. INTRODUCTION 

The invention of III-nitride wide bandgap semiconductors 
has been the focus of research in recent years, most 
extensively on gallium nitride (GaN), the representable 
material of third-generation semiconductors. The GaN high-
electron mobility transistors (HEMT) power device is now 
undergoing extensive research and development. It reveals 
outstanding performance in high-density power devices 
compared to metal oxide semiconductor (MOS), bipolar 
junction transistor (BJT), and gallium arsenide (GaAs) 
devices. 

GaN-based semiconductors possess unique material 
properties. This contender is highly suitable for high-power 
use due to its large bandgap (3.4 eV), great critical field 
(3.3 MV/cm) [1], great electron saturation speed 
(3×107 cm/s) [2], and great operation switching recurrence 
[3]. GaN and its related ternary alloys AlХGa1−ХN are the 
candidates that carry the most opportunity to take over the 
silicon (Si)-based devices for the future of modern power 
devices [4,5]. 

Low resistance ohmic contacts of aluminum gallium nitride 
(AlGaN)/GaN-based devices are essential to achieve its 
forecasted device performance. In this context, the reduced 
ohmic resistance of the contact results in diminished power 
consumption, signifying enhanced power transmission 
efficiency [6]. However, there has been insufficient work 
done on the software-based technology computer-aided 
design (TCAD) in Silvaco Atlas of the device to study the 
contact resistance and manufacturing procedures to lower 
the contact resistivity. 

Silicon material has hit its limit in scaling dimensions and 
enhancing performance. GaN has been discovered to offer 
improved performance, such as higher operating 
temperature, smaller dimensions, faster operation, and 
better efficiency than Si-based semiconductor [3,7–10]. 
Metal contacts are vital for semiconductors as the device 
needs to connect to the external world to serve its function. 
The metal-semiconductor interface interaction 
characteristic is measured using ohmic contact resistance, 
which must be ignorable with respect to the semiconductor 
surface. The contact is supposed to have a linear current-
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voltage (ohmic contact) characteristic and minimal contact 
resistance to prevent output disruption of semiconductor 
devices; this is particularly obvious to modern power 
conversion devices, and it requires effective thermal 
dissipation [11–15]. Thus far, ohmic contact is only able to 
be achieved through different configurations of stacks of 
metal contact, and after being subjected to annealing, thus a 
new approach of heavily doped layer underneath the metal 
contact is studied to create the ohmic contact. Table 1 shows 
the parameters obtained for different methods. 

Table 1. Comparison of c values and different metal schemes. 
 

Metal 
Stack 

Barrier 
layer 

Annealing
T (˚C) 

Contact 
Resistivity, 
(c Ω-cm2) 

 

Ref. 

Ti/Al/ γ 
/Au 

(where γ = 
Ni, Mo, Ti, 

etc.) 

n-GaN 750–850 10-5 ~ 10-7 
[16–
20] 

Al n-GaN 600 5 × 10-6 [21] 
Ti/Al n-GaN 900 8 × 10-6 [22] 
Ti n-GaN 950 3 × 10-6 [23] 

Ti/Al/Cr/ 
Mo/ Au 

n-GaN 875 1.1 × 10-6 [24] 

 

In this study, the electrical and structural aspects of n-GaN 
were evaluated with different n++ layer thickness under the 
contact, and their performances were analyzed. The work 
was carried out using Silvaco TCAD Atlas simulation 
software, and the results were based on non-alloy ohmic 
contact, i.e., without annealing [25,26]. The contact 
resistivity allowed us to evaluate the critical transport 
model between metal and GaN surfaces. 

2. METHODOLOGY 

All the structural aspects were simulated using Silvaco 
TCAD Atlas tools [27]. Groups of Atlas code must follow 
specific orders to avoid the program's termination. The first 
group covered structure specifications: the mesh, region, 
electrode, and doping statements. Material models' 
specifications consisted of the second group's materials, 
models, contact, and interface statements categories. 
Numerical method selection was in the third group. The 
fourth group was to provide the solution on output; these 
consisted of the save, solve, log, and load specifications. The 
last group did the result analysis by evaluating the data and 
visual aids by the graph; this was done by extracting 
Tonyplot statements. To define the Atlas structure, we first 
needed to determine a mesh. The program analyzed each 
line that crossed the point in a structure. Thus, the lines 
should frequently cross in the point of areas of interest and 
less frequently in areas where the structure was non-
critical. For the structural properties involving the 
concentration of doping, materials, and models involved, 
the Atlas command language was used. Then, the electrical 
characteristic current-voltage (I-V) properties were 
extracted using the Atlas solver. 

Six different vertical distances at a time were constructed 
for 5, 9, 13, 17, 21, and 25 μm between the metal contacts of 

aluminum (Al). The simulations were performed based on a 
vertical device layout where the metal was placed on both 
sides of the semiconductor. Then, the simulation was 
followed by the lateral structure where the metal contacts 
were placed at the left and right top corners with the 
spacing of 5, 9, 13, 17, 21, and 25 μm between the left and 
right metal contact and n++ layer place under the metal 
contact with varied thickness of 2 nm/ 6 nm/ 18 nm/ 54 nm 
and doping concentration of 5 × 1017 cm−3 ~ 1 × 1020 cm−3. 

The tunnelling model of Universal Schottky was selected to 
replicate the thermionic and field emission occurring 
between the metal contact and the highly doped 
semiconductor. Effective mass calibration was set for 
various doping n++ layers. Masetti's default mobility model 
was chosen for this simulation work. Then, the Transfer 
Length method (TLM) was applied to study the data 
extracted from the program's output. This approach was 
adapted from Sharma et al. [28]. TLM was plotted based on 
the total resistance (RT) extracted against spacing (d) which 
was pre-defined between the contacts. The vertical device 
structure was built in the simulation to evaluate the 
properties of total resistance and metal contact spacing, and 
the data were analyzed. Following that, the device with the 
lateral structure, where the voltage on the semiconductor 
between the metal electrodes, was now applied. Different 
spacing between the contacts was achieved with different 
thickness on the semiconductor layer and doping 
concentration to gain a TLM plot. The vertical structure and 
its equivalent circuit model are shown in Figure 1(a). 

 

 

Figure 1. (a) Vertical-formed of device structure with the 
equivalent circuit model.(b) The Transfer Length method (TLM) 

plot of RT vs. d [27]. 

(a) 

(b) 
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In this structure, RC represents the contact resistance 
between the surface of the metal-semiconductor. Rbulk 
contributed to the resistance of the semiconductor bulk of 
the device. The total resistance between top contact and 
bottom contact can be expressed as Equation (1): 

RT = 2RC + Rbulk                                                                  (1) 

RC represents the resistance at the junction between the 
metal and semiconductor, while Rbulk represents the 
resistance of the bulk of the n-GaN semiconductor. 
Furthermore, the semiconductor's bulk resistance in terms 
of sheet resistance can be written as Equation (2) [27]: 

Rbulk = s * d/Z                                                                  (2) 

The sheet resistance of a thin layer material is denoted as 
S. The distance between the metal contacts is represented 
by d, while Z refers to the width of the semiconductor where 
the current flows. Therefore, Equation (3) can be used to 
calculate the total resistance, RT [27]: 

RT = 2RC + (S/Z) d                                                           (3)    

Figure 1(b) illustrates that the y-intercept of the RT vs. d plot 
represents double the contact resistance (RC), whereas the 
gradient of the line indicates the sheet resistance of the bulk 
n-GaN semiconductor. TLM plot extracts the parameters 
based on the points approaching the linear fit of the graph. 
The y-intercept indicates the contact resistance, while sheet 
resistance is retrieved from the graph's slope, which is a 
unit per width. Transfer length (LT) is a parameter that can 
be obtained at the x-intercept of the graph. This transfer 
length provides the applicable length needed where the 
current flows through the metal-semiconductor surface. 

3. RESULTS AND DISCUSSION 

3.1. Characterization of Vertical Device Structure 

Figure 2(a) shows the structure of the vertical unit device of 
4 μm, with a thickness of 5 μm and uniformly doped at 1 × 
1018 cm−3. The n-GaN bulk thickness was systematically 
altered to 5, 9, 13, 17, 21, and 25 μm in order to replicate the 
gap between the upper and lower metal contacts. As the 
most significant region of interest was the interface 
between metal and semiconductor, at the interface, a very 
minute mesh was defined as depicted in Figures 2(b) and 
(c), respectively, for the accuracy of the simulation. 
Accuracy required a fine mesh that could resolve all 
significant features of the structure solution. Fine mesh was 
required in this area because of the possibility of abrupt 
variation of electrical parameters. Moreover, finer meshes 
triggered the program to solve a lot more points based on 
the basic equations to obtain accurate simulation. 

By plotting the I-V curves, the TLM pattern consisting of 
total resistance (RT) vs. the gap between the metal contacts 
(d) was retrieved. Since the metal contacts were placed on 
both sides of the semiconductor for a vertical structure of 
GaN and the spacing, d, of the semiconductor varied (i.e., 5, 
9, 13, 17, 21, and 25 μm), the theory of transfer length did 
not stand here as current in fact flowed through the metal 

contact by occupying entire cross-section. The total points 
of resistance for the TLM plot were calculated using these 
varied levels of evenly distributed spacing. Figures 3(a) and 
(b) depict the energy band-diagram for the vertical 
semiconductor with a working-function aluminum (Al) 
contact of ϕm = 4.3 eV, accordingly. The sample 
characteristic of I-V is illustrated in Figure 3(c). 

 

 

 

Figure 2. (a) Vertical structure of the n-GaN device with 
thickness of 5 µm. Mesh-defined device's interface for (b) top of 

the structure and (c) bottom of the structure between 
semiconductor and metal, respectively. 

(a) 

(b) 

(c) 
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For different space charge region thickness within the 
metal-semiconductor surface, different carrier transport 
mechanisms can occur at the interface, relying on the 
semiconductor doping level ND, as illustrated in Figure 4. 
Doping density of 1 × 1018 cm−3 induced thermionic field 
emission between the metal contact and semiconductor. 
The presence of a highly doped layer between the contact 
surface and the semiconductor causes the creation of an 
ohmic contact, as seen by the depicted I-V curve. The slope 
became less steep when the distance was wider due to the 
GaN bulk acting as a resistor, and the resistor nature of 
resistance is inversely proportional to distance. As doping 
increased, the contact with metal became ohmic contact.  

Note that the contact resistivity continued to decrease when 
the n-type GaN doping increased. As the level of 
semiconductor doping escalated, the probability of 
tunnelling also escalated, causing a shift in the flows of 
current from metal to semiconductor via field emissions. 
With an increase in doping, decreased resistance was 
observed. The energy of the conduction band was reduced 
when a layer with high doped was inserted between the 
metal and semiconductor layers.  

A narrower tunnelling barrier caused more electrons to 
flow through a metal-semiconductor interface. Thus, more 
current flow resulted in lower contact resistance. Figure 4 
shows the comparison of barrier width for doping density 
of 1 × 1019 cm−3 and 1 × 1020 cm−3, respectively. The heavily 
doped layer between the surface of metal and 
semiconductor would make contact become ohmic contact,  
as shown in the I-V curve [Figure 3(c)]. 

Furthermore, the TLM plotted the total resistance (RT) vs. 
spacing between contact (d) obtained by retrieving various 
TLM points, as shown in Figure 5. It showed that the 
resistance increased when the value of spacing increased 
from 5–25 µm, and the doping parameters of 1×1018 cm−3 
derived the mobility of 389 cm2/Vs. In addition, Equation 4 
[29] could be used to manually calculate and verify the 
simulated value of sheet resistance. The parameters 
extracted from the TLM plot in Figure 5 are shown in Table 
2. Note here that the difference between vertical structure 
and lateral structure is, for vertical structure, the theory of 
transfer length can be ignored as current flowed through 
the metal contact by occupying the entire cross-section, 
whereas for lateral structure, there is current crowding in 
the edge of metal contacts. In this case for vertical structure, 
the main purpose here was to validate the model by 
comparing the simulation extracted parameters versus the 
theoretical calculations value. 

s = 1/(qμNd ) = 1/(1.6E-19.3891E+18) = 0.0161       (4) 
 

 

 

 

Figure 3. (a) Energy diagram for Aluminum (Al) contact and GaN 
bulk with metal work-function, ϕm = 4.3 eV. (b) Energy diagram 
for interface between Al contact and GaN bulk (ϕm = 4.3 eV). (c) 
Current-voltage (I-V) characteristic of 1 × 1018 cm−3 n-GaN with 

Al contacts. 

Table 2. Parameters obtained from the Transfer Length method 
 

Contact-resistance 

(Ω) 

Sheet-resistance 

(Ω/square) 

Sheet resistivity 

(Ω-cm) 

Calculated-sheet-resistivity 

(Ω-cm) 

27.6 160 0.0161 0.0160 

 
 

(a) 

(b) 

(c) 
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Figure 4. Barrier width for doping density of (a) 1 × 1019 cm−3 
and (b) 1 × 1020 cm−3. The diagrams in the inset figures depict 
carrier transport mechanisms that related to ND doping levels.  

 
 

 

Figure 5. TLM plot for n-GaN of 1 × 1018 cm−3 with metal work-
function ϕm = 4.3 eV. 

3.2. Characterization of Lateral Device Structure 

Apart from the vertical type of n-GaN device, the most 
practical device is the lateral structure type [Figure 6(a)]. 
The lateral structure is typically built with the metal contact 
placed on the right and left top of the device. Table 3 
summarizes the structural dimensions of the device. To 
understand the characteristics of the lateral n-GaN device, a 
basic simulation of the said device with N-doping of 1 × 1019 
cm−3 and metal work-function of ϕm = 4.3 eV was 
performed. To observe the ohmic I-V characteristic, the 
output current was plotted against the input voltage at 
various spacings, as shown in Figure 6(b). As expected, 
linear I-V characteristics were observed because of the high 
doping, reducing the barrier height. 

 

 

 
Figure 6. (a) Formation of lateral n-GaN. (b) I-V characteristics of 

lateral n-GaN with N-doping of 1 × 1019 cm−3 (ϕm=4.3 eV). (c) 
TLM plot at work-function of ϕm=4.3 eV when n-GaN doping 

varied from 1 × 1016 cm−3 to 1 × 1019 cm−3. 

(a) 

(b) 

(a) 

(b) 

(c) 
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Furthermore, the simulation of different doping conditions 
was shown in the form of the TLM plot [Figure 6(c)]. It is a 
well-established fact that there is an inverse relationship 
between mobility and doping concentration, as the 
presence of doping impurities leads to ionization at normal 
room temperature. An electrostatic interaction was present 
between the electrons or holes and the ionized impurities. 
This coulomb interaction produced scattering or collisions 
and altered the charge carrier's velocity characteristics. 
Thus, mobility was inversely proportional to ionized 
impurity concentration in the semiconductor. In the TLM 
plot, therefore, as the amount of n-GaN doped rose, the 
slope which represented the sheet resistance decreased as 
the slope reflected the sheet resistance. Nevertheless, the 
decline in mobility was significantly less pronounced to the 
rise in doping. As the level of semiconductor doping 
escalated, the sheet resistance exhibited a quick drop. 

In addition, to obtain the best result of ohmic contacts 
between metal-semiconductor surfaces, a heavily doped 
layer (1 × 1019 cm−3 ~ 1 × 1020 cm−3) was placed under the 
metal contact with n-GaN doping 1 × 1017 cm−3. The 
structure n++ layer under contact with the metal-
semiconductor interface is depicted in Figure 7(a). The 
thickness and doping concentration of the n++ layer was 
altered in order to investigate the impact of n++ layer 
characteristics on current density. This was done by varying 
the thickness of the n++ layer at 2, 6, 18, and 54 nm. Figure 
7(b) illustrates the I-V characteristics of the impact of the 
n++ layer under various conditions, specifically the distance 
(d) between the metals. 

The simulation was for a lateral structure where the metal 
contacts were placed at the left and right top corner with 
spacing 5, 9, 13, 17, 21, and 25 μm in between the left and 
right metal contact and n++ layer place under the metal 
contact with the thickness of 54 nm and doping 
concentration of 1 × 1020 cm−3. The Universal Schottky 
Tunneling (UST) model was selected to describe the 
thermionic and field emission processes occurring between 
a metal contact and heavily doped semiconductor. An 
effective mass calibration was set for various doping n++ 
layers. Masetti's default mobility model was chosen for this 
simulation work. 
 

 

 
Figure 7. (a) Lateral n-GaN with n++ layer under the metal 

contact. (b) I-V curve of 1 × 1017 cm−3 n-GaN with 54 nm layer 
thickness of 1e20 n++ under the metal with work-function of 

ϕm=4.3 eV. 

In addition, a simulation was also conducted to observe the 
effect of various n++ layer thickness vs. the n++ layer doping 
under the metal that increased from 5 × 1017 cm−3 to 1 × 1020 
cm−3; the data are tabulated in Table 4. The decrease in 
contact resistivity for different doping levels of n++ layers 
nearly approached saturation once the thickness reached 
18 nm. Therefore, the heavily doped semiconductor layer 
plays a crucial role in transferring the contact to ohmic, 
where the layer is underneath the metal. The existence of 
this layer can also convert the Schottky contact into an 
ohmic contact. If the barrier between the metal-
semiconductor junction is high, there is an adverse effect 
where the electron is not able to overcome the barrier 
height due to insufficient energy; this decreases the 
thermionic current. However, the existence of a highly 
doped layer induces electron tunnelling through the 
junction.  
 
Based on the result of lateral structure, the contact 
resistivity decreases as per I-V curve showed in Figure 3(c) 
as per when doping increases hence, further study was 
conducted to place heavily doped layer n++ under the metal 
to optimize the result of contact resistivity. With the result 
obtained, the contact resistivity was optimum and started 
to saturate in 18 nm thickness of heavily doped layer n++ 
with doping of 1 × 1019 cm-3. where the contact resistivity in 
the magnitude of 10-7 Ω-cm2 versus magnitude of 10-6 Ω-cm2 
for the typical metal stack with annealing method. This 
study imposed the possibility of introducing the non-
alloyed type of ohmic contact with strategies of placing the 
heavily doped n++ layer under the metal layer. 
 
 
 

(a) 

(b) 
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Table 3. Lateral n-GaN dimension and specifications. 
 

Metal-thickness 

(nm) 

Semiconductor- 

thickness (µm) 

Metal-contact 

length (µm) 

N doping 

(cm−3) 

Spacing between 

contact (µm)  

Metal work 

function (ϕm) 

100 1 75 1 × 1019 5, 9, 13, 17, 21, 25 4.3 

 
 

Table 4. Effect of n++ layer with different doping and thickness. The doping contact resistivity of n-GaN is 1 × 1017 cm−3. 
 

Doped/Thick 
(nm) 

5 × 1017 
(cm−3) 

1 × 1018 
(cm−3) 

5 × 1018 
(cm−3) 

1 × 1019 
(cm−3) 

5 × 1019 
(cm−3) 

1 × 1020 
(cm−3) 

2 7.988E-05 7.533E-05 4.731E-05 2.551E-05 1.435E-06 1.046E-06 

6 5.024E-05 3.389E-05 2.124E-06 1.189E-06 9.497E-07 9.109E-07 

18 8.642E-06 2.118E-06 1.082E-06 9.686E-07 9.249E-07 9.018E-07 

54 2.451E-06 1.417E-06 9.686E-07 9.018E-07 8.050E-07 7.748E-07 

4. CONCLUSION 

Introducing a highly doped semiconductor layer has the 
ability to convert a Schottky contact into an ohmic contact. 
There is an adverse effect where thermionic current 
decreases as the energy of electrons is insufficient to 
overcome the high barrier between the metal-
semiconductor surface. A highly doped layer causes 
electron tunnelling across the junction, which is directly 
related to the doping level in the layer beneath the metal 
contact. The non-alloy ohmic contacts were successfully 
fabricated with a heavily doped Ge (1 × 1020 cm−3) regrown 
layer under the metal, and it achieved specific contact 
resistance in the order of 10−6 ~10−7 Ω/cm2. A greater 
doping depth led to a decrease in contact resistivity. 
Specifically, a doping depth of 10 nm resulted in a precise 
contact resistance of approximately 10−6 Ω/cm2, whereas a 
doping depth of 25 nm resulted in a precise contact 
resistance of around 10-7 Ω/cm2. This demonstrates that 
utilizing simulation tools to comprehend the physics of the 
interface in n-GaN devices can aid in comprehending the 
contacts on p-GaN in future research. Ultimately, this can 
lead to a decrease in metal contact resistivity and facilitate 
the production of normally off GaN HEMT transistors. 
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