
S175Mounika et al.

Impact of Gate Structure and Fe-doped AlGaN Buffer 
on RF/DC Characteristics of Nanoscale AlN/GaN/SiC 
HEMT for Microwave Applications

NanoWorld Journal

Research Article Open Access

https://doi.org/10.17756/nwj.2023-s5-034

B. Mounika, J. Ajayan and Sandip Bhattacharya* 
Department of Electronics and Communication Engineering, SR University, Warangal, Telangana, India

*Correspondence to:
Sandip Bhattacharya 
Department of Electronics and Communication 
Engineering, 
SR University, 
Warangal, Telangana, India.
E-mail: 1983.sandip@gmail.com

Received: October 11, 2023
Accepted: December 20, 2023
Published: December 22, 2023

Citation: Mounika B, Ajayan J, Bhattacharya S. 
2023. Impact of Gate Structure and Fe-doped 
AlGaN Buffer on RF/DC Characteristics of 
Nanoscale AlN/GaN/SiC HEMT for Microwave 
Applications. NanoWorld J 9(S5): S175-S179.

Copyright: © 2023 Mounika et al. This is an Open 
Access article distributed under the terms of the 
Creative Commons Attribution 4.0 International 
License (CCBY) (http://creativecommons.org/
licenses/by/4.0/) which permits commercial 
use, including reproduction, adaptation, and 
distribution of the article provided the original 
author and source are credited.

Published by United Scientific Group

Abstract
The influence of gate structure on AlN/GaN/SiC HEMT (High electron 

mobility transistor) is analyzed in this paper. The design and comparison of a 
T-gate HEMT with a gate footprint of 100 nm and a rectangular gate HEMT 
with a gate length (LG) of 200 nm is performed. The T-gate device was found 
to have better RF/DC performance with the highest GM of 197.4 mS/mm, the 
greatest ID of 0.674 A/mm, and the maximum fT of 84.42 GHz. Moreover, by 
doping the Al0.08Ga0.92N buffer layer with Fe-impurities, the performance of 
the HEMTs is examined. In both HEMTs, the performance of the Fe-doped 
and undoped buffers is compared. From the comparison, the Fe-AlGaN buffer 
performed better in both cases. Besides, from the breakdown simulation results, 
it is observed that rectangular gate HEMT achieved the highest off- state 
breakdown voltage (VBR) of 75.93 V. The VBR recorded by the T-gate device was 
63.82 V. These findings demonstrate that T-shaped HEMTs have significantly 
better RF/DC behavior than conventional HEMTs, making them the preferred 
choice for high-frequency applications including satellite, RADAR, and wireless 
communications, etc.
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Two-dimensional-electron-gas, AlN/GaN, Rectangular gate, T-gate, Fe-
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Introduction
GaN’s high mobility, high saturation drift velocity, and excellent thermal 

conductivity have enabled AlGaN/GaN HEMTs to make significant technological 
advancements in recent years, orienting them as top choices for high-power 
microwave and high-frequency applications. GaN-HEMTs are used in radar, 
microwave and millimeter-wave communications, radio astronomy, sensors, 
amplifiers, and imaging applications [1-6]. The advantage of scaling on speed 
performance is indeed shadowed by unavoidable short channel effects caused by 
a poor device aspect-ratio LG/d, where LG is gate length and d is the thickness 
of the barrier layer in between the quantum well (QW) and a gate electrode. To 
keep a high value of LG/d, vertical scaling of the barrier layer is desired, together 
with LG reduction. Unfortunately, lowering the AlGaN barrier’s diameter below a 
certain threshold (around 10 nm) leads to a significant drop in the density of the 
two-dimensional-electron-gas, which has an adverse influence on device behavior 
[4-6]. Due to the largest possible piezoelectric and spontaneous difference 
between the AIN barrier and the GaN channel, AIN/GaN heterojunction is 
an excellent choice to extend the boundaries of microwave and millimeter-wave 
GaN-based devices [4-6]. In comparison to many other III-V nitride-based 
heterojunctions, AIN/GaN HEMTs offer better performances. Because of the 
possibility of drastically reducing the L

G while keeping an adequate L
G
/d to avoid 
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surmount the inherent physical and fundamental limitations 
when scaling down transistors, GaN quantum-engineered 
HEMTs employ innovative architectures, nanoengineered 
interfaces with minimal defects, designs involving confined 
quantum wells with nanoscale layers for efficient charge 
transport, and the incorporation of gate structures with a 
nano- sized footprint [1, 2, 18-20]. Due to the extremely 
small dimensions and distinctive properties of GaN, the 
production of GaN-HEMTs at the nanoscale scale involves 
a number of substantial difficulties. However, the fabrication 
of GaN-HEMTs at the nanometer scale presents significant 
challenges. The small dimensions and unique material 
properties of GaN demand high material quality, precise 
control over nanoscale features, and accurate doping profiles 
and concentrations [21-25]. These challenges can be addressed 
by utilizing epitaxial growth techniques like molecular beam 
epitaxy, metal-organic chemical vapor deposition, plasma-
enhanced chemical vapor deposition, as well as advanced 
lithography techniques such as nanoimprint lithography, 
optical lithography, ultraviolet lithography, deep ultraviolet 
lithography, etc. [1-6]. Additionally, managing heat dissipation 
in nanoscale devices is a critical challenge that can impact 
device reliability. The adoption of SiC wafers helps maintain 
lower operating temperatures, improving device reliability and 
enhancing the performance and efficiency of GaN HEMTs in 
high-frequency and high-power applications [6].

With the aid of TCAD tool, we have examined the RF/
DC characteristics of the designed structures in this work. Fig-
ure 2a and 2b depict the TCAD simulation diagrams of the 
HEMTs with rectangular gate and T-shaped gate, respectively.

 Analysis of RF/DC characteristics

Figure 3 depicts the transconductance (GM) curves of the 
HEMTs at VDS = 5 V. The rectangular gate HEMT exhibited 
a peak GM of 192.84 mS/mm, whereas the HEMT with T-gate 
achieved the highest GM of 197.4 mS/mm. As in T-gate 
HEMTs, the carriers saturate at a significantly lower voltage 
due to which its GM peak value can be seen (Figure 3) at low-
er VGS. The ID-VGS curves of both devices are depicted in 
figure 4. The T-gate HEMT with a peak drain current (ID) 
of 0.674 A/mm shows a 5.14% improvement when compared 
to the rectangular gate, which is attributable to reduced overall 
gate- access-resistance because of short LG and wide gate-area. 
The fT-VGS curves of both devices are depicted in figure 5. The 
cut-off frequency (fT) extracted for T-gate HEMT is 84.42 
GHz, whereas the rectangular gate HEMT recorded a fT of 
59.78 GHz. The variation of gate-to-source capacitance (CGS) 

short channel effects this structure enables the extension of the 
operating frequency (fT) of GaN-HEMTs.

The structure and length of the gate play a vital role in 
enhancing device performance. The T-shaped gate is among 
the most effective approaches. The device’s T-gate structure 
offers a wide gate area while preserving a shorter gate length, 
improving the electric field beneath the gate, and lowering 
gate resistance in addition to gate capacitance [7, 8]. However, 
an increase in the electric field close to the gate edges causes 
a premature breakdown of the device [7, 8]. In general, this 
kind of gate is employed to boost the device’s RF performance. 
GaN-based power HEMTs have advanced remarkably during 
the past few years. As high off-state breakdown voltage (VBR) is 
a prerequisite of power switching efficiency, several techniques 
(such as the introduction of a back-barrier in the heterostruc-
ture) have been developed to improve the device VBR without 
compromising frequency performance [9, 10].

A thick and insulating buffer layer below the channel 
is required to provide high power and minimal loss at high 
frequencies. To counteract the leftover impurities, carbon (C) 
and iron (Fe) doping are commonly used [11-14]. Besides, the 
heterostructure’s performance is affected depending on the 
substrate selection because of defects introduced. Additionally, 
one key consideration regarding microwave power applications 
is heat dissipation. In this scenario, the SiC (Silicon car-
bide) substrate continues to be the finest option for obtaining 
the most pertinent performance attributable to its exceptional 
thermal conductivity [15-17].

A standard rectangular gate and a T-shaped gate for AlN/
GaN HEMT are designed and compared in this work using 
TCAD software. The wafer for both devices is SiC. In section 
II, the device structures are explained. In section III, the RF/
DC behavior of the devices is compared. This simulation work 
is concluded in section IV.

Experimentation
 Device structure

Figure 1a and 1b show the schematic of proposed devices 
used in this simulation work, with rectangular gate and 
T-shaped gate, respectively. The AlN/GaN HEMTs are made 
upon a 5 µm SiC wafer. A 200 nm AlN nucleation layer, 1500 
nm AlGaN buffer layer, 150 nm thick GaN channel, 6 nm 
AlN barrier layer, and 3 nm Si3N4 passivation layer make up 
the epitaxy. The gate length (LG) of rectangular gate is 200 nm, 
whereas the foot length of T-gate is 100 nm. Each gate has a 
fixed width (WG) of 200 µm. The stem height of T-gate is set 
as 200 nm, whereas the length and height of the head were 
fixed as 200 nm and 50 nm, respectively. The source-to-gate 
separation (LGS) is set to 400 nm. And gate-to- drain distance 
(LGD) is specified as 2000 nm. The material parameters and all 
the physical models employed in this simulation can be found 
in [6].

Results and Discussion
GaN-HEMTs have entered into the nanoelectronics realm 

to address the ongoing quest for better RF performance. To 

Figure 1: Schematic view of AlN/GaN/SiC HEMT with (a) rectangular 
gate and (b) T-shaped gate.



S177NanoWorld Journal | Volume 9 Supplement 5, 2023

Impact of Gate Structure and Fe-doped AlGaN Buffer on RF/DC Characteristics of 
Nanoscale AlN/GaN/SiC HEMT for Microwave Applications Mounika et al.

 Impact Fe-doping in Al0.08Ga0.92N buffer

We investigated the behavior of both HEMTs with 
Fe-doping in the Al0.08Ga0.92N buffer layer. 3 x 1018 cm-3 was 
picked as the Fe concentration. Figure 7 and figure 8 show the 
behavior of HEMTs. Figure 7a and 7b plot the GM curves of 
rectangular and T-gate devices, respectively. In the case of rect-
angular gate devices, when compared to the undoped AlGaN 
buffer (u-AlGaN), the highest GM of 197.5 mS/mm (Figure 
7a) is recorded for the Fe-AlGaN device. Comparing u-Al-
GaN and Fe-AlGaN T-gate devices, the highest GM measur-
ing 198.8 mS/mm (Figure 7b) is recorded by the latter. Fig-
ure 8a and 8b show the impact of Fe-doping on the transfer 
characteristics of rectangular and T-gate devices, respectively. 
The Fe-AlGaN device, when compared to the u- AlGaN, has 
the greatest ID of 0.73 A/mm (Figure 8a) for rectangular gate 
devices. The Fe-AlGaN device had the highest ID, measuring 
0.74 A/mm when T-gate devices were compared (Figure 8b). 
The improved confinement of two-dimensional-electron-gas 
in a Fe-doped buffer device can be accounted for the Fe-Al-
GaN device’s superior performance in both scenarios. It is clear 
from figure 7 and figure 8 that both the u-AlGaN devices suf-

and gate-to-drain capacitance (CGD) at VDS = 5 V is shown in 
figure 6. The rectangular gate device exhibited a peak CGS of 
4.79 x 10-13 F/mm (Figure 6a) and peak CGD of 1.04 x 10-13 F/
mm (Figure 6b). On the other hand, a peak CGS of 3.07 x 10-13 
(Figure 6a) and a peak CGD of 9.17 x 10-14 F/mm (Figure 6b) 
are obtained for the T-gate device. It can be noticed from the 
results that the T-gate HEMT offered very small gate capaci-
tance and hence yielded better RF performance.

Figure 2: Conduction band energy distribution of the simulated structure 
with (a) rectangular gate and (b) T-shaped gate.

Figure 3: Transconductance curves of the HEMTs.

Figure 5: fT vs VGS curves of the HEMTs.

Figure 4: Transfer curves of the HEMTs.

Figure 6: C-V curves of the HEMTs.

Figure 7: Influence of Fe-doped AlGaN buffer on transconductance of 
(a) rectangular-gate device and (b) T-gate device. 
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fer from a poor Ion/Ioff ratio which may be due to the presence 
of buffer traps.

 Analysis of breakdown performance

The electric field profile and electron velocity along the X 
direction of the devices are plotted in figure 9 and figure 10, 
respectively. According to the simulation results, the T-gate 
HEMT displayed a stronger electric field (Figure 9) than the 
rectangular gate device, which in turn enhanced the electron 
velocity (Figure 10). Because of this, the T-gate HEMT per-
forms better in terms of RF/DC. Figure 11 depicts the off- state 
breakdown behavior of the HEMTs at VGS = -10 V. While the 
T-gate HEMT had an off-state breakdown (VBR) of 63.82 V, 
the rectangular gate HEMT offered the highest breakdown 
voltage of 75.93 V. This result manifests the fact that as the 
device length shrinks, higher fT is achieved whereas VBR of the 
transistor degrades. 

Conclusion
The electrical performance and RF behavior of AlN/GaN/

SiC HEMTs with rectangular and T-gates were investigated 
in this work. It is observed that T-gate HEMT shows better 
performance both in DC and RF behavior. Meanwhile, the 
high breakdown characteristic was achieved by using the 
rectangular gate design. Besides, a Fe-doped AlGaN buffer 
layer was also shown to efficiently confine the quantum well, 

contributing to improved performance in the Fe-AlGaN 
HEMTs. But in Fe-AlGaN HEMTs the leakage current is 
high, this may be due to the buffer traps. In summary, T-gate-
based AlN/GaN/SiC HEMT is an excellent device. This work 
demonstrates that the proposed T-gate device has enormous 
potential for future RF power applications at scaled gate 
lengths.
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