


Springer	Tracts	in	Electrical	and
Electronics	Engineering

Series	Editors
Brajesh Kumar Kaushik
Department	of	Electronics	and	Communication	Engineering,	Indian
Institute	of	Technology	Roorkee,	Roorkee,	Uttarakhand,	India

Mohan Lal Kolhe
Department	of	Engineering	&	Science,	University	of	Agder,	Kristiansand,
Norway

Springer Tracts in Electrical and Electronics Engineering (STEEE)
publishes the latest developments in Electrical and Electronics
Engineering - quickly, informally and with high quality. The intent is to
cover all the main branches of electrical and electronics engineering,
both theoretical and applied, including:

Signal, Speech and Image Processing
Speech and Audio Processing
Image Processing
Human-Machine Interfaces
Digital and Analog Signal Processing
Microwaves, RF Engineering and Optical Communications
Electronics and Microelectronics, Instrumentation
Electronic Circuits and Systems
Embedded Systems
Electronics Design and Veri�ication
Cyber-Physical Systems
Electrical Power Engineering
Power Electronics
Photovoltaics



Energy Grids and Networks
Electrical Machines
Control, Robotics, Automation
Robotic Engineering
Mechatronics
Control and Systems Theory
Automation
Communications Engineering, Networks
Wireless and Mobile Communication
Internet of Things
Computer Networks

Within the scope of the series are monographs, professional books
or graduate textbooks, edited volumes as well as outstanding PhD
theses and books purposely devoted to support education in electrical
and electronics engineering at graduate and post-graduate levels.

Review	Process
The proposal for each volume is reviewed by the main editor and/or
the advisory board. The books of this series are reviewed in a single
blind peer review process.

Ethics	Statement for this series can be found in the Springer
standard guidelines here https:// www. springer. com/ us/ authors-
editors/ journal-author/ journal-author-helpdesk/ before-you-start/ 
before-you-start/ 1330#c14214

More information about this series at https:// link. springer. com/ 
bookseries/ 16799

https://www.springer.com/us/authors-editors/journal-author/journal-author-helpdesk/before-you-start/before-you-start/1330#c14214
https://link.springer.com/bookseries/16799


Editors
Trupti Ranjan Lenka and Hieu Pham Trung Nguyen

HEMT	Technology	and	Applications



Editors
Trupti Ranjan Lenka
Department of Electronics and Communication Engineering, National
Institute of Technology Silchar, Silchar, Assam, India

Hieu Pham Trung Nguyen
Department of Electrical and Computer Engineering, New Jersey
Institute of Technology, Newark, New Jersey, USA

ISSN 2731-4200 e-ISSN 2731-4219
Springer Tracts in Electrical and Electronics Engineering
ISBN 978-981-19-2164-3 e-ISBN 978-981-19-2165-0
https://doi.org/10.1007/978-981-19-2165-0

© The Editor(s) (if applicable) and The Author(s), under exclusive
license to Springer Nature Singapore Pte Ltd. 2023

This work is subject to copyright. All rights are solely and exclusively
licensed by the Publisher, whether the whole or part of the material is
concerned, speci�ically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on micro�ilms or in
any other physical way, and transmission or information storage and
retrieval, electronic adaptation, computer software, or by similar or
dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks,
service marks, etc. in this publication does not imply, even in the
absence of a speci�ic statement, that such names are exempt from the
relevant protective laws and regulations and therefore free for general
use.

The publisher, the authors, and the editors are safe to assume that the
advice and information in this book are believed to be true and accurate

https://doi.org/10.1007/978-981-19-2165-0


at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, expressed or implied, with respect to the
material contained herein or for any errors or omissions that may have
been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional af�iliations.

This Springer imprint is published by the registered company Springer
Nature Singapore Pte Ltd.
The registered company address is: 152 Beach Road, #21-01/04
Gateway East, Singapore 189721, Singapore



Contents
Ultrawide	Bandgap	AlGaN-Channel-Based	HEMTs	for	Next-
Generation	Electronics

P. Murugapandiyan, N. Ramkumar and S. Ravi
Breakdown	Mechanisms	and	Scaling	Technologies	of	AlGaN/	GaN
HEMTs

Sneha Kabra and Mridula Gupta
In�luence	of	Al2O3Oxide	Layer	Thickness	Variation	on	PZT
Ferroelectric	Al0.3Ga0.7N/AlN/GaN	E-Mode	GR-MOSHEMT

Abdul Naim Khan, S. N. Mishra, Meenakshi Chauhan,
Kanjalochan Jena and G. Chatterjee

Study	of	Different	Transport	Properties	of	MgZnO/	ZnO	and	AlGaN/	
GaN	High	Electron	Mobility	Transistors:		A	Review

Yogesh Kumar Verma, Varun Mishra, Lucky Agarwal, Laxman Singh
and Santosh Kumar Gupta

Analytical	Modeling	of	Electric	Field	and	Breakdown	Voltage
Characteristics	of	AlInN/	GaN	HEMT	with	Field	Plates

G. Amarnath, Manisha Guduri and M. C. Chinnaiah
Performance	Analysis	of	HfO2	and	Si3N4	Dielectrics	in	β-Ga2O3
HEMT

Meenakshi Chauhan, Abdul Naim Khan, Raghuvir Tomar and
Kanjalochan Jena

3D	Simulation	Study	of	Laterally	Gated	AlN/β-Ga2O3HEMT
Technology	for	RF	and	High-Power	Nanoelectronics

Rajan Singh, Trupti Ranjan Lenka and Hieu Pham Trung Nguyen
Operation	Principle	of	AlGaN/	GaN	HEMT

G. Purnachandra Rao, Rajan Singh and Trupti Ranjan Lenka
Multigate	MOS-HEMT

Atanu Kundu and Mousiki Kar
Enhancement-Mode	MOSHEMT

Raghunandan Swain and Trupti Ranjan Lenka



Performance	Analysis	of	AlGaN/	GaN	HEMT	for	RF	and	Microwave
Nanoelectronics	Applications

G. Purnachandra Rao, Rajan Singh and Trupti Ranjan Lenka
High	Electron	Mobility	Transistor:		Physics-Based	TCAD	Simulation
and	Performance	Analysis

Kalyan Biswas, Rachita Ghoshhajra and Angsuman Sarkar
Emerging	Device	Architectures	for	Space	Electronics

Khushwant Sehra, Samriddhi Raut, D. S. Rawal and Manoj Saxena
Evolution	and	Present	State-of-Art	Gallium	Oxide	HEMTs–The	Key
Takeaways

Rajan Singh, Trupti Ranjan Lenka and Hieu Pham Trung Nguyen
Linearity	Analysis	of	AlN/β-Ga2O3HEMT	for	RFIC	Design

Yogesh Kumar Verma, Varun Mishra, Rajan Singh,
Trupti Ranjan Lenka and Santosh Kumar Gupta

HEMT	for	Biosensing	Applications
Deepak Kumar Panda and Trupti Ranjan Lenka



Editors	and	Contributors
About	the	Editors
Trupti	Ranjan	Lenka is an Assistant Professor in the Department of
Electronics and Communication Engineering, National Institute of
Technology Silchar, India. He received a B.E. degree in Electronics and
Communication Engineering from Berhampur University, Odisha, in
2000, M.Tech. degree in VLSI Design from Dr. A. P. J. Abdul Kalam
Technical University, Lucknow, in 2007 and a Ph.D. degree in
Microelectronics Engineering from Sambalpur University, Odisha, in
2012. He was a Visiting Researcher at Helen and John C. Hartmann
Department of Electrical and Computer Engineering, New Jersey
Institute of Technology (NJIT), Newark, New Jersey, the USA, in 2019,
and Solar Energy Research Institute of Singapore (SERIS), National
University of Singapore (NUS), Singapore, in 2018. He received
Distinguished Faculty Award by NIT Silchar in 2019. He has supervised
12 Ph.D. and 23 M.Tech. students under his guidance. He has published
105 journal research papers, 17 book chapters, and 58 conference
papers to his credit and delivered 21 invited talks. His research
interests include nanoelectronics: III-nitride heterojunction devices
(HEMT, NW LED), solar photovoltaics, energy harvesting using MEMS,
and nanotechnology.

 
Hieu	Pham	Trung	Nguyen received his Ph.D. degree in Electrical
Engineering from McGill University, Canada, in 2012. He joined the New
Jersey Institute of Technology in 2014 and currently is an Associate
Professor in the Department of Electrical and Computer Engineering.
He is a recipient of the 2020 NSF CAREER Award, the 2019 Saul K
Fenster Innovation in Engineering Education Ward, the SPIE
Scholarship in Optics and Photonics 2012 (for his potential long-range
contributions to the �ield of optics, photonics, or related �ield), the Best
Student Paper Award 2011 (Second Place) at the IEEE Photonics
Conference 2011, and the Outstanding Student Paper Award at the 28th
North American Molecular Beam Epitaxy Conference, 2011. He is



serving as a reviewer for over 70 journals. His research areas are
electronic and photonic devices.

 
Contributors
Lucky	Agarwal
School of Electronics Engineering, Vellore Institute of Technology,
Chennai, Tamil Nadu, India

G.	Amarnath
Department of ECE, Marri Laxman Reddy Institute of Technology and
Management, Hyderabad, India

Kalyan	Biswas
ECE Department, MCKV Institute of Engineering, Liluah, Howrah, WB,
India

G.	Chatterjee
Department of Electronics and Communication Engineering, The LNM
Institute of Information Technology, Jaipur, Rajasthan, India

Meenakshi	Chauhan
Department of Electronics and Communication Engineering, The LNM
Institute of Information Technology, Jaipur, Rajasthan, India

M.	C.	Chinnaiah
Department of ECE, B.V. Raju Institute of Technology, Narsapur, India

Rachita	Ghoshhajra
CSE Department, MCKV Institute of Engineering, Liluah, Howrah, WB,
India

Manisha	Guduri
Department of ECE, KG Reddy College of Engineering and Technology,
Hyderabad, India

Mridula	Gupta



Senior Professor and Head, Department of Electronic Science,
University of Delhi South Campus, New Delhi, India

Santosh	Kumar	Gupta
Department of Electronics and Communication Engineering, Motilal
Nehru National Institute of Technology, Allahabad, Uttar Pradesh, India

Kanjalochan	Jena
Department of Electronics and Communication Engineering, The LNM
Institute of Information Technology, Jaipur, Rajasthan, India

Sneha	Kabra
Associate Professor, Department of Instrumentation, Shaheed Rajguru
College of Applied Sciences for Women, University of Delhi, New Delhi,
India

Mousiki	Kar
Department of Electronics and Communication Engineering, Heritage
Institute of Technology, Kolkata, India

Abdul	Naim	Khan
Department of Electronics and Communication Engineering, The LNM
Institute of Information Technology, Jaipur, Rajasthan, India

Atanu	Kundu
Department of Electronics and Communication Engineering, Heritage
Institute of Technology, Kolkata, India

Trupti	Ranjan	Lenka
Microelectronics and VLSI Design Group, Department of Electronics
and Communication Engineering, National Institute of Technology
Silchar, Silchar, Assam, India

S.	N.	Mishra
School of Electronics Engineering, KIIT (Deemed to be University),
Bhubaneswar, Odisha, India

Varun	Mishra



Department of Electronics and Electrical Engineering, Graphic Era
(Deemed to be University), Dehradun, Uttarakhand, India

P.	Murugapandiyan
Department of Electronics and Communication Engineering, Anil
Neerukonda Institute of Technology & Sciences, Visakhapatnam,
Andhra Pradesh, India

Hieu	Pham	Trung	Nguyen
Department of Electrical and Computer Engineering, New Jersey
Institute of Technology, Newark, New Jersey, USA

Deepak	Kumar	Panda
Microelectronics and VLSI Design Group, School of Electronics, VIT-AP
University, Amaravati, Andhra Pradesh, India

G.	Purnachandra	Rao
Department of Electronics and Communication Engineering, National
Institute of Technology Silchar, Silchar, Assam, India

N.	Ramkumar
Department of Electronics and Communication Engineering, Anil
Neerukonda Institute of Technology & Sciences, Visakhapatnam,
Andhra Pradesh, India

Samriddhi	Raut
Department of ECE, Maharaja Surajmal Institute of Technology, Guru
Gobind Singh Indraprastha University, New Delhi, India

S.	Ravi
Department of Electronics and Communication Engineering, Seshadri
Rao Gudlavalleru Engineering College, Gudlavalleru, Andhra Pradesh,
India

D.	S.	Rawal
MMIC Fabrication Division, Solid State Physics Laboratory, Defence
Research & Development Organization, New Delhi, India



Angsuman	Sarkar
ECE Department, Kalyani Government Engineering College, Kalyani,
Nadia, WB, India

Manoj	Saxena
Department of Electronics, Deen Dayal Upadhyaya College, University of
Delhi, New Delhi, India

Khushwant	Sehra
Department of Electronic Science, University of Delhi South Campus,
New Delhi, India

Laxman	Singh
Department of Electronics and Communication Engineering, Noida
Institute of Engineering and Technology, Greater Noida, India

Rajan	Singh
Microelectronics and VLSI Design Group, Department of Electronics
and Communication Engineering, National Institute of Technology
Silchar, Silchar, Assam, India

Raghunandan	Swain
Department of Electronics and Telecommunication Engineering, Parala
Maharaja Engineering College, Berhampur, Odisha, India

Raghuvir	Tomar
Department of Electronics and Communication Engineering, The LNM
Institute of Information Technology, Jaipur, Rajasthan, India

Yogesh	Kumar	Verma
School of Electronics and Electrical Engineering, Lovely Professional
University, Jalandhar, Punjab, India



(1)

(2)

 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023
T. R. Lenka, H. P. T. Nguyen (eds.), HEMT	Technology	and	Applications, Springer Tracts in Electrical
and Electronics Engineering
https://doi.org/10.1007/978-981-19-2165-0_1

Ultrawide	Bandgap	AlGaN-Channel-
Based	HEMTs	for	Next-Generation
Electronics
P. Murugapandiyan1  , N. Ramkumar1 and S. Ravi2

Department of Electronics and Communication Engineering, Anil
Neerukonda Institute of Technology & Sciences, Visakhapatnam,
Andhra Pradesh, 531162, India
Department of Electronics and Communication Engineering,
Seshadri Rao Gudlavalleru Engineering College, Gudlavalleru,
Andhra Pradesh, 521356, India

 
P.	Murugapandiyan
Email:	murugavlsi@gmail.com

Abstract
This chapter reviews the recent progress in ultrawide bandgap AlGaN-
channel-based high electron mobility transistors. AlGaN channel is the
alternate substitute for the conventional GaN channel. In order to
enhance the power handling capability of III-nitride-based
heterostructure devices, improving the breakdown performance of the
device without reduction in the current density is one of the simplest
techniques. AlGaN-channel-based HEMTs favorably increase the critical
electric �ield of the device. For the next-generation RF application,
further improving the power handling capabilities of RF modules,
AlGaN channel HEMT is the most optimistic applicant and it delivers
four times larger GaN HEMT’s power performance and thus becoming
the possible substitute to the GaN channel for the next generation
power as well as RF devices and circuits. This chapter describes the
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polarization details of AlxGa1−xN/AlyGa1−yN heterostructure, and
various device structure of AlGaN channel HEMTs and their static and
dynamic characteristics.

Keywords GaN – HEMT – Heterostructure – Polarizations – RF – Ultra-
wide Bandgap

1	 Introduction
Since the III-nitride semiconductor materials offer a wide range of
bandgap spectrum, III-nitride-based devices are widely used in
optoelectronics, RF, and power electronics applications. Due to the
existence of stronger polarization, high critical breakdown �ield, and
higher carrier velocity, the GaN-channel-based HEMTs are used in high-
power RF ampli�ication and switching. Because of the existence of
polarization effects, the AlGaN/GaN heterostructure interface has a
high density of electron density with high carrier mobility and many
researchers demonstrated the potential of AlGaN/GaN HEMTs. Several
GaN-channel-based commercial HEMTs are developed and available in
the market for high-power microwave applications, low-noise RF circuit
design, DC–DC converters, electric vehicles, motor drivers, etc.

Further increasing the power density of the III-nitride devices for
next-generation electronics and enhancing the breakdown voltage of
the HEMTs are most important. Table 1 shows the compound
semiconductor material properties. The AlN material properties
dominate the GaN in terms of 2 × bandgap, 4 × breakdown �ield, high
Johnson �igure of merit (JFoM), good thermal conductance, and high
Baliga �igure of merit (BFoM). Due to these outstanding properties,
AlxGa1-xN ultrawide bandgap ternary material is used as the channel
instead of a conventional GaN channel for improving the breakdown
�ield of the HEMTs. Therefore, high Al composition AlGaN-channel-
based HEMTs are expected to exhibit extremely large blocking voltage
and high-temperature operation in modern power electronics era.
Aside from power electronics applications, AlGaN channel HEMTs are
promising candidates for millimeter-wave applications because of their
high Johnson �igure of merit ( ) and expected to



deliver high RF power density at millimeter wave. In evaluating AlGaN
channel HEMT technologies for millimeter-wave high-power
applications, the cutoff frequencies (FT, and FMAX) of the HEMTs are
important device parameters in addition to breakdown voltage and
high drain current density. The improvement in the device cutoff
frequency was achieved through scaling techniques.

Table	1 Semiconductor material properties

	 Si GaAs SiC GaN AlN

Bandgap (eV) 1.12 1.42 3.26 3.40 6.20

Breakdown �ield (MV/cm) 0.3 0.4 3.0 3.3 12

Electron mobility (cm2/Vs) 1500 8500 1000 2000 1090

Electron saturation velocity (cm/s) × 107 1 2 2 2.5 2.2

Dielectric constant 11.9 12.9 10 8.9 8.5

JFoM 1 7 400 760 7800

BFoM 1 9 11 39 67

2	 Spontaneous	and	Piezoelectric	Polarization
of	AlxGa1−xN/AlyGa1−yN	Heterostructure
The III-nitride-based heterostructure-based devices are widely used in
various electronic applications including high power switching, high
power microwave, and optoelectronics. The asymmetry of wurtzite
crystal structure induces spontaneous polarization (SP) and
piezoelectric polarization (PZ) effect in III-nitride semiconductors-
based heterostructure devices. Due to the polarization difference
between a wide bandgap and a narrow bandgap semiconductor, a high
density of 2DEG is existing at the interface. The spontaneous
polarization difference between the materials and strain-induced
piezoelectric polarization is the major source of creation of 2DEG [1].
This property of III-nitride heterostructure devices is attractive for
power electronics and microwave applications. The
AlxGa1−xN/AlyGa1−yN heterostructure polarization details are illustrated



in Fig. 1 for Ga-face crystal structure by considering relaxed, and tensile
strain.

Fig.	1 Spontaneous and piezoelectric polarization details of AlxGa1−xN/AlyGa1−yN
heterostructure

The polarization sheet charge density was obtained from the
following equation:

(1)

The polarization induced charges depend on Al composition and
surface roughness. As shown in Fig. 1a and b, to neutralize the
polarization induced positive charges ( ), the free electrons from



donor-like surface trap states come and occupy the quantum well when
the AlxGa1−xN/AlyGa1−yN band offset is reasonably high. Assume the
heterostructure was grown in pseudomorphic (Fig. 1b), the tensile
strain AlxGa1−xN piezoelectric polarization will improve the PAlxGa1−xN–
PAlyGa1−yN polarization difference. In the absence of stain-induced PZ
also, electrons are accumulated in the quantum well due to the SP
difference of AlxGa1−xN/AlyGa1−yN. The PZ of wurtzite III-nitride
materials are described as follows:

(2)

where , and  are elastic constants,  is lattice constant, and 

and  are elastic coef�icient. The elastic coef�icient parameter, elastic

constant, and lattice constant of  ternary alloy are as
follows:

(3)

(4)

(5)

(6)

(7)

The spontaneous polarization of  ternary alloys is
calculated from the following equation:

(8)



The total carrier density in the 2DEG region for undoped device
con�iguration is as follows;

(9)

The carrier density in the channel depends on the relative dielectric
constant , thickness of the barrier layer , Schottky

barrier , Fermi energy level , and conduction band offset 

. Therefore, the sheet charge density can be controlled by Al
composition in the AlGaN barrier and the thickness of the barrier. The
bandgap of AlGaN ternary material and conduction band offset is
calculated from the following:

(10)

(11)

(12)

(13)

(14)

(15)

3	 AlGaN-Channel-Based	HEMTs	for	High-
Frequency	Electronics	Application
In recent years, ultrawide bandgap semiconductors (AlGaN, Ga2O3, and
diamond) have attracted enormous research interest as key



components for high-power switching applications [1–10]. Particularly,
AlxGa1−xN-channel-based HEMTs are optimistic devices for future
electronics because of their wide bandgap relative to the GaN channel (

), strong polarization, high saturation velocity,
ultrahigh breakdown �ield. The Monte Carlo simulation showed the Al-
rich AlGaN material is favorable for high-power RF performance
because the saturation velocity is on par with GaN [11]. Recently, Al-
rich AlxGa1−xN/AlyGa1−yN-based HEMTs have proven their potential,
which is exceeded the AlxGa1−xN /GaN-based HEMTs performances
[12–15]. And therefore, AlxGa1−xN/AlyGa1−yN-based HEMTs are suitable
for realizing solid-state power ampli�iers (PAs) with high power, wide
operational bandwidth, and high ef�iciency for 5G and 6G wireless
communications. The maximum RF power delivered to a load of a basic
ampli�ier circuit is as follows:

(16)

The high RF current ( ), and breakdown voltage ( ) of the
transistor will improve the output power density of a solid-state power
ampli�ier. Due to the virtue of high critical electric �ield ( ), large

breakdown �ield, and a high Johnson �igure of merit ( ),

the AlGaN channel HEMTs are highly desirable for high-power RF
electronics. Further, the  enhanced by Al-rich AlxGa1−xN/AlyGa1−yN
(x > y) heterostructures. High output current density (IDS) and high VBR
are the important factors for improving the power density of solid-state
power ampli�ier. The AlyGa1−yN channel HEMT with high Al
composition enables the critical �ield ~4 × higher than GaN-channel-
based devices. The low carrier mobility (µ) and alloy scattering degrade
the on-state current ( ) for long AlGaN channel devices.
However, at a high electric �ield, the saturation velocity of AlGaN
channel HEMTs is on par with GaN-channel devices [11]. Therefore, the



current density ( ) of Al-rich AlGaN channel HEMTs majorly

depends on 2DEG electron density ( ).

3.1	 Device	Scaling	for	High-Frequency	Application
Figure 2 shows the small-signal model of HEMT and Fig. 3. indicates the
extraction of the cutoff frequency of the transistors from its small-
signal characteristics. The device’s parasitic capacitances 
and parasitic resistances such as gate (RG), drain (RD), source (RS), and
drain to source (RDS) limit the high-frequency operation of HEMTs.
Among all these components, device transconductance (GM), and gate
to source capacitance (CGS) has more in�luence on the high-speed
operation of the HEMTs [16]. The cutoff frequency of the device can be
written as the following equations [16]:

(17)

(18)

Fig.	2 Small signal model of HEMT



Fig.	3 Extraction of FT and FMAX from small signal characteristics

For obtaining maximum oscillation frequency FMAX, the gate
capacitances, gate resistance, and transconductance of the HEMT need
to be optimized. Reduction in the channel length LG will increase the
current gain cut-off frequency  by reducing the electron

transit time. A T-shaped gate structure minimizes the gate resistance by
offering a wide gate area for carrier transport with a smaller footprint
as shown in Fig. 4.



Fig.	4 T-gate HEMT structure

3.2	 Device	Con�iguration	of	AlGaN	Channel	HEMTs
Figure 5 shows a typical AlGaN channel HEMTs. The HEMT consists of a
30 nm Si-doped (~3.5 × 1018 cm−3) Al0.85Ga0.15 N barrier, 400 nm
Al0.7Ga0.3 N channel layer, and 50 nm graded buffer [17]. The doped
barrier layer enhances the carrier density (ns) in the channel up to 7.2 
× 1012 cm−2. The Hall measurement shows 2200 Ω/square of sheet
resistance and 390 cm2/V.s of carrier mobility. SiN-passivated device
surface with LG = 80 nm exhibited 80 mA/mm drain current density,
and breakdown voltage of 493 V for LGD = 2 µm. The device shows
FT/FMAX of 28.4/18.5 GHz. Moreover, the large-signal measurements
showed 11% power-added ef�iciency at 3 GHz operational frequency.



Fig.	5 LG 80 nm AlGaN channel HEMT

The main challenge in AlGaN channel HEMT is making good ohmic
contact for Al-rich channel devices. A low-contact resistance device is
achieved by a linearly graded contact layer using MBE or MOCVD [18,
19]. Several contact engineering has been adopted [12–15] for
improving the performance of the device. Generally, the ohmic contacts
are realized by regrown or alloyed ohmic contacts. Low contact
resistance of 2.6 × 10–4 Ω.cm2 was reported for Al0.3Ga0.7 N channel
HEMT [14] by using Zr-based alloy contact.

A Si-doped barrier (Al0.65Ga0.35 N) MOSHEMT with Zr/Al/Mo/Au-
based ohmic contact is shown in Fig. 6 and TLM (transmission line
measurement) measurement result is plotted in Fig. 7. The HEMT has
shown a minimum contact resistance of 1.64 Ω.mm and recorded 0.6
A/mm peak current density and the Hall mobility measurements result
showed µn of 430 cm2/V.s [14]. For a high breakdown �ield, Al mole
fraction must be in both the barrier and channel layers.
Heterostructure with AlxGa1−xN/AlyGa1−yN, where x > y > 0.65, increases
the breakdown voltage 3 × better than the GaN channel. At the same
time, ohmic contact resistance of the wideband gap heterostructure



increases, which limits the high-frequency operation of the HEMTs. The
regrown ohmic contact technology achieved a low ohmic contact
resistivity of 5 × 10–3 Ω.cm2 [20].

Fig.	6 AlGaN channel MOSHEMT



Fig.	7 TLM measurement

The schematic view of n + regrowth AlGaN channel HEMT is shown
in Fig. 8. The energy band pro�ile through Al0.85Ga0.15 N/Al0.66Ga0.34 N is
displayed in Fig. 9. The 2DEG is presented just below the
heterostructure interface and the conduction band energy level is
below the Fermi level. The energy band pro�ile through n + 
GaN/Al0.66Ga0.34 N is displayed in Fig. 10. The conduction band energy
level exactly overlapped with the Fermi level (0 eV). Therefore, the
regrown ohmic contact has a low electron density [20]. Another
method to minimize the contact resistance, the graded AlGaN contact
layer is used. Al0.7Ga0.3 N/Al0.5Ga0.5 N HEMT with graded n + AlGaN
source/drain region is depicted in Fig. 11 and the energy band diagram
of heterostructure is displayed in Fig. 12. The graded AlGaN region
consists of 40 nm n + doped (Si ~ 6 × 10^18 cm−3) graded AlGaN layer
with the Al composition from 70 to 50% and 30 nm n + doped (Si ~ 5 × 
10^18 cm−3) AlGaN grading from 50 to 30%.



Fig.	8 Schematic view of n + GaN regrown AlGaN channel HEMT

Fig.	9 Energy band diagram of Al0.85Ga0.15 N/Al0.66Ga0.34 N heterostructure



Fig.	10 Energy band diagram of n + GaN/Al0.66Ga0.34 N heterostructure



Fig.	11 Schematic view of n + AlGaN source/drain region HEMT



Fig.	12 Energy band diagram of Al0.7Ga0.3 N/Al0.5Ga0.5 N heterostructure

Figure 13 displays the energy band pro�ile of the source/drain
region. The n + AlGaN graded region maintains a �lat conduction band
between the surface and channel which enables tunneling-based ohmic
contacts. The HEMT showed 120 cm2/V.s of electron mobility and 8.8 × 
1012 cm−2 of 2DEG density. Figure 14a shows the very good ohmic
behavior and Fig. 14b displays the resistance variations with contact
spacings [21]. LG = 160 nm HEMT showed a FT/FMAX of 20/40 GHz. And
the cutoff frequency dependence on drain current is plotted in Fig. 15,
where VGS swept from 0 to −10 V and VDS kept at 13 V. Moreover, the
device had shown 170 V of VBR.



Fig.	13 Energy band diagram of access region

Fig.	14 a Two terminal V–I characteristics b Resistance variations with contact spacings



Fig.	15 Cutoff frequency as a function of drain current

Polarization-graded AlGaN channel HEMT (PolFETs) introduces a
three-dimensional electron slab by polarization effects and further the
carrier density enhanced by impurity doping [22]. This three-
dimensional electron slab, PolFETs, showed �latter gm, which improves
the device linearity. And also, the doped PolFETs devices experience
less current collapse. A Si-doped (~1 × 1018 cm−3) graded Al-
composition (~65% to 82%) AlGaN channel with n++ AlGaN (~1 × 
1020 cm−3) regrown ohmic contact shown in Fig. 16. The PolFETs
showed an FT/FMAX of 5.4/14.2 GHz [22].



Fig.	16 Schematic view of PolFET

LG = 130 nm HEMT with reverse graded AlGaN source/drain contact
layer [23] shown in Fig. 17. The graded AlGaN ohmic region is grown by
molecular beam epitaxy (MBE). The Ti/Al/Mo/Au ohmic contact metal
stack with Si3N4 passivation device showed FT/FMAX of 40/58 GHz. The
doped Al0.75Ga0.25 N barrier layer (~2 × 1018 cm-3)/Al0.6Ga0.4 N channel
heterostructure enables µn of 175 cm2/V.s and ns of 8.5 × 1012 cm−2. The
device showed 45 V of breakdown voltage. A good aspect ratio (LG/gate
to channel distance (d)) and further scaling of the device dimensions
will improve the saturation velocity of the 2DEG carrier.



Fig.	17 Device structure of Al0.75Ga0.25 N/Al0.6Ga0.4 N HEMT

Conventional Si-based MOSFET technology used up to 3 GHz RF
applications and GaN-based HEMTs are widely used in 5G
communication systems. 5G communication protocols demand high
linear power ampli�iers to avoid eliminating leaking into adjacent cells
and reduce the bit error rate, which reduces the digital pre-distortion
[24]. Despite remarkable power density at high frequencies, GaN-based
HEMTs suffer from the nonlinear operation. Nonlinear source
resistance and transconductance (Gm) drop-off at high gate bias are the
major source of nonlinear device behavior [25, 26]. Transconductance
drop-off mainly because of decreased saturation velocity of the carrier
with increased carrier density at high VGS. One simple strategy to
enhance the linearity of the device is to replace 2DEG (two-dimensional
electron gas) with 3DEG (three-dimensional electron gas) by linear
grading of Al content in the AlGaN barrier [27]. The linearly graded
barrier layer enables almost a constant charge density of electrons in
the channel due to the polarization charge gradient. In such a PolFET
device, the depletion width only changes when the gate bias increases
and the volumetric electron density remain nearly constant and hence



there is no signi�icant change in saturation velocity of electrons in the
channel leading to �latter transconductance (Gm). The �lat Gm is highly
desirable for high-linear applications. Figure 18 shows the AlGaN
channel PolFET. The device has a 20 nm graded (0–30%) AlGaN
channel and a thick Al0.2Ga0.8 N (70 nm) cap layer. The thick AlGaN cap
layer ensures enough surface-to-channel distance so that the fringing
�ield between the surface and channel is suppressed. The energy band
diagram of the access region heterostructure interface is plotted in
Fig. 19. A 2DEG region at the Al0.2Ga0.8 N/GaN epitaxial passivation
layer enables more negative pinch-off voltage in the access region than
the gate region, which eliminates the virtual gate effects. A deep
recessed 0.7 µm gate length Ni/Au/Au metal stack Schottky contact
was deposited and the gate terminal extended 0.3 µm towards the drain
region to further enhance the breakdown voltage and reduce the
dispersion. The PolFETs showed 860 cm2/V.s electron mobility and 9.6 
× 1012 cm−2 2DEG density. Moreover, the device showed an IDS of 0.5
A/mm, a �lat Gm,max of 160 mS/mm, minimum current collapse, VBR of
110 V, and FT/FMAX of 14/22 GHz. The FT and FMAX variation with gate
bias are displayed in Fig. 20. The PolFET showed a stable RF behavior
for a wide range of gate biases. Load pull measurement results of the
device exhibited 50% power-added ef�iciency at 4 GHz operation [27].



Fig.	18 Device structure



Fig.	19 Band diagram



Fig.	20 FT/FMAX dependence on VGS



Fig.	21 Device structure of PolFET

LG = 250 nm PolFET on SiC substrate is shown in Fig. 21. A 20 nm
graded (33% to 0%) n + AlGaN (Si ~ 1020 cm−3) regrown source/drain
contact showed a very low ohmic contact resistance 0.1 Ω.mm. Graded
AlGaN channel (0–33%) HEMT showed an on-state current density of
0.9 A/mm recorded by a 250 nm gate length device along with 240
mS/mm transconductance. The device RF demonstrated an FT/FMAX of
52/67 GHz and also a �lat gm and RF performance was measured for a
wide range of gate biases [28]. The FT/FMAX dependence on drain
current is plotted in Fig. 22. The PolFET exhibited a stable RF behavior
for a wide range of gate biases. Table 2 presents the state-of-the-art of
AlyGa1–yN-channel-based HEMTs for high-frequency applications.



Fig.	22 FT/FMAX dependence on drain current

Table	2 High-frequency performance of AlyGa1−yN-channel-based HEMTs

Reference,
Year

LG	in
nm

Barrier/Channel IDS	in
A/mm

Gm,max	in
mS/mm

VBR
in	V

FT/FMAX
In	GHz

[1], 2014 1000 Al0.4Ga0.6 N/Al0.15Ga0.85 N 0.6 190 – 7/10

[17], 2018 60 Al0.85Ga0.15 N/Al0.70Ga0.30 N 1.2 24 92 18.5/28.4

[21], 2019 160 Al0.7Ga0.3 N/Al0.5Ga0.5 N 0.42 38 170 20/40

[22], 2018 800 Graded (Al 82→65%)
AlGaN/Al0.65Ga0.35 N

0.15 34 35 5.4/14.2

[23], 2019 130 Al0.75Ga0.25 N/Al0.60Ga0.40 N 0.46 450 45 40/58

[27], 2020 300 Graded (Al 30→0%)
AlGaN/GaN

0.5 150 110 14/22

[28], 2017 250 Graded (Al 33 →0%)
AlGaN/GaN

0.95 230 – 52/67



4	 AlGaN	Channel	HEMTs	in	Power	Switching
Applications
Despite the high breakdown performance of the ultrawide bandgap
AlGaN channel, due to signi�icant lattice and thermal mismatches
between the Al-rich AlGaN channel and buffer heterostructure, the
crystalline quality is very poor [29, 30]. Therefore, the Al-rich AlGaN
channel HEMT cannot meet the theoretical electric �ield strength. A
simple approach to improve the breakdown voltage of high-quality
crystalline Al0.1Ga0.9 N channel HEMT is hybrid ohmic/Schottky drain
contacts [31] without modifying the conventional device fabrication
steps. The hybrid ohmic/Schottky drain contact
Al0.3Ga0.7 N/Al0.1Ga0.9 N HEMT fabricated structure is shown in Fig. 23.
The device shows 9.2 × 1012 cm−2 of sheet charge density and 2070
cm2V−1 s−1 of carrier mobility due to improved polarization and the
alloy disorder scattering mechanism is majorly reduced by the low Al-
mole fraction AlGaN device. LG = 3 µm, and WG = 50 µm device exhibited
a remarkable breakdown voltage of 2200 V for LGD = 22 µm. This hybrid
technology anticipated uniform breakdown characteristics due to
improved surface metal morphology.



Fig.	23 Device structure of hybrid ohmic/Schottky contact HEMT

The AlGaN channel HEMTs demonstrated superior breakdown
performance to GaN channel. However, the carrier mobility is a bit
lower than the GaN channel because of alloy disorder scattering. It
affects the basic characteristics of the HEMTs. Graded AlGaN buffer
HEMT technology enhances the carrier of the channel [32]. Graded
AlGaN buffer and GaN buffer HEMT device are depicted in Fig. 24. The
device consists of a 200 nm AlGaN channel, a 500 nm graded AlGaN
channel, and a 1 µm GaN buffer. The graded buffer HEMT shows IDS of
849 mA/mm and gm of 108. The breakdown characteristics of graded
AlGaN buffer HEMT recorded a 408 V breakdown voltage for 5 µm LGD
[32].



Fig.	24 Graded AlGaN channel HEMT

Enhancing the electron mobility of Al-rich AlGaN channel HEMTs is
very important for both high-power switching and microwave
electronics. Enabling simultaneous improvement in both mobility and
career density is a challenge in Al-rich AlGaN HEMTs. High Al-mole
fraction AlGaN channel enhances the sheet charge density but channel
mobility is reduced. To overcome this problem, polarization-induced
doping of AlGaN PolFETs is used [33]. The polarization property of the
III-nitride material is the major source for AlGaN PolFETs to offer free
electrons with reduced ionized scattering, which improves the mobility
of Al-rich AlGaN channels. Usually, in conventional AlGaN HEMTs, the
2DEG is created below the abrupt heterojunction interface between the
Al-rich barrier and channel. And the Al-rich barrier impacts the
mobility of the channel directly. Whereas, in AlGaN PolFETs, a graded
AlGaN barrier is used to create a three-dimensional electron slab
(3DES), which enables high µ in the channel due to the PolFETs channel
being very close to the surface. Which will cause high-frequency
dispersion and this problem may be solved by a suitable passivation
technique. AlxGa1−xN PolFET with Al composition graded from 0.6 to 1



is shown in Fig. 25. The measured Hall mobility of the HEMT is 320
cm2/V.s and ns of 1.3 × 1013 cm−2. The PolFET shows an IDS of
188 mA/mm and a breakdown voltage of 620 V for LGD = 2.7 µm.

Fig.	25 PolFET device geometry

In many power switching applications [34–36], the high reverse
blocking voltage of the transistor is essential. AlGaN/GaN HEMTs with
Schottky drain contact achieved a maximum of −900 V reverse blocking
voltage by adopting a trigate �ield plate technique [37], which
effectively modulates the electric �ield. However, beyond −1000 V
reverse blocking voltage AlGaN/GaN HEMTs is a critical one due to
technological limitation. Because of the high critical electric �ield of
AlGaN than the GaN, further improving the reverse blocking voltage of
III-nitride-based devices, the ultrawide bandgap AlGaN material is the
attractive alternate channel to GaN. AlGaN channel HEMT with Schottky
drain contact is illustrated in Fig. 26. The device is passivated by Al2O3.
The Hall measurements show 3.9 × 1012 cm−2 of 2DEG density and 801
cm2V−1 s−1 of electron mobility. The AlGaN channel HEMT exhibited a
reverse breakdown voltage VRB > −3000 V [38].



Fig.	26 Schottky drain AlGaN channel HEMT

5	 Conclusion
In recent years, the AlxGa1–xN channel HEMTs are becoming emerging
devices for high-power and high-frequency electronics due to ultrawide
bandgap, high-temperature operation, higher cutoff frequency, and high
critical electric �ield. And also, the advancement of AlGaN channel
HEMTs enhanced the linearity performance. Therefore, the Al-rich
AlGaN channel devices are suitable candidates for next-generation
power electronics.
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1	 Introduction
AlGaN/GaN HEMTs are primarily used in high-power, high-frequency
switching applications because of the low on-resistance, high drain
current density, and high breakdown voltage offered by these devices
[1]. Breakdown voltage for GaN device is de�ined as the voltage level at
which drain current of the pinched off transistor exceeds a normalized
value of 1 mA/mm of device width. It is also de�ined as a nonlinear
increase of subthreshold drain current with an increase in drain
voltage. Vertical leakage current from GaN to silicon limits the
maximum breakdown voltage in AlGaN/GaN HEMTs grown on silicon.
Breakdown also depends on the speci�ic epitaxial design of the buffer
layer along with its material quality, lateral geometrical design of the
device, and passivation technique [2]. The physical properties of
various materials used for designing HEMTs are listed in Table 1. A
large bandgap of GaN ensures a high breakdown �ield. The critical
electric �ield of GaN is almost ten times higher than Si, thus making
GaN, a suitable choice for making high-power devices. The breakdown
voltage of AlGaN/GaN HEMT grown on silicon is lesser than those
grown on SiC substrate. Different �igures of merit have been proposed
for quantifying the high power handling capability of material used for
fabricating HEMT. These include Johnson’s �igure of merit for
microwave performance, Baliga’s �igure of merit for a low frequency
that re�lects resistive losses, and Baliga’s high-frequency �igure of merit,
which signi�ies switching losses.

Table	1 Material properties of commonly used semiconductors at room temperature

Material Si 4H-SiC GaN GaAs

Energy bandgap, (eV) 1.1 3.3 3.42 1.4

Electron mobility, (cm2/V-s) 1350 900 2000 (2DEG) 8500

Relative dielectric constant, εr 11.9 10.1 9  

Breakdown electric �ield, Ec(×106 V/cm) 0.3 2.2 3.3 0.4

vsat (×107 cm/s) 1.0 2.0 3.0 1.0

Johnson �igure of merit (Ec.vsat/2π) 1 180 760 7.1



Material Si 4H-SiC GaN GaAs

Baliga’s �igure of merit for low frequency

(εμEc
3)

1 130 650 15.6

Baliga’s �igure of merit for high frequency (μEc2) 1 22.9 77.8 10.8

The aim of this chapter is to present a brief overview of various
physical and technological factors responsible for breakdown in
AlGaN/GaN HEMTs and different methods which have been proposed
by various research groups to enhance the breakdown voltage of these
devices for high-power applications. Section 2 of this chapter describes
the causes of breakdown in AlGaN /GaN HEMTs. Breakdown strength
and commonly used methods for improvement of breakdown voltage
reported to date are explained in detail in Sects. 3 and 4, respectively.
Finally, scaling technologies that are currently being explored for high-
frequency applications of HEMTs are discussed in Sect. 5.

2	 Causes	of	Breakdown	in	AlGaN/GaN	HEMTs
At high drain bias, the electric �ield increases at the drain edge of the
gate, which accelerates the breakdown. In order to have a high current
density and large breakdown voltage, it is essential to con�ine electrons
in 2DEG formed at the interface of AlGaN/GaN by maintaining suf�icient
potential height. There are many mechanisms that limit the high
voltage capability of AlGaN/GaN HEMT. These include.
1.2.1

Leakage currents originating from the gate structure 
1.2.2

Punch-through effect  
1.2.3

Breakdown along the channel region  
1.2.4

Breakdown through the buffer layer  
1.2.5

Breakdown due to impact ionization.  
2.1	 Leakage	Currents	Originating	from	the	Gate	Structure



As shown in Fig. 1, surface leakage current at the passivation layer
interface, leakage current through the barrier, and strain-induced
leakage current adversely affect the breakdown voltage of AlGaN/GaN
HEMT. Leakage current which originates from the gate reduces device
ef�iciency and degrades the reliability [3, 4]. It can be seen from Fig. 2
that as device width is increased, gate leakage current increases. AlGaN
back-barrier can be used to minimize the leakage current. It has also
been found that if a thin layer of SiO2 is deposited by plasma-enhanced
chemical vapor deposition (PECVD) under the gate, it can reduce gate
leakage by six orders of magnitude [5].

Fig.	1 Leakage current originating from the gate



Fig.	2 Variation of gate leakage current with gate width

2.2	 Punch-Through	Effect
In conventional AlGaN/GaN HEMTs, at high drain bias, electrons
present in the 2DEG get spilled over to the buffer layer thereby causing
a sudden increase in subthreshold drain current and reducing the
breakdown voltage. This phenomenon is called as punch-through effect.
At high drain voltage, when a suf�iciently high negative gate voltage
closes the channel, electrons bypass the gate control region and �low to
drain through the buffer as shown in Fig. 3. Thus, an increase in
subthreshold and punch-through currents leads to an increase in
dissipation of thermal energy thereby hindering the operation of the
device at high bias [6].



Fig.	3 Punch through in AlGaN/GaN HEMT on SiC or sapphire substrate

2.3	 Breakdown	Along	the	Channel	Region
If leakage currents are suppressed, the breakdown voltage of
AlGaN/GaN HEMTs increases as the gate to drain separation, dGD.
increases. Thus, dGD determines the maximum allowable operating
voltage. At the breakdown state, the drain current rises rapidly and is
mainly taken up from the gate. This indicates that electron �low from
gate to drain primarily because of electron injection across the Schottky
gate barrier. A schematic representation of the breakdown which
occurs along the channel is depicted in Fig. 4.



Fig.	4 Breakdown along the channel region

2.4	 Breakdown	Through	the	Buffer	Layer
One of the major drawbacks of using Si or SiC substrate in AlGaN/GaN
HEMTs is the vertical device breakdown that occurs across epitaxial
layers. As the bias voltage increases, the electric �ield between the
active regions that is source, drain, gate, channel area, and the
conductive substrate increases more and more until the breakdown
strength of the buffer layer is reached. Figure 5 shows the pictorial
representation of the creation of a new leakage path bypassing the
whole device. Thus breakdown voltage depends on buffer thickness,
buffer technology, and surface contact technology [7].



Fig.	5 Breakdown through the buffer layer

2.5	 Breakdown	Due	to	Impact	Ionization
It has been observed that the holes generated due to impact ionization
also cause breakdown in AlGaN/GaN HEMTs. These holes �low into the
buffer layer and get captured by donors, which may lead to a reduction
of the negative space charge region in the buffer layer [8]. Impact
ionization is initiated in the off state due to the injection of electrons
from the source to the high electric �ield regions near the drain side of
the gate thereby accelerating the breakdown by increasing the electric
�ield [2].

3	 Breakdown	Strength
The slope at which drain voltage increases on the increasing gate to
drain distance is referred to as the breakdown strength of the device. It
strongly depends on the selected buffer composition. Breakdown
properties of AlGaN/GaN HEMTs can be studied using a bias stress test
and TCAD simulations to ensure high reliability. The high breakdown
strength of AlGaN/GaN HEMTs results in high breakdown voltage
capability. As gate-to-drain spacing in GaN HEMTs increases, the
breakdown voltage saturates at a particular drain voltage.



4	 Methods	of	Increasing	the	Breakdown
Voltage
In order to improve the breakdown voltage of AlGaN/GaN HEMTS,
often a compromise is made in its cut-off frequency and resistance.
Thus, it is imperative to use the appropriate device con�iguration and
device engineering techniques to enhance breakdown voltage, power
density, and cut-off frequency for high-frequency and high-power
applications. The electric �ield in the vicinity of the gate should be
reduced to delay premature breakdown and reduce dispersion effects.
Some of the methods used for this purpose are as follows.
1.4.1.

Field-plate Approach  
1.4.2.

Designing of potential barriers in the epitaxial buffer layer to
con�ine electrons in the channel

 
1.4.3.

Epitaxial layer engineering: Pre-Epitaxy Implantation (Increase
of vertical breakdown)

 
1.4.4.

Schottky source/drain contact HEMT  
1.4.5.

Use of high K dielectric passivation layer in HEMT  
1.4.6.

Use of electron blocking layer  
1.4.7.

Optimization of the gate to drain spacing  
1.4.8.

Modulation of electric �ield using partial GaN cap layer  
1.4.9.

Double-channel AlGaN HEMT.  
4.1	 Field-Plate	Approach
Field plate approach reduces the electric �ields inside critical regions of
the device, which is useful for S-band high-power FETs. Crowding of the
electric �ield near the drain side of gate edge results in a reduction in



breakdown voltage of AlGaN/GaN HEMTs. Therefore, different �ield-
plate approaches have been proposed to mitigate drain �ield crowding
to enhance breakdown voltage and reduce dispersive effects [9]. It
consists of an asymmetric gate with an extension of the gate-to-drain
edge.

It has been observed that the electric �ield is maximum near the
gate in AlGaN/GaN HEMTs. It has to be reduced to reduce the
probability of electrons spilling from the gate into the AlGaN layer or
into the passivation to prevent premature breakdown. Field plates near
the gate or drain have been extensively used to solve this issue.
Dimensions of the �ield plates and thickness of passivation and
metallization layers may be optimized to effectively smoothen the
electric �ield near the gate. Some of the �ield-plate designs which have
been reported so far are as follows:
a.

Multiple grading �ield plates: Different voltages can be applied to
the multiple grading �ield plates that can ef�iciently spread out the
electric �ield to less critical regions of the device. This is because the
drain access region of AlGaN/GaN HEMT is of the order of a few
microns so it is easy to design tiny metal lines in the middle of the
gate and drain as shown in Fig. 7.

Fig.	7 Multiple grading �ield plates

 

b. Stack of source connected �ield plates: A stack of �ield plates
connected to the source, combined with the T-gate is depicted in



Fig. 8. Although �ield plates that are connected to the source
increase drain to source capacitance, they are found to have a
marginal adverse impact on device instability.

Fig.	8 A stack of source connected �ield plates

 

c.
Slanted �ield-plate structure: Slanted �ield plate represented in
Fig. 9 reduces electric �ield crowding at the end of the �ield plate
because the geometrical distance between the �ield plate and
channel region increases slowly.

Fig.	9 Slanted �ield-plate structure

 



4.2	 Designing	of	Potential	Barriers	in	the	Epitaxial	Buffer
Layer
Avoids the punch-through effect, therefore increasing high-voltage
operation capability. It prevents electrons from punching through the
gate control region. AlGaN barrier layers, carbon-or-iron-doped buffer
layers, and a combination of these layers build up a repelling potential
barrier for channel electrons and thus avoid punch through or shifting
it to higher voltage levels. The structure of AlGaN/GaN HEMT with a
potential barrier in the buffer layer is shown in Fig. 10.

Fig.	10 AlGaN/GaN HEMT with a potential barrier in the buffer layer

4.3	 Epitaxial	Layer	Engineering:	Pre-epitaxy	Implantation
Vertical buffer leakage can be decreased by providing isolation
implantation into the conductive SiC substrate before epitaxial growth
of AlGaN/GaN structures. Depending on actual implantation depth as
well as the selection of ion species and implantation dose, the vertical
breakdown can be signi�icantly increased.

4.4	 Schottky	Source–Drain	Contacts



Researchers have demonstrated that the use of Schottky source–drain
contacts formed using high-temperature annealing prevents electric
�ield spikes and leads to enhancement of breakdown voltage in
AlGaN/GaN HEMTs. Metal stack of Ti/Au has been successfully used to
validate suppression of source carrier injection-induced breakdown
[10].

4.5	 Use	of	High	K	Dielectric	Passivation	Layer	in	HEMT
High k passivation layer can be used to produce a uniform electric �ield
and potential distribution between the gate and drain. Devices having a
SiO2 passivation layer offer improved breakdown voltage as compared
to devices having a SiN passivation layer [11]. Yang et al. [12] have
recently reported that implantation of �luorine ions in a thick SiN
passivation layer can lead to a reduction in ON resistance and an
increase in breakdown voltage of AlGaN/GaN HEMTs. They
experimentally obtained a breakdown voltage of 803 V for AlGaN/GaN
HEMT with �luorine ion implantation in the passivation layer, which is
much higher than the breakdown voltage achieved for conventional
AlGaN/GaN HEMT.

4.6	 Use	of	Electron-Blocking	Layer
It has been found that the breakdown voltage of AlGaN/GaN HEMT can
be signi�icantly enhanced by using the AlGaN/GaN/AlGaN layer which
forms a quantum well and suppress the spilling of electrons outside the
2DEG channel thus also referred to as electron-blocking layer (EBL)
[13]. Better con�inement of electrons in 2DEG raises conduction band
edge thereby increasing the potential barrier which results in
suppression of subthreshold drain leakage current and enhancement in
the device breakdown voltage. Figure 11 shows the structure of HEMT
with an electron-blocking layer of AlGaN/GaN/AlGaN.



Fig.	11 AlGaN/GaN HEMT with electron-blocking layer [13]

4.7	 Optimization	of	the	Gate	to	Drain	Spacing
A high k dielectric passivation layer in conjunction with optimized gate
to drain spacing can be effectively used to reduce the electric �ield
toward the drain edge of the gate [14]. Figure 12 clearly illustrates an
increase in breakdown voltage with an increase in permittivity for a
higher gate to drain spacing.



Fig.	12 Variation of breakdown voltage with relative permittivity [14]

4.8	 Modulation	of	Electric	Field	Using	Partial	GaN	Cap
Layer
Duan et al. [15] proposed that the growth of a partial cap layer of GaN
can reduce the peak electric �ield near the gate thus modulating the
surface electric �ield distribution. It was also observed that as the
length of the cap layer is increased, the electric �ield peak shifts toward
the drain because of the elongated 2DEG region, thereby decreasing the
electric �ield near the gate which eventually increases the breakdown
voltage. The structure of AlGaN/GaN HEMT with a partial GaN cap layer
is shown in Fig. 13.



Fig.	13 AlGaN/GaN HEMT with a partial GaN cap layer

4.9	 Double-Channel	HEMT
In a recent research carried out by Zhang et al. [16], it has been found
that the 2DEG current conduction capability and breakdown
performance of HEMTs can be signi�icantly enhanced by using a double-
channel approach. Figure 14 depicts the 3D structure of double-channel
HEMT.



Fig.	14 Double-channel HEMT

Besides these methods, AlGaN/GaN HEMTs with magnesium-doped
GaN layer also exhibits very low leakage current thereby increasing the
breakdown voltage [17]. A high lateral breakdown voltage of about
10 kV has recently been obtained by Abid et al. [18] for thin channel
AlGaN/GaN HEMTs fabricated on AlN/sapphire template.

5	 Scaling	Technologies	of	AlGaN/GaN	HEMTs
A distinct deviation from linear scaling behavior is observed in
AlGaN/GaN HEMTs for gate length less than 100 nm, which clearly
indicates that parasitic elements begin to control the total delay time at
small gate lengths. Thus all intrinsic, extrinsic, and parasitic elements
need to be scaled proportionately for effective scaling of AlGaN/GaN
HEMT to sub-50 nm gate length. Vertical scaling is required to suppress
the short-channel effects whereas lateral scaling reduces electron
transit time. Device scaling technologies have been explored to
suppress the short channel effects, reduce parasitic resistances and
capacitances, and improve the breakdown voltage [19].



Self-aligned-gate double-heterojunction AlGaN/GaN HEMT with
heavily doped regrown n+-GaN ohmic contacts offer low RON, high
maximum drain current, high transconductance, and high linearity with
a broad transconductance curve [20]. Highly doped source/drain can
drastically enhance the performance of the device by increasing
electron concentration in the source region [21]. Regrown n+ -GaN
ohmic contacts have also proved to decrease parasitic access
resistances [22]. In order to obtain a high cutoff frequency, aggressive
dimensional scaling (Lg and Lsd) is required, maintaining high
breakdown voltage.

Lateral scaling using self-aligned gate (SAG) technology can be
explored to reduce parasitic capacitance in highly scaled devices [23].
When gate length is reduced to a sub-50 nm range and becomes smaller
than the source to drain distance (Lds), cutoff frequency and maximum
frequency of oscillation of HEMT are restricted by an extrinsic delay
related to depletion of the 2DEG channel at the drain edge of the gate.
This is referred to as drain delay and is directly related to the transit
time of electrons through the depleted region. Therefore, it can be
minimized by reducing gate to drain distance (Lgd), which can be
achieved by developing a self-aligned gate process, through which
precise dimension control along with high device yield and uniformity
can be obtained.
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The dielectric oxide Al2O3 induced gate recessed PZT ferroelectric
Al0.3Ga0.7N/AlN/GaN MOSHEMT device behavior with different oxide
thicknesses is analyzed in this work. The stack of different layers
Al2O3/Al0.3Ga0.7N/AlN/GaN is grown on a silicon (Si) substrate. Gate
recessed technique is used for achieving the normally off operation in
the MOSHEMT. Normally off devices provide better control in gate
leakage current and stability of threshold voltage (Vth). The
ferroelectric material of lead zirconate titanate Pb(Zr,Ti)O3 (PZT) is
induced between the gate and oxide layer to obtain the enhancement
type (E-Mode) operation to improve the device performance due to the
strong polarization effect. The AlN spacer layer is introduced between
the Al0.3Ga0.7N barrier and GaN Channel to increase mobility and 2-DEG
con�inement. For controlling the GaN channel layer, the AlN nucleation
layer is inserted between GaN/Si–substrate interfaces by producing
better surface morphology. Furthermore, silicon-based substrates are
used to achieve excellent thermal characteristics. Due to the
polarization effect, a two-dimensional electron gas (2-DEG) is created
at the Al0.3Ga0.7N/GaN interface. The analog performance parameters
like drain current (Id), output characteristics (Id − Vd),
transconductance (gm), cutoff frequency (fT), and gate-to-source
capacitance (Cgs) except maximum frequency of oscillation (Fmax) show
an improvement for 3 nm oxide layer thickness of Al2O3. The results of
the proposed device Al0.3Ga0.7N/AlN/GaN PZT GR-MOSHEMT shows an
impact on high power and RF-based devices. All the simulations are
done by the commercial Silvaco Atlas Technology Computer-Aided
Design (TCAD) tool.

Keywords /AlN/GaN – Al2O3 – 2-DEG – PZT – GR-
MOSHEMT – E-Mode – TCAD

1	 Introduction
Recently, gallium nitride-based devices are favorable ones over the
GaAs and Si-based devices due to their superior material properties



such as large bandgap [1], high breakdown �ield [2], and high
breakdown voltage [3]. AlGaN/GaN-based HEMT devices show better
trade-off ON-Resistance (RON) and high breakdown voltage enabling the
work device at higher frequencies. But GaN-based HEMTs provide
negative threshold voltage due to work in normally on mode. For
converting the normally on to normally off operation [4], a stack of
metal oxide is needed with some modi�ication in the gate electrode.
MOS-HEMT-based devices show switch-off current at zero bias gate
voltage [5]. Gate recessed-MOSHEMT (GR-MOSHEMT) provides low
leakage gate current [6, 7], higher breakdown voltage [8, 9], and
positive threshold voltage[10] as compared to HEMT-based devices,
which show more impact in the system-based high-frequency
applications [11]. Ferroelectric materials have been used as oxide gate
dielectrics to perform E-mode [12] operations due to the impact of
polarization to achieve two-dimensional electron gas (2-DEG) and
generate the positive cutoff voltage. Different types of insulators are
used for AlGaN/GaN MOSHEMTs such as Al2O3 [13], SiO2 [14], SiNx
[15], HfO2 [16], etc. The major drawback of MOSHEMT-based devices is
that they provide low transconductance compared to HEMT-based
devices due to an increase in the AlGaN barrier layer thickness [17, 18],
which limits the high RF performance [19]. The improvement in the
gate transconductance [20, 21] is done by using a recessed gate
methodology with a thin oxide layer. To operate the device in DC and
high-frequency microwave application [22], AlN spacer layer is inserted
between the barrier and the channel layer. The spacer layer increases
the charge concentration and mobility near the interface, which is
helpful in generating 2-DEG. The AlN nucleation layer was introduced
to reduce the tensile stress and the lattice mismatch [23] between GaN
and silicon substrate. Also, it provides better surface properties [24] for
the deposition of nitride-based material on AlN. Silicon substrate
provides better thermal properties to the proposed device structure.

To overcome the issues related to low transconductance, gate
leakage, and negative threshold voltage, this work makes the following
contributions:

The proposed device structure suggests a ferroelectric dielectric
oxide layer insertion between the gate and the Al2O3 oxide layer to



improve the 2-DEG.
The AlN spacer layer inclusion helps to improve the AlGaN layer
quality as well as remove the strain.
This work searches Al2O3 oxide layer optimal thickness at which the
proposed device shows better drain current, gate transconductance,
and cutoff frequency. Investigation �indings show that oxide layer
thickness is an essential parameter for the realization of the device in
DC and high-power applications.

In this work, we demonstrated the performance of the dielectric
Al2O3 oxide layer by varying the thickness for ferroelectric
Al0.3Ga0.7N/AlN/GaN GR-MOSHEMT to investigate the different �igures
of merit. Section 2 represents the behavior of the ferroelectric
Al0.3Ga0.7N/AlN/GaN PZT GR-MOSHEMT device structure with device
material properties. The simulated results are generated with the help
of Silvaco atlas TCAD in Sect. 3. At last, the conclusion is drawn in
Sect. 4.

2	 Device	Model	Description	and	Material
Properties
2.1	 Device	Structure
The proposed device structure for /AlN/GaN gate recessed
E-mode MOSHEMT is shown in Fig. 1. A stack of epitaxial layers
consists of a GaN cap layer, Al0.3Ga0.7N barrier layer, AlN spacer layer,
GaN channel layer, AlN nucleation layer, and silicon as a substrate layer
from top to down approach with a thickness of 2 nm, 20 nm, 1 nm,
1.47 µm, 30 nm, and 20 nm, respectively. The AlGaN barrier layer is
doped with a charge concentration of 1e17 cm−3 to increase the charge
carriers at the Al0.3Ga0.7N/GaN interface to make 2-DEG rich in terms of
electron concentration. The AlN spacer layer is used to increase
electron mobility and make 2-DEG more con�ined. The nucleation layer
is used between GaN and substrate to reduce lattice mismatch and
provide smooth surface morphology to the device. The ferroelectric
PZT with 3 nm layer thickness is used in this simulation. The dielectric



oxide layer of Al2O3 thicknesses varies from 2 to 4 nm by keeping all
device parameters constant. In this device, gate length, gate-to-source
distance, and gate-to-drain distance are considered as 2.5 µm each. The
work function (ϕ) for gate, source, and drain contacts are 5.1, 3.9, and
3.9 eV, respectively. In this work, Different analog performance
parameters like drain current (Id), gate transconductance (gm), cutoff
frequency (fT), gate-to-source capacitance (Cgs), and a maximum
frequency of oscillations (Fmax) are analyzed by varying the oxide
thickness (2–4 nm) in the dielectric Al2O3 layer.

Fig.	1 Cross-sectional layout of the /AlN/GaN gate recessed E-mode MOSHEMT

2.2	 Material	Properties	and	Equations



Two-dimensional simulations are performed using commercial Silvaco
atlas TCAD software [25]; the material properties of 
/AlN/GaN and silicon are listed in Table 1 and are used for simulation
purposes.

Table	1 Material Properties of proposed /AlN/GaN E-mode gate recessed PZT
structure [23, 26, 27]

Material	properties Unit AlGaN GaN AlN Silicon

Electron mobility cm2/V s 985.5 1350 1280 1350

Bandgap ( ) eV 3.87 3.42 6.2 1.12

Density of states ( ) cm−3 2.07 × 1018 1.07 × 1018 2.07 × 1018 3.2 × 1019

Density of states ( ) cm−3 1.16 × 1019 1.16 × 1019 1.16 × 1019 1.8 × 1019

Permittivity  9.55 9.5 8.5 11.8

The energy bandgap, electron af�inity, permittivity, and state mass
density of hole and electrons of AlGaN nitride-based ternary compound
semiconductors are depended on the aluminum mole fraction in the
material. Different equations are used for �inding the speci�ic parameter
value according to their mole fractions are given below.

Now, Vegard’s law is used for �inding the energy bandgap of the
ternary compound semiconductor as follows:

(1)

where b is the bowing parameter and the value of b is 1.3 [23]
Electron af�inity and permittivity of  material are

computed as

(2)

(3)



The electron and hole mass density of  ternary
compound material can be calculated by linear interpolations [28]:

(4)

(5)

where me and mh are the electron and hole mass density of 

material and x is the mole fraction of .
For achieving the maximum gain in the high linearity, devices

transconductance should be high. Generally, AlGaN HEMT and
MOSHEMT-based devices generate bell-shaped transconductance due
to thermal effects and nonlinearity effects of source and drain
resistances. The gate-to-source/drain capacitances are a function of
gate charge variation concerning gate-to-source and drain-to-source
voltages. The amount of net charge to apply voltage to gate bias is
denoted by gate charge. The following equations can calculate
transconductance, gate-to-source, and gate-to-drain capacitances [29]:

(6)

(7)

(8)

where gm, Cgs, and Cgd are denoted gate transconductance, gate-to-
source capacitance, and gate-to-drain capacitance, respectively.

Generally, AlGaN/GaN-based MOSHEMT characterized its dynamics
for high-frequency-related devices in two crucial parameters––cutoff
frequency (fT) and the maximum frequency of oscillations (Fmax). These
parameters are depended on the gate and output transconductance as



well as gate-to-source/drain capacitances. Expression for cutoff
frequency and frequency of oscillations is given as [27, 30]

(9)

where Cgg is the summation of gate-to-source and gate-to-drain
capacitances.

(10)

(11)

The ferroelectric model should be used in the simulation for setting
the ferro material parameters. The permittivity for the ferroelectric
material is given by the following Eqs. (12)–(13) [31]:

(12)

where E is the electric �ield,  is the coercive �ield,  is the

spontaneous polarization,  is the Remnant polarization, and 

 is the permittivity of the ferroelectric material.

(13)

Ferroelectric material parameters like , , ,

and  can be speci�ied in an atlas during simulation. The
polarization effect is generated at the boundary of the ferroelectric



material and /GaN interface. Ferroelectric polarization
related to dielectric constant and electric �ield is given by Eq. (14) [32]:

(14)

where

: Linear dielectric constant of the semiconductor

: Linear dielectric constant of ferroelectric material

 and : Electric �ield in semiconductor and ferroelectric material
layer

: Total Polarization of the device

: Polarization of the ferroelectric material.

3	 Simulation	Results	and	Discussions
The ferroelectric /AlN/GaN PZT GR-MOSHEMT is
simulated in TCAD by variation in Al2O3 oxide layer thickness from 2 to
4 nm with a step size of 1 nm. The electrical behavior of the proposed
E-mode GR-MOSHEMT device with its energy bandgap at different
oxide layer thicknesses is demonstrated in Fig. 2. The energy band
diagram shows that the energy bandgap level shifts upward due to
reducing the oxide layer thickness. Al0.3Ga0.7N, AlN, and GaN conduction
and valence band energies are constant but show a positional shift for
distance due to increment in the oxide layer thickness.



Fig.	2 Variation of energy bandgap (Eg) of PZT GR-MOSHEMT for Al2O3 oxide layer thickness
tox = 2, 3, and 4 nm

The transfer characteristics of the proposed device are shown in
Fig. 3. It is observed that the device shows a positive threshold voltage
for gate-recessed MOSHEMT, and the maximum current is achieved for
the oxide layer thickness of 2 nm. Generally, threshold voltage decrease
may be due to the Al2O3 oxide layer having a positive charge and
increased �ilm stress in the device. When the gate to AlGaN barrier layer
distance is increased, the current decreases due to less charge carrier’s
concentration at the interface. Charge carrier concentration is
maximum at the interface. The proposed device shows a maximum
drain current of 1.17 A/mm at 2 nm, higher than 19.4% and 21.5% of
the oxide layer thickness of 3 and 4 nm, respectively.



Fig.	3 Transfer characteristics of PZT GR-MOSHEMT for Al2O3 oxide layer thickness tox = 2 nm,
3 nm, and 4 nm

Figure 4 shows the output characteristics of the PZT ferro
Al0.3Ga0.7N/AlN/GaN gate-recessed MOSHEMT for different oxide
thicknesses. The higher drain voltage range for the gate-recessed
MOSHEMT devices shows superior results in terms of drain current.
The proposed device exhibited excellent drain current and pinch-off
characteristics for the oxide layer thickness of 2 nm. This device
achieves a maximum drain current of 0.22 A/mm at Vgs = 2 V.

Fig.	4 Variation of output characteristics of PZT GR-MOSHEMT for Al2O3 oxide layer thickness
tox = 2 nm, 3 nm, and 4 nm



Figure 5 illustrates the transconductance behavior of the proposed
device with different oxide layer thicknesses. Transconductance
increases with a decrease in oxide layer thickness. The high peak of
gate transconductance for GR-MOSHEMT was 190 mS/mm, which is
higher than 3 and 4 nm oxide layer thicknesses. As the distance
between the gate and the Al0.3Ga0.7N barrier increases due to changes
in oxide layer thicknesses, as much gate controlling ability decreases.
The threshold voltage, drain current, and gate transconductance
strongly impacts the device due to the insertion of the Al2O3 dielectric
oxide layer.

Fig.	5 Variation of gate transconductance (gm) of PZT GR-MOSHEMT for Al2O3 oxide layer
thickness tox = 2 nm, 3 nm, and 4 nm

Free charge carriers are the critical point for �inding the intrinsic as
well extrinsic capacitances. Gate-to-source/drain capacitances value
depends on the number of charge carriers stored at the source/drain.
Generally, gate-to-source capacitances show higher capacitances due to
the accumulation of charge carriers near the source end. Gate-to-source
capacitance–voltage (CV) measurement was carried out in Fig. 6 to
investigate the interface quality and effective capacitance of the PZT
ferro GR-MOSHEMT device. The effective gate-to-source capacitance



employed a series connection of the Al0.3Ga0.7N barrier layer and Al2O3
oxide layer. Capacitance increases with a decrease in the oxide layer.
The proposed device shows a higher capacitance of 28 pF at the 2 nm
oxide layer, approximately 14.47% higher on the 3 nm oxide layer.

Fig.	6 Variation of gate-to-source capacitance (Cgs) of PZT GR-MOSHEMT for Al2O3 oxide layer
thickness tox = 2 nm, 3 nm, and 4 nm

The cutoff frequency concerning the gate voltage for PZT ferro GR-
MOSHEMT with different oxide layer thicknesses is shown in Fig. 7. The
cutoff frequency (fT) is proportional to the transconductance. As
transconductance increases, the cutoff frequency also increases. Cutoff
frequency rises abruptly with the rise in gate voltage but attaining
maximum peak decreases due to inversion. The unit gain cutoff
frequency shows slightly better improvement when the oxide layer
thickness is decreased. The graph shows that the maximum peak of
cutoff frequency is obtained at approximately 142 GHz for 2 nm oxide
thickness.



Fig.	7 Variation of cutoff frequency (fT) of PZT GR-MOSHEMT for Al2O3 oxide layer thickness
tox = 2 nm, 3 nm, and 4 nm

Below the threshold region, there are a fewer number of electrons
in the channel. As gate bias voltage is increased, electrons accumulate
in the GaN channel, therefore, intrinsic capacitances show a sharp
increment. After the threshold region, capacitance shows saturation
with increasing voltage. In this region, more charge carriers are
accumulated toward the drain end and increase the drain capacitances.
Gate-to-source/drain capacitances and transconductance are the
factors that limit the frequency of oscillations. Figure 8 shows the
maximum frequency of oscillation behavior to applied gate bias voltage
at different oxide layer thicknesses. The variation in the plot depends
on the cutoff frequency and the gate-to-source/drain capacitances. For
oxide layer thickness of 3 nm, the maximum frequency is achieved by
18.39 GHz, which shows a slightly better peak than the 2 nm.



Fig.	8 Variation of maximum frequency of oscillation (Fmax) of PZT GR-MOSHEMT for Al2O3
oxide layer thickness tox = 2 nm, 3 nm, and 4 nm

The comparative analysis of Al0.3Ga0.7N/AlN/GaN E-mode gate
recessed PZT MOSHEMT of different Al2O3 oxide thicknesses is shown
in Table 2. The table quickly shows that different parameters like drain
current, transconductance, the gate-to-source voltage, and cutoff
frequency show better results for the 2 nm thickness of the oxide layer
as compared to 3 and 4 nm.

Table	2 /AlN/GaN E-mode PZT GR-MOSHEMT simulation results for different
Al2O3 oxide layer thicknesses

S.	No. Parameters Unit tox = 2	nm tox = 3	nm tox = 4	nm

1 Threshold voltage V 1.08 1.19 1.03

2 Drain current A/mm 1.172 0.981 0.964

3 Transconductance S/mm 0.190 0.158 0.152

4 Gate-to-source capacitance pF 28.03 24.46 22.28

5 Cutoff frequency GHz 141.9 136.5 135.4

6 Max. frequency of oscillations GHz 17.89 18.39 15.61



4	 Conclusion
This article proposes a ferroelectric PZT /AlN/GaN GR-
MOSHEMT structure with the variation in the Al2O3 oxide layer. The
variation in oxide layer thickness with ferroelectric material insertion
just below the gate electrode shows an improvement in the transfer and
output characteristics of the device. GR-MOSHEMT achieved the
maximum cutoff frequency of 141.9 GHz at 2 nm oxide layer thickness
due to the tradeoff relationship between gate transconductance and
gate capacitance. The maximum frequency of oscillation shows upward
and downward variation for oxide layer thickness. The �indings of
different parameters like Id, gm, fT, and Cgs conclude that the device PZT
ferro /AlN/GaN GR-MOSHEMT shows overall better
responses for the Al2O3 oxide layer thickness of 2 nm as compared to
3 nm and 4 nm. The proposed device shows better optimal results in
terms of cutoff frequency for high-frequency-related applications.
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Abstract
ZnO material exhibits superior properties required for several
electronic applications. It has been noticed that the different
temperature-based models of conventional AlGaN/GaN HEMTs have
been widely studied; however, physics-based analytical models
including the effect of temperature for MgZnO/ZnO HEMT are not
suf�iciently explored much as of now in the literature. Accordingly, in
this brief, the different transport properties and Fermi energy levels of
AlGaN/GaN and MgZnO/ZnO HEMT are studied with respect to
different temperatures. Further, we have also comparatively reviewed
the important transport properties including 2DEG density, internal
electric �ield, and optical gain of AlGaN/GaN and MgZnO/ZnO quantum
well structures having identical dimensions.

Keywords Temperature – 2DEG density – Fermi energy level – HEMT –
Quantum well

1	 Introduction
The study of the 2-DEG region at the heterojunction conferred the
researchers with a new idea to fabricate heterostructure-based �ield-
effect transistor [1–5]. Morkoc et al. [6] revealed that the modulation
doping technique adopted in HFET reduces the ionized donor
scattering. Anderson et al. [7] reported the presence of an inversion or
accumulation layer of charge carriers (electrons) at the heterointerface
of certain materials caused due to the electrons originating from the
dopant impurities in wider bandgap material. These electrons turn out
to accumulate in the lower bandgap region from the material of the
wider bandgap and form 2 DEG at the heterointerface [8, 9]. Mimura et
al. [1] reported the fabrication of GaAs/n-AlGaAs HEMT for the �irst
time, with improved electrical performance. T. Mimura revealed the
high-speed performance of the GaAs/n-AlGaAs HEMT to be three times
superior to that of the MESFET at the temperature of 77 Hiyamizu et al.
[10] reported enhanced mobility of the 2DEG at low temperatures in
MBE-grown GaAs/n-AlGaAs heterojunction, and Witkowski et al. [11]
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reported high electron mobilities in AlGaAs–GaAs modulation-doped
heterojunction. Wang et al. [12] reported the growth of GaAs–AlGaAs
modulation-doped multilayer structures using MBE with very high
electron mobilities at 77 K. Delagebeaudeuf et al. [13] revealed that
heterojunction 2-DEG Metal–Semiconductor Field-Effect Transistor
(MESFET) is a promising candidate as low noise Field-Effect Transistor
(FET). Drummond et al. [14] proposed a model describing electrical
characteristics of modulation-doped FET. Lee et al. [15] developed a
model describing current–voltage characteristics of HEMT. Weiler et al.
[16] developed a model for DC I–V characteristics of the AlGaAs/GaAs
HEMT. Sadwick et al. [17] presented a model for electrical
characteristics of AlGaAs/GaAs HEMT using the quantum mechanical
triangular potential well model. Majewski et al. [18] introduced a novel
analytical model for MODFET to predict its electrical performance.
Salmer et al. [19] discussed the properties of 2DEG. Shey et al. [20, 21]
developed an analytical model for AlGaAs/GaAs HEMT.

ZnO is one of the ideal semiconductors having many attractive
properties that would make it suitable for fabricating electronic and
optoelectronic devices [22]. ZnO inherits n-type conductivity and
transparent nature in its pure form [23–25]. Over the previous decades,
worldwide researchers explored the possibility of ZnO as a supplement
or other option to GaN for optoelectronics [26–30]. Thus, attempts have
been concentrated on exploring the semiconductor properties of ZnO.
Further, emphasis has been on obtaining p-type conductivity by
controlling unintentional n-type conductivity in ZnO [31, 32].
Regardless of several attempts, stable p-nature in ZnO is still a
challenge. Undoped ZnO shows n-type conductivity due to
unintentional hydrogen incorporation and native point defects [33–37].
In nature, ZnO can exist in three types of crystal structure: wurtzite,
zinc-blend, and cubic rock salt [38, 39]. The stable zinc blend phase
exists only when ZnO is grown over the cubic substrate [40]. The huge
difference in the electronegativity values of Zn2+ (1.65) and O2− ion
(3.44) results in stronger ionic bonding between Zn and O [41].

The work in this chapter is presented in �ive sections. The �irst
section represents the introduction. The second section presents the
review of electrical characterization of ZnO. The third section explains
the effect of temperature on 2DEG density and the Fermi energy level of



AlGaN/GaN and MgZnO/ZnO HEMT. The study of optical gain and
internal electric �ield in AlGaN/GaN and MgZnO/ZnO quantum well
structures is given in the fourth section. Finally, the �ifth section
presents the conclusions highlighting the scope of the present work.

2	 Electrical	Characterization	of	ZnO
Figure 1 illustrates the wurtzite crystal lattice structure of ZnO.
Figure 2 shows the band diagram of Schottky contact for n and p-type
semiconductors. The Fermi-level energy band diagram before contact
and after contact between the heterojunction has been shown in Fig. 3.
Lee et al. [42] performed a study on the electrical characteristics of
MgZnO/ZnO. Figure 4 represents the transmission electron microscope
(TEM) image of MgZnO/ZnO. Figure 5 represents the band structure of
hexagonal ZnO.



Fig.	1 Wurtzite crystal structure of ZnO (Zn––yellow spheres, O atoms––gray spheres); Ref. [24]





Fig.	2 Schottky contact a n-type semiconductor and isolated metal, b metal/n-type
semiconductor junction at equilibrium, c p-type semiconductor and isolated metal, d metal/p-type
semiconductor junction at equilibrium; Ref. [43]



Fig.	3 Band diagram of the heterojunction a before contact, b after contact at equilibrium; Ref.
[31]



Fig.	4 a TEM image, b SAED pattern, c high-angle annular dark �ield TEM image and EDX-line
scan, d EDX-spot spectrum of MgZnO/ZnO (12 nm); Ref. [42]



Fig.	5 Band structure of hexagonal ZnO; Ref. [44]

3	 Effect	of	Temperature	on	2DEG	Density	(ns)
and	Fermi	Energy	Level	(EF)	of	AlGaN/GaN	and
MgZnO/ZnO	HEMT
(a)

Effect	of	Temperature	on	2DEG	Density	for	AlGaN/GaN	HEMT 
Khan et al. [45] performed the analysis of the GaN/AlGaN
heterostructure-based system and attributed the increased electron
mobility in the 2DEG region. Shur et al. [46] calculated electron
mobility for GaAs and GaN with respect to different values of
temperature, as represented in Fig. 6.



Fig.	6 Electron mobility with respect to Temperature (K) with and without accounting for
impurity scattering [46]. a GaAs. b GaN

Khan et al. [47] fabricated AlGaN HFET and calculated its different
performance parameters. Khan et al. [48] reported the DC
characteristics and microwave performance of AlGaN/GaN HFET in the
temperature range from 25 to 300 °C. Redwing et al. [49] fabricated
high-quality Al0.15Ga0.85 N/GaN heterostructures on 6H-SiC and
Sapphire substrates by metal–organic vapor phase epitaxy (MOVPE).
Redwing et al. [49] con�irmed the presence of 2DEG. Binari et al. [50]
described the fabrication of 1 μm gate length AlGaN/GaN HEMT grown
on SiC substrate and calculated transconductance, gate breakdown
voltage, and pinch-off voltage [46]. Tan et al. [51] and Daumiller et al.
[52] demonstrated in Fig. 7 that the 2DEG density remains relatively
unchanged from 25 to 250 °C. Smorchkova et al. [53] revealed that
2DEG density is almost constant at low temperatures, however, it
increases with an increase in temperature (i.e., at high temperature).
Arulkumaran et al. [54] revealed that the 2DEG mobility and electron
velocity decreases with increase in temperature. It is also revealed
using Fig. 8 that 2DEG density increases with temperature (i.e., at high
temperature).



Fig.	7 Effect of temperature on 2DEG density; Ref. [52]

Fig.	8 Effect of temperature on 2DEG density; Ref. [54]

Maeda et al. [55] calculated the electron occupation ratio with
respect to temperature, followed by the Fermi distribution function to
account for the effect of temperature as represented in Fig. 9.



Fig.	9 a Potential and electron density with respect to position, b occupation ratio with respect
to temperature; Ref. [55]



(b)
Effect	of	Temperature	on	Fermi	Energy	Level	for	AlGaN/GaN
HEMT

 
Shur et al. [46] calculated the 2DEG density at the AlGaN/GaN
heterointerface. Wu et al. [56] proposed the use of a high Al-content in
the AlGaN/GaN MODFET structure for better device performance.
Zhang et al. [57] developed a charge control model and a mobility
model for AlGaN/GaN HEMT. Agrawal et al. [58] developed a model of
AlGaN/GaN MODFET and reported the superiority of GaN-based
devices over AlGaAs devices. Wu et al. [59] reported better electrical
performance of GaN HEMTs over GaAs, similar to [60]. In addition to it,
AlGaN/GaN HFET does not require modulation doping which is
mandatory in AlGaAs/GaAs HFET to create 2DEG at the heterointerface
[61]. Wu et al. [62] calculated the effect of temperature on EF for
AlGaN/GaN HEMT and revealed its magnitude as 0.092 eV and 0.052 eV
at 300 K and 500 K, respectively, at a 2DEG concentration of 1.8 × 
1012 cm−2. Accordingly, EF reduces with an increase in temperature for
AlGaN/GaN HFET. Figure 10 represents the calculation of EF as a
function of ns for different temperatures, as revealed by Wu et al. [62].



Fig.	10 EF as a function of ns for different temperatures, Ref. [62]

(c)
Effect	of	Temperature	on	2DEG	Density	for	MgZnO/ZnO	HEMT 

The II–VI group oxide semiconductor ZnO possesses several merits
over GaN including higher exciton binding energy (60 meV for ZnO and
21–25 meV for GaN) and a wide energy bandgap (3.37 eV for ZnO and
3.36 eV for ZnO) [63]. Edahiro et al. [64] revealed the formation of
2DEG at the heterointerface of zinc–magnesium oxide (ZnMnO) and
zinc–oxide (ZnO). Koike et al. [65] revealed the formation of 2DEG
density in ZnO/Zn0.6Mg0.4. Koike et al. [66] performed the
characterization of a Zn0.7Mg0.3O/ZnO HFET and examined the I–V
characteristics. Tampo et al. [67] revealed the formation of 2DEG
density at the heterointerface of Zn polar MgZnO/ZnO. Nause et al. [63]
analyzed the electrical performance of MgZnO/ZnO HEMT. Tampo et al.
[68] revealed the importance of determining and controlling the Mg
composition in ZnMgO.

Tampo et al. [70] investigated the electrical properties of 2DEG for
ZnMgO/ZnO heterostructure and revealed that the origin of 2DEG is the
surface of the ZnMgO layer. Brandt et al. [71] compared the properties
of ZnO/MgZnO heterostructures. Brandt revealed the formation of
2DEG in these heterostructures by temperature-dependent Hall effect
measurements. Chin et al. [72] computed the 2DEG density with
respect to different thicknesses of MgZnO. Tampo et al. [69] revealed in
Fig. 11 that ns remains almost constant for different values of
temperature. Similarly, Chin et al. [72] reported almost constant sheet
carrier concentration with respect to temperature using Fig. 12.



Fig.	11 Temperature-dependent Hall measurement for ZnMgO/ZnO heterostructure, Ref. [69]

Fig.	12 Hall mobility and ns of MgZnO/ZnO heterostructure; Ref. [72]

(d)
Effect	of	Temperature	on	Fermi	Energy	Level	for	MgZnO/ZnO
HEMT

 



Ye et al. [69] analyzed the performance of ZnMgO/ZnO interface. Sasa et
al. [73] reported the microwave performance of ZnO/ZnMgO HFET
having a 15-nm-thick ZnO channel layer and 1–2 μm gate length. He et
al. [74] analyzed the effect of temperature on Fermi energy level (EF)
for MgZnO/ZnO heterostructure using Fig. 13. He et al. [74] revealed
that at a certain bias, EF diminishes with the increase of the
temperature.

Fig.	13 Contour map of the EF with respect to the bias voltage and temperature, Ref. [74]

4	 Optical	Gain	and	Internal	Electric	Field	in
AlGaN/GaN	and	MgZnO/ZnO	Quantum	Well
Jang et al. [75] performed Ab-initio calculations to predict different
properties of wurtzite–MgO and wurtzite–MgZnO alloy; and predicted
that the Vegard’s law is not followed in MgxZn1-xO alloy to determine
elastic stiffness constant C33. S.-H. Jang calculated the ground-state
properties for both wurtzite–ZnO and Wurtzite–MgO pseudopotential-
plane wave method. Park et al. [76] calculated optical gain for
MgZnO/ZnO and AlGaN/GaN and revealed that MgZnO/ZnO quantum
well has a larger optical gain than the identical AlGaN/GaN, as evident
from Fig. 14. Park et al. [76] revealed that the optical gain of



MgZnO/ZnO is larger due to negligible internal �ield in these quantum
well structures, as evident from Fig. 15.

Fig.	14 a Optical gain, b optical matrix elements; Ref. [76]



Fig.	15 a Energy shift due to internal �ield, b exciton energy; Ref. [76]

5	 Conclusion
It is worth noting that for AlGaN/GaN HEMT 2DEG mobility and
electron velocity decrease with an increase in temperature. The 2DEG
density remains relatively unchanged at low temperatures; however, at
high temperatures, it increases with an increase in temperature. On the
other hand, the 2DEG density is found almost constant with respect to
temperature for MgZnO/ZnO HEMT. It has also been noticed that the
Fermi energy level reduces with an increase in temperature for
AlGaN/GaN HEMT. Similarly, the Fermi energy level diminishes with the
increase of the temperature in MgZnO/ZnO HEMT. Further, the optical
gain of MgZnO/ZnO is noticed to be larger than AlGaN/GaN due to the
larger internal electric �ield in AlGaN/GaN.
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Abstract
An analytical modeling of electric �ield and breakdown voltage
characteristics of AlInN/GaN HEMT with �ield plate at drain and gate
regions is presented. In the model development, GaN buffer and Si
substrate regions are treated as depletion regions. The developed model
gives a deep physical understanding of the electric �ield and breakdown
voltage characteristics of AlInN/GaN HEMT devices. The avalanche
breakdown of a device appears in the vertical interface or edges of
lateral �ield-plate structures. The relationship between vertical and
lateral breakdown with respect to analytical modeling is presented. The
breakdown characteristics are analyzed with device parameters
including the thickness of regions, the length of �ield plate, and the
distance between gate and drain. These analytical model characteristics
are veri�ied by matching with numerical simulations and are found in
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good agreement. The developed model can be used as an effective
direction for the optimization of the device to accomplish better
performance.

Keywords GaN – HEMT – Field plate – Electric �ield – Breakdown
voltage

1	 Introduction
III–V wide bandgap GaN material is achieving consideration for its
routine in high-power and high-frequency applications owing to its
greater material properties [1–3]. The two-dimensional electron gas
(2DEG) is created at the interface of AlInN and GaN due to the
polarization present in the materials. The high 2DEG density and
mobility give the high routine of AlInN/GaN High Electron Mobility
Transistors (HEMTs) [4]. An analytical model of these HEMT devices is
required to give physical understanding with easy approaches and
effective results. The analytical model for heterostructure with GaN was
introduced in [5], and electric-�ield dependent on drain voltage was
explored in [6]. These analytical models are utilized for the optimization
of the device.

Even though these models are related to numerical simulation curve
�itting instead of analytical Poisson's solutions. With this method,
modeling critical devices are becoming challenging, and needs
simulation results to be acquired before analytical modeling. The
analytical models are proposed by using Poisson’s expressions for
AlInN/GaN HEMTs [7–9]. The electric �ield and channel potential are
calculated by taking boundary conditions at the surface of the
passivation layer. An analytical model was proposed with partial silicon
doping in [10]. With this model, compromised analytical and simulation
results are obtained. AlInN/GaN HEMT device is suitable for high-power
application due to its high breakdown voltage capacity and it is
considered for the analysis. These models are obtained by electric �ield
and potential at the heterointerface. There are some critical challenges
in analyzing the breakdown voltage with their model limitations. An
analytical model was present by taking the potential at the surface of the
passivation layer to calculate the breakdown voltage in [11]. However,
the breakdown voltage in the vertical �ield is not incorporated. So, a two-



dimensional analytical model of AlInN/GaN with drain and gate �ield
plates is proposed by considering substrate and buffer regions as
depletion regions to analyze electric �ield and breakdown voltage
characteristics.

2	 Device	Structure
The cross-sectional schematic view of AlInN/GaN HEMT with gate and
drain �ield plates is given in Fig. 1. The AlInN barrier is recessed below
the gate region to operate the device in an enhancement mode. Si3N4
material is used as the passivation and gate dielectric layer [12]. This
Metal–Insulator–Semiconductor structure is considered to accomplish
less gate leakage current in HEMT structures [12]. It is commonly
identi�ied that the electric �ield at drain or gate edges becomes high and
it causes signi�icant avalanche breakdown in the device. To overcome
this effect, �ield plate technology is employed at the drain and gate
regions [13] and is used for this structure. The actual maximum electric
�ield at the drain and gate edges becomes less and another maximum
electric �ield appears at the drain �ield plate and gate �ield plate, leading
to a uniform electric �ield and potential distribution. The drain-�ield-
plate structure has not been generally utilized in commercial GaN
HEMTs, it leads to improved performance in high-power applications
[14] consequently worthy of further investigation.



Fig.	1 Cross-sectional schematic view of AlInN/GaN HEMT with gate and drain �ield plates

3	 Model	Development
The substrate (SiC), buffer (GaN), channel (GaN), and barrier (AlInN)
layers are depleted with the device’s off-state biased condition 

 The GaN-buffer layer is considered
as a p-type material due to the presence of the acceptor traps [15]. The
depletion region of the potential distribution can be calculated by
solving two-dimensional Poisson’s equations in nine depletion regions.
In the structure, the x-direction shows the lateral distance in relation to
gate region’s right edge and the y-direction shows the vertical distance
in relation to AlInN/GaN hetero-interface. In addition, the
heterointerface point at the right edge of the gate region is set to zero.
The depletion region contains Si-substrate, GaN-buffer, GaN-channel,
and AlGaN-barrier layers. These layers are categorized into three
sections in lateral-distance x-direction due to the presence of gate-drain
�ield plates. The limits are designated as , respectively,

with  and . The passivation layer  thickness is



represented as . The AlInN-barrier, GaN-channel, and GaN-buffer layer

thickness are represented as  respectively. The substrate

depletion region thickness is represented as . The  is derived
from a general analytical modeling method by considering Eq. (1):

(1)

where , .  is background intrinsic carrier

concentration of AlInN,  is background intrinsic carrier concentration

of GaN-channel,  and  are dielectric constants of the barrier- and
channel-layer. The GaN-buffer-layer’s charge density is considered to be

invariant in model development and assumed to be .

Parameter  is the GaN buffer-layer equivalent concentration and is
expressed as .  and  are the dielectric constant and

doping concentration of the substrate.  is the charge density of
polarization and it depends on the thickness and Al composition of the
barrier material. In the simulation analysis, current continuity, drift–
diffusion, and Poisson’s equation physical models are used. These
parameter models include the impact-ionization model for generation,
the Shockley–Read–Hall model for recombination, carrier-statistic
model, polarization- and mobility-model. The two-dimensional potential
function is represented as 

 all 9 regions with 



. Since the fact that the device current is very small and can be negligible
before occurring the breakdown. The charges are the �ixed ionized
charges which are presented in the depletion region of each layer [16].
The two-dimensional potential functions are obtained by calculating the
Poisson’s equations as

(2)

(3)

(4)

The depletion region charges are separated in two parts to make the
modeling simpler. The depletion region denoted as top and bottom
regions are speci�ied above and below AlInN/GaN heterointerface. By
applying the equivalent potential method, depletion region charges are
corresponding to the passivation layer of the surface potential and
substrate boundaries [16]. So, the top and bottom regions of the charges
are corresponding to the passivation layer of the surface potential and
substrate, represented as  respectively.

(5)

(6)



The depletion layer is equivalent to a neutral semiconductor with
respect to the mathematical equivalent potential method. So, Laplace
equations are given as

(7)

The channel and buffer layer are considered as a combined layer due
to the same GaN semiconductor material for easiness. The combined
GaN layer of the potential function represented as

(8)

and it can be expressed as Eq. (9).

(9)

The boundary conditions are applied to solve Laplace expressions in
the model development. These boundary conditions give with respect to
continuity electric �lux at passivation interface of AlInN/Si3N4 in the
vertical direction as

(10)

where . The
electric �ield in the vertical direction is evaluated to zero when 

. The electric �lux and potential at the heterointerface of
AlInN/GaN are constant in the vertical �ield and is represented as

(11)

(12)



Equation (13) can be calculated at the heterointerface by employing
an equivalent potential method.

(13)

Equation (14) can be calculated with respect to the continuity of
electric �lux at the buffer and substrate interface as

(14)

The potential-function  is simpli�ied with Taylor’s
expansion as a parabolic function and can be modeled as

(15)

Boundary conditions in the vertical direction are obtained using
Eqs. (10)–(14) and substituted in Eq. (15) to calculate the relation
between  as

(16)

Here,  is a modi�ication factor to consider the edge-effect due to
Region III and Region I being near the drain and gate electrode edges
[17].  is the device thickness is determined through
structural parameters and is stated as Eq. (17).

(17)



The partial differentiation function can be obtained by using
Eqs. (16) and (17) in Eq. (7) at the condition of y = 0 is expressed as

(18)

The potential at heterointerface of AlInN/GaN is stated as 
. Hence, the potential

distribution can be written as

(19)

The potential drop is negligible at the gate dielectric due to the
heterointerface and the gate electrode is very closely bounded. So, the
potential of Region-I at the left edge is  and potential of Region-III at

the right edge is .

(20)

The potential at heterointerface and electric �lux is constant in the
lateral direction and produces

(21)

(22)

The parameter values of  are obtained
by substituting Eq. (19) into Eqs. (20)–(22). The analytical modeling is
proposed without numerical simulation boundary conditions. So, this
model can be able to utilize in developing a breakdown voltage model of
AlInN/GaN HEMTs.



4	 Electric	Field	at	the	Heterointerface
The electric �ield at heterointerface can be obtained by the potential
distribution model, which shows a signi�icant effect on the device
physical characteristics. The avalanche breakdown is created in the
proposed device by the unnecessary peaks of the electric �ield. This
electric �ield distribution at heterointerface analysis is required to
model the breakdown voltage of the device. The electric �ield
distribution between drain and gate region is derived by Eq. (19) as
follows:

(23)

Figure 2 shows the electric-�ield distribution and potential at
heterointerface with respect to numerical simulation and analytical
model results. From the �igure, it is observed that the analytical model
results and numerical simulation results are in good agreement. In
Fig. 2a, the electric-�ield peaks are observed at the drain and gate region
for conventional AlInN/GaN structure which are represented as 

, respectively. By employing a �ield plate at drain and gate, the
electric-�ield distribution is changed and peaks are observed at the drain
and gate region which are represented as , respectively.
These peaks are created at the vale of the electric �ield by changing the 

 leading to a uniform distribution. The  are

increased to some extent and there is an important increase in 

with the increase in . It is apparent that the increase in voltage is
nearly sustained at the drain region of the �ield-plate edge. It is due to
the potential at the heterointerface with the lateral electric-�ield
integral. So, the breakdown in the lateral structure would occur most
probably at the drain-�ield-plate edge. A signi�icant potential increment
is observed at the drain and gate edges of conventional structure from



Fig. 2b due to the large  as illustrated in Fig. 2a. Another side,
the potential is almost constant at the valley of electric �ield in the
conventional structure, which shows that the area can barely accept the
voltage applied. The electric �ield of AlInN/GaN HEMT with �ield plate is
increased at the valley, which leads to a constant potential distribution.

Fig.	2 Simulation (symbol) and model (line) results of a the electric �ield and b the potential at
heterointerface with different drain voltages

The electric-�ield distribution with different thicknesses of the
passivation layer of AlInN/GaN HEMT is shown in Fig. 3a.

Fig.	3 Simulation (symbol) and model (line) results of a the electric �ield and b the potential at
heterointerface with different passivation layer thicknesses



It is observed that the  slightly decreases and 

 signi�icantly increase when the thickness of passivation
layer decreases. This is due to decreasing the space with a thin
passivation layer between heterointerface and �ield plates of the drain
and gate. So, the �ield-plate technique gives a signi�icant effect on
electric-�iled distribution. The potential distribution with different
thicknesses of the passivation layer of AlInN/GaN HEMT is shown in
Fig. 3b. It is observed that the analytical model results are well-matched
with the numerical-simulation results. The potential distribution and
electric �ield with drain and gate �ield plate are shown in Fig. 4. The
positions of the  varies with different drain and gate �ield
plates is shown in Fig. 4a. The applied voltage considered at the drain
and gate �ield plates are shown in Fig. 4b. It is observed that the �ield
plates need to be enhanced to achieve better performance.

Fig.	4 Simulation (symbol) and model (line) results of a the electric-�ield and b the potential at
heterointerface with different lengths of drain and gate �ield plates

5	 Breakdown	Voltage



The breakdown voltage occurring at two possible points are  and 

 in lateral HEMT structure with drain and gate �ield plates,
respectively. In model development, the breakdown voltage is well
de�ined through the electric �ield approaching the critical electric �ield
[18]. The lateral breakdown voltage model is obtained with 

 by substituting Eq. (23):

(24)

The  and  are the breakdown voltages occurring at
drain and gate �ield plate edges correspondingly and later breakdown
voltage  is the least point between them.

(25)

The breakdown voltage ensues in the vertical structure of the
interface of GaN/Si at the silicon side before the GaN buffer electric �ield
reaches. This is due to continuity in electric �lux at the interface of GaN
and Si. So, this interface below the drain region is one probable location
of breakdown voltage and it is modeled as

(26)

Another probable breakdown voltage location is at AlInN/GaN
heterointerface due to the maximum electric �ield present at the
interface and it is modeled as

(27)



The breakdown voltage in the vertical direction is calculated with 
 and , and is given as

(28)

The  and  are considered as  and 

respectively [19]. The breakdown voltage with �ield plates is restricted
by the minimum breakdown voltage between  and  and is
represented as

(29)

The breakdown voltage increases with  increases and becomes
saturated at a speci�ic distance of drain-to-gate as shown in Fig. 5a and
these results are in good settlement with available experimental results
[20]. In Fig. 5a, the vertical device’s breakdown occurs at 475 V and
640 V for the  thickness of GaN buffer layer,
respectively, and shows that the breakdown voltage is high with thick
GaN buffer layer. But, as the thickness of the buffer layer increases
further the breakdown appears in the lateral structure instead of
vertical structure. The  is suf�iciently long due to the increase in 

 which leads to an increase in breakdown voltage. The breakdown

voltage with  of GaN buffer layer saturates at 

, respectively, and is shown in Fig. 5a. The �igure-of-



merit (FoM) is obtained by  with a breakdown voltage

analytical model and is shown in Fig. 5b.

Fig.	5 Simulation (symbol) and model (line) results of a breakdown voltage and b �igure-of-merit
(FOM) with different distances of drain and gate

The maximum peaks are observed at 
 and  with change in buffer

thickness. The numerical and analytical simulation results are in good
agreement. The peaks in FoM increase with a thick buffer layer. Also, the
breakdown voltage saturates with an increase in . So, optimized

buffer thickness and  need to be chosen when the peaks in FoM
occur.

Figure 6 indicates the breakdown voltage of the device with different
�ield-plate parameters. In Fig. 6a, the breakdown creates in a vertical
structure with a thin buffer layer and it is constant with changes in 

. The breakdown voltage drops a little with  increases due to the
breakdown that arises at the gate �ield-plate edge while the device is
operated in full depletion condition. In Fig. 6b, the breakdown voltage



increases signi�icantly with  increases when the thickness of the
buffer layer increases.

Fig.	6 Simulation (symbol) and model (line) results of breakdown voltage at a drain �ield plate of
0 µm and b gate �ield plate of 0 µm

This shows that the drain �ield plate is a more possible place for the
breakdown to occur in lateral structure when the device is in a full-
depletion region. The  is moderated and electric-�ield distribution is
uniform with drain �ield plate leading to large breakdown voltage and it
reduces signi�icantly with  increases further. From this, the high
breakdown voltage is achieved by optimizing the drain �ield plate with
respect to GaN-buffer thickness.

6	 Conclusion
An analytical model for the electric �ield, potential distribution, and
breakdown voltage of AlInN/GaN HEMT with drain and gate �ield plates
is presented. The analytical model is developed with the Laplace
equation solution. For the justi�ication, the analytical model results are
compared with numerical simulation results and available experimental
results, and are found to be in good agreement. A more accurate
analytical model is developed by considering GaN buffer-layer and Si-



substrate material. The breakdown voltage analytical model gives a
more physical understanding of the breakdown characteristics of the
device, which are calculated by the simultaneous vertical and lateral
breakdown. The breakdown voltage occurs in the vertical device when
the GaN-buffer layer is suf�iciently thin. Also, the breakdown voltage is
constant when the gate-to-drain distance is increasing. So, achieving a
large breakdown voltage is critical with a thin buffer layer. This vertical
breakdown is dif�icult to occur with a thick buffer layer and
consequences in lateral breakdown occur. To accomplish good
performance, an optimized buffer thickness, �ield-plate thickness, and
gate-to-drain distance are used.
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Abstract
β-Ga2O3 HEMT with 10 nm AlN as a barrier layer is designed in this
paper. The dielectric layer of Si3N4 and HfO2 is introduced beneath the
gate as a passivation layer. HfO2 shows high thermal stability and high
reliability while Si3N4 shows good interface attribute. The double gate
of 0.2 µm and 0.5 µm with a gap of 50 nm aids in enhancing the 2DEG.
The relation between dielectric constant and bandgap shows the
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interdependence on diametric size of the material. The passivation
layer controls the gate leakage current and improves the pinch-off
characteristics of the device. The transfer characteristic,
transconductance, and output conductance demonstrate the device
tunability for application in power radio frequency and microwave.

Keywords Dielectric – AlN – β-Ga2O3 – Passivation – Bandgap

1	 Introduction
The dawn of semiconductors initiated by Si, grew up to III–V group
elements such as AlGaN/GaN, InGaAs/GaAs, AlGaN/GaN, and now
Ga2O3 is paving the way to the pinnacle. Comparing the properties of
GaN with the contemporary Ga2O3, the breakdown voltage for GaN is
3.3 MV/cm and for Ga2O3 is 8 MV/cm; the bandgap for GaN is 3.4 eV
while for Ga2O3 lies between 4.5 and 4.9 eV; mobility for GaN is
reported to be 1200 cm2Vs−1 as compared to 300 cm2Vs−1 for Ga2O3 [1].
β-Ga2O3 shows the potential to grow a large single crystal that is better,
both quality-wise and economically. Due to some distinct properties, β-
Ga2O3 has an edge over its counter compounds of III–V semiconductors
and promises to �ind unparallel applications in power electronics. The
researchers have great zeal in exhibiting monoclinic β-Ga2O3 as an
ef�icient and reliable material for HEMT [2–4]. The β-Ga2O3  HEMT can
be fabricated on single crystal and large diameter wafers can be
produced using Float Zone and edge-de�ined �ield-fed growth
techniques. The material is cheap and easily available, also the
techniques are low cost and low energy consumption [5].  The β-Ga2O3
HEMT is �inding application in high-voltage and high power RF and DC
power switching applications [6, 7]. Scaling also plays an important
role in enhancing RF characteristics and power added ef�iciency (PAE)
[8, 9]. Gate scaling improves the DC and RF performance and frequency
of the device [10]. Proper parameters help in improving the
device sensitivity, gate leakage current and short channel effects, hence
the device �inds application as biosensor [11, 12]. Table 1 shows the
standard value for material properties of β-Ga2O3 [13].



Table	1 Material properties OF β-Ga2O3

Parameters β-Ga2O3

Bandgap (eV) 4.8–4.9

Electron mobility, µn (cm2/Vs) 300

Relative dielectric constant, ε 10

Electron af�inity, χ (eV) 4.0

Breakdown �ield, Eb (MV/cm) 8

The dielectric layer is employed beneath the gate to reduce gate
leakage effects in HEMT. The dielectric plays a vital role in reducing
gate leakage current and reducing power dissipation. Hence, the
implementation of dielectric improves the performance of HEMT by
enhancing gain and output resistance [14]. Various dielectric materials
like Al2O3, HfO2, and ZrO2 have been implemented in HEMT but the
percentage of reduction in gate leakage current and adherence are
taken into consideration. In this paper, HfO2 and Si3N4 are implemented
as a dielectric layer in β-Ga2O3 HEMT. HfO2 shows high thermal stability
and high reliability while Si3N4 shows good interface attributes [15].

2	 Device	Architecture	and	Simulation
The substrate is taken to be unintentional doped Ga2O3, with uniform
doping in depth but it reduces towards edge of the device [5]. The
detailed device structure is shown in Fig. 1. The β-Ga2O3 substrate has a
buffer layer, 50 nm of the same material with unintentional doping. The
2DEG channel is formed between the buffer and barrier layer of 10 nm.
The AlN of 10 nm acts as a barrier layer. The oxide (HfO2) or nitride
layers (Si3N4) provide a surface passivation layer with the double gate
of the same material. The dielectric constant for Si3N4 lies between 9.5
and 10.5, and for HfO2 it lies between 20 and 25 [16]. The distance
between source and gate LSG is 0.2 µm, the distance between source and
drain LSD is 1.2 µm, and the distance between the gate and drain LGD is
0.5 µm. The source and drain contact (Ti/Au/Ni) have �ixed the work



function, Фm = 5.1 eV. The gate length is 0.2 µm and 0.5 µm, which
reduces short channel effects and provides better electrostatic control
in the channel region [17].

Fig.	1 Cross-section of dual-gate AlN/β-Ga2O3 HEMT

The dielectric material is used to reduce the gate leakage current
and improve the ef�iciency and pinch-off characteristics of the device.
The dielectric constant at room temperature is directly proportional to
the bandgap of material as shown in Eq. (1). The relation between
dielectric constant and susceptibility is given in [18].

(1)

where χ(D) is electrical susceptibility, Eg(D) is the bandgap for
nanomaterials.

The dielectric constant is related to the movement of electrons from
the conduction band to the valence band. Therefore, the dielectric
constant is a consequence of bandgap and the phenomenon of motion
of electrons from the ground state to the excited state [18].



(2)

where  and  are dielectric constants for nano and bulk
materials, and D denotes the diametric size of the material.

Equation (2) shows the relation between the dielectric constant and
bandgap of material, with dependence on the size of the crystal. This
paper compares the performance of two dielectric materials, Si3N4 and
HfO2 implemented as passivation layers separately in β-Ga2O3 HEMT.

The parameters of dielectric material Si3N4 and HfO2 enacted in the
device are being compared in Table 2 [16].

Table	2 Comparison of parameters FOR Si3N4 and HfO2

Parameter Si3N4 HfO2

Dielectric Constant (K) 7 25

Bandgap (eV) 5.3 5.8

CB offset (eV) 2.4 1.4

Permittivity (F/m) 9.5–10.5 20–25

3	 Results	and	Discussion
The Id − Vd graph speci�ies the output characteristics for dielectric Si3N4
and HfO2 at gate voltage Vg = 5 V as shown in Fig. 2. The Ids is observed
to be slightly higher for HfO2 than Si3N4. The abrupt increase with
lower drain biasing indicates the rise in the mobility of the 2DEG
device. Thus, the signi�icance of the proposed HEMT device is
successful.



Fig.	2 Output characteristics of AlN/β-Ga2O3 HEMT

The transfer characteristics are analyzed using Ids − Vgs at Vd = 5 V
for the dielectric Si3N4 and HfO2. As shown in Fig. 3, the β-Ga2O3 HEMT
with HfO2 turns off at a higher gate bias than Si3N4. This is the
consequence of the high permittivity of HfO2, resulting in reduced
charge carrier concentration and hence decreasing the Voff.



Fig.	3 Transfer characteristics of AlN/β-Ga2O3 HEMT with Si3N4 and HfO2 as dielectric layer

The threshold voltage of the proposed device is plotted for different
dielectric materials- HfO2 and Si3N4.

The parameter transconductance (gm) is de�ined as the differential
of drain current with respect to gate voltage for constant drain voltage
values. This crucial parameter, gm is responsible for RF and linearity of
the device [19]. The transconductance also plays an essential role in
gain, cutoff frequency, and making the device work in a high-frequency
range. Figure 4 compares the transconductance (gm) versus gate
voltage (Vg) for HfO2 and Si3N4. Due to the shifting of threshold voltage
on the right side in the case of HfO2, the peak transconductance is
observed at 2 V while for Si3N4, it is 1 V.



Fig.	4 Transconductance (gm) versus gate voltage (Vg)

A higher value of gm is depicted for a better response of the device.
The gm value of the proposed device is found to be 0.15S/µm (Fig. 4).
Output conductance, g0, is successive change in output current with
respect to change in drain to source voltage, keeping gate-source
voltage constant. g0 must be as low as possible for better performance
of the device. The graph (Fig. 5) indicates output conductance to be low
for Si3N4 as compared to HfO2.



Fig.	5 Output conductance (S/µm) versus drain voltage (Vds)

The gate-to-gate capacitance is reduced for the increasing gate
biasing and drain biasing values (Vds = 5 V). The gate capacitance is
responsible for the device’s lower signal analysis and RF performance
analysis of the proposed HEMT. Figure 6 shows the gate capacitance
(Cgg) versus gate voltage (Vg) at VDS = 5 V.



Fig.	6 Capacitance voltage characteristics of β-Ga2O3

Gds is de�ined as the derivative of drain current and drain voltage.
Gds is also called output transconductance. For better performance of
the device, Gds should be high. It decides the ON-state resistance (Ron)
of the device and is inversely proportional to Gds [20]. Due to the larger
drain current (Id) in HfO2-based device, the Ron is low and is shown in
Fig. 7. It decides the ON-state resistance (Ron) of the device, which is
inversely proportional to Gds. Due to the larger drain current of HfO2-
based device, the Ron is low and is shown in Fig. 7. The proposed device
Ion/Ioff ratios acquired for different dielectric and passivation layers are
demonstrated in Fig. 8. For all scenarios, a more signi�icant Ion/Ioff
value of 109 is obtained that is reasonably required for various
applications related to power devices.



Fig.	7 Ron as a function of drain current

Fig.	8 Ion/Ioff versus Dielectric material at Vgs = 5 V and Vds = 5 V

The response of HfO2-based device is faster than Si3N4. For better
performance of the device, Gds should be high.



4	 Conclusion
The sky is the limit for research on β-Ga2O3 material with its distinct
characteristics. The proposed β-Ga2O3 HEMT is simulated for Si3N4 and
HfO2 as a dielectric at the interface of AlN and the gate of the device.
The transconductance is found to be steeply raised at lower drain
biasing with higher mobility in 2DEG devices, which signi�ies the
motive of the proposed HEMT device. The lower gate capacitance
values ensured more preliminary signal analysis and RF performance
analysis of the proposed HEMT in future microwave applications.
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Abstract
In this work, we present the effect of buried gate dimensions on
electron mobility in a laterally gated AlN/β-Ga2O3 high-electron-
mobility-transistor (HEMT) using 3D numerical simulations. The
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electron-gas (2DEG) density in the channel as opposed to vertical
control in the conventional planar HEMT. The constant low-�ield
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mobility model accounting for lattice temperature and �ield-dependent
mobility model accounting for negative differential carrier mobility are
evoked to analyze the electric �ield and carrier concentration by varying
the channel width (WC). A maximum drain current density of 0.8 and 
~1 A/mm is obtained using a constant low-�ield and �ield-dependent
mobility model, respectively, in the device with a gate length (LG) of
0.1 µm and channel width of 100 nm. It is found that with increasing
bias voltage, electron mobility starts decreasing due to rising lattice
temperature in the constant low-�ield mobility model, whereas higher
electric �ield-led carrier velocity saturation is attributed to lower
mobility in the �ield-dependent mobility model.

Keywords 3D Simulation – 2DEG – β-Ga2O3 – AlN – Linearity – Lateral-
Gate HEMT

1	 Introduction
Ultra-wide bandgap semiconductor material gallium-oxide (Ga2O3) has
been garnering a lot of attention for its excellent material properties for
high-voltage and high-frequency power applications. Due to being most
thermally stable, the β-phase of Ga2O3 is most studied as well as
reported, over its four other polymers. β-Ga2O3 has a large bandgap of 
~4.9 eV, and an estimated critical �ield up to 8 MV/cm [1] provides
enough room for lateral scaling of the small-scale devices for superior
RF performances. Apart from the availability of high-quality
inexpensive native substrates, a wide variety of n-type dopants with
controllable doping concentrations in the range of 1015 to 1020 cm−3

provides β-Ga2O3 an edge over other existing wideband technologies
[2]. However, multiple phonon scattering and large effective mass led to
low electron mobility of ~200 cm2 V−1 s−1 [3]. In addition, it has a low
thermal conductivity and anisotropic values are reported around 0.16
and 0.21 W m−1 K−1 [4], which necessitates device-level thermal
management for ef�icient and safe device operations at high voltages.

On the back of high mobility and large carrier density in the form of
a 2DEG channel, GaN HEMT devices have shown tremendous
performance in the �ield of high frequency and power electronics



applications. However, bias-dependent behavior of transconductance,
i.e., sudden fall in  values with increasing  restricts linearity of
the transistors, and is widely reported [5–7]. This poor linearity is
attributed to the dynamic access resistance, which increases with
output drain current [5]. To circumvent the effect and improve the
linearity, different structures like self-aligned [8], access-region-gap [9],
graded as well as coupling channel HEMTs [10, 11] and 3D gate HEMTs
[12] are proposed. Since electron mobility has a profound effect on
device performance, it should be thoroughly investigated under
different applicable mobility models. In the case of β-Ga2O3, lattice
temperature increases at higher currents due to its low thermal
conductivity and �inally, mobility degrades. On the other hand, high-
�ield transport in β-Ga2O3 shows negative differential conductivity
beyond 200 kV/cm [13]. Analysis of electron mobility and the
subsequent effect on output current under these two different
transport characteristics lay the motivation of this work.

Herein, we propose AlN/β-Ga2O3 HEMT with a lateral gate
structure, and the effect of two different mobility models on electron
mobility are analyzed using 3D device simulations. Figure 1 shows the
3D schematic of laterally gated AlN/β-Ga2O3 HEMT. The gate metal is
placed between drain and source contacts and rests on the AlN epitaxy,
similar to the planer HEMT. The gate metal also extends up to the β-
Ga2O3 buffer layer from both sides with lateral spacing or channel
width (WC) of 100 nm. The gate (head) length (LG) of 100 nm is �ixed
for all types of analysis performed in this work. Gate metal width d = 
WC/2 penetrates the β-Ga2O3 buffer layer up to a �ixed depth of h = 
200 nm. Nitride insulator (Si3N4) of thickness 100 nm is used for
surface passivation. Strong polarized III-nitride—AlN material of
thickness 22 nm is used as a highly scalable barrier layer, which
ensures good 2DEG density in the order of 1013 cm−2. Equal gate-source
(LGS) and gate-drain length (LGD) of 0.7 µm are used to calibrate the
simulation results with the reported experimental data [14]. Gate
electrode is considered to be Schottky with a barrier height of 1.0 V and
source/drain electrodes are set as ohmic with a contact resistance of
0.4 Ω mm as given in the experimental β-Ga2O3 device [15]. Source and



drain access regions are doped with n-type dopants having a Gaussian
pro�ile and concentration of 1 × 1019 cm–3. A 2D schematic of the
investigated device is shown in Fig. 2.

Fig.	1 3D schematic of the investigated laterally gated AlN/β-Ga2O3 HEMT

Fig.	2 2D schematic of the investigated device a Y–Z cut plane view with �ixed position X = 
1.75 µm, b X–Y cut plane view with �ixed position Z = 0.1 µm



2	 3D	Simulation	Framework	and	Mobility
Models
The device structure �ile is designed as per the material epitaxial
sequence, doping, and electrode speci�ications mentioned above. The β-
Ga2O3 material is considered a user-de�ined material in ATLAS [16],
and its different properties are calculated and taken from [17, 18].
Table 1 shows the β-Ga2O3 material property used in the simulations.
The different physics-based models—Shockley–Read–Hall (SRH) for
carrier recombination, Boltzmann statistics for carrier calculations. The
two different mobility models—LAT.TEMP and FLDMOB accounting for
heat �low in the device and negative differential conductivity (NDC),
respectively, are evoked. The mobility models are described next
mentioning all the user-de�ined model parameters used in simulations.

Table	1 Material property of β-Ga2O3 [17, 18]

Symbol Quantity Values

Eg Energy bandgap 4.9 eV

χ Electron af�inity 3.15 eV

me Electron effective mass 0.25 m0

D Density of states 1.045 × 1018 m–2 V–1

NC Conduction band density 3.13 × 1018

NV Valence band density 2.86 × 1018

εr Relative permittivity 10

a0 Lattice constant 3.04

µn0 Electron mobility 140 cm2 /Vs

µp0 Hole mobility 50 cm2 /Vs

The default low-�ield mobility model [16] for electrons that takes
account of heat �low in the investigated device is given as

(1)



where  denotes the lattice temperature in degrees Kelvin and

parameters  [19] and  [20]. The low

thermal conductivity of β-Ga2O3 severely affects the high-voltage
operations due to the rise in lattice temperature. To improve the device
performance, the applied model provides temperature distribution
across the lattice structure, which helps the ef�icient design of device-
level thermal management systems.

The �ield-dependent mobility model [13] accounting for negative
differential mobility is given as

(2)

where  is the low-�ield electron mobility, 

 is the electron saturation velocity, constant 

, and . All user-de�ined

parameters for this model are taken from [13]. As electron mobility in
bulk β-Ga2O3 single-crystal is reported quite low ~200 cm2/Vs [3]
however, reasonable high electron velocity ~1.5 × 107 cm/s in β-Ga2O3
FETs [19]. Furthermore, a peak velocity of 2 × 107 cm/s at an electric
�ield of 200 kV/cm in β-Ga2O3 is reported and velocity-�ield
characteristics exhibited velocity decreased after peaking out at
200 kV/cm [13]. This �ield-dependent mobility model ef�iciently
captures these velocity features. Since the 2-DEG density is critical in
HEMTs performance, the amount of band bending at the
heterointerface is equally important. The higher the band alignment
between heterostructure constituents, the higher value of con�ined 2-



DEG density is anticipated [2]. The study of band alignment and
measurement of conduction band offset (CBO) ΔEC in AlN/β-Ga2O3
heterostructure is widely reported in [21–23].

Here, for the analyzed device, the energy band diagram, band
bending led CBO, and electron concentration at the heterointerface are
shown in Fig. 3.

Fig.	3 Energy band diagram and electron concentration of AlN/β-Ga2O3 HEMT below the gate

obtained along cutline a-a’ shown in Fig. 2. Peak electron concentration of ~1021 cm–3, and ΔEC
of ~0.8 eV is estimated

3	 Results	and	Discussion
The device performance is investigated by applying two different
mobility models. The model details and user-de�ined parameters are
given in the previous section. The channel width WC of the simulated
device is increased from 100 to 200 nm in the step of 50 nm. The gate
length LG = 100 nm, and penetration depth h = 200 are kept �ixed. The
simulated ID–VG characteristics of the proposed device are shown in
Figs. 4 and 5. As the WC increases, the maximum drain current
increases for both models, albeit with 25% higher currents in the �ield-
dependent mobility model. Since LG is �ixed, threshold voltage (VOFF)



becomes more negative corresponding to higher WC. It is due to
reduced control of the gate over the channel.

Fig.	4 Simulated transfer characteristics of the proposed AlN/β-Ga2O3 HEMT considering low-
�ield mobility model accounting for heat �low in the structure

Fig.	5 Simulated transfer characteristics of the proposed AlN/β-Ga2O3 HEMT considering a high-
�ield mobility model accounting for negative differential conductivity

Next, to analyze the effect of different mobility models on the
electric �ield and electron concentration in the channel, both the



quantities are extracted in channel 10 nm below the interface from
source to drain end. The peak electric �ield under the gate is estimated
greater than 3 MV/cm for both the mobility models corresponding to
VGS = 0 V. As VGS becomes more negative, lower values of peak electric
�ield are estimated, and are equal to 0.5 and 0.75 MV/cm for low-�ield
and �ield-dependent mobility models, respectively, corresponding to
VGS = −15 V. It is also observed that there is slight dispersion in peak
electric values for lower values of VGS. Figure 6 shows the electric �ield
pro�ile in the channel extracted from different structural �iles saved at
VGS = 0, −5, −10, −15 V. It is worth noting that for β-Ga2O3 electron
velocity ~1.5 × 107 cm/s peaks out at 200 kV/cm under high-�ield
transport [13].

Fig.	6 Simulated electric �ield pro�ile along the channel for different VGS; peak values of the
electric �ield under the gate and symmetrical pro�ile under drain and source access region are
observed (VDS = 3 V)

Since output current is directly proportional to electric �ield across
the channel and electron concentration in the channel. Next, electron
concentration is extracted along the channel from the source to drain
below 10 nm from the interface for both mobility models. Electron
concentration pro�iles related to both the models are extracted at VGS = 
0, −15 V, and �ixed VDS of 3 V, shown in Fig. 7. Peak electron



concentration of ~1019, ~1018 cm–3 is obtained at the source-, drain-
gate end for both the mobility models. Symmetrical electron
concentration pro�ile about the gate—highest at the source and drain
end and lowest under the gate is observed, however, the respective
values are at least one order higher relating to the �ield-dependent
mobility model over the low-�ield mobility model.

Fig.	7 Electron concentration extracted along the channel for VGS = 0 and −15 V under two
different mobility models (VDS = 3 V)

It is worth noting that mobility degrades with increasing gate
voltage for both mobility models, however, the underlying reasons are
different. In the case of �ield-dependent mobility, average peak velocity
starts decreasing beyond electric �ield ≥200 kV and hence mobility
degrades [13]. On the other hand, for low-�ield mobility which accounts
for lattice temperature, mobility decreases with rising lattice
temperature as per relation (1).

The peak lattice temperature is extracted from the simulated
structure �iles saved at different VGS and are shown in Fig. 8. It can be
seen that peak lattice temperature at VGS = 0 V is the highest among
other recorded values. At lower gate voltages, say VGS = −15 V, there is
almost a 4% drop in maximum temperature is estimated. In this way,
results from (1) got validated from simulation results.



Fig.	8 Lattice temperature contours corresponding to device with LG = 0.1 µm, WC = 150 µm,
extracted at VDS = 3 V, and VGS = 0 V (a), −5 V (b), −10 V (c), −15 V (d)

4	 RF	Characteristics
The small-signal high-frequency response of the proposed device is
also analyzed, and cutoff frequency (fT) as well as maximum oscillation
frequency (fMAX) are estimated. The device with gate-length LG = 0.1 µm
and channel width WC = 0.1 µm. The drain bias VDS = 3 V is kept �ixed,
while gate bias is equal to the corresponding peak transconductance
value. As shown in Fig. 9, with respect to peak transconductance, VGS is
equal to −11, and −12 V for �ield-dependent and low-�ield models,
respectively. Transconductance curves for both mobility models exhibit
‘peaky’ behavior, i.e., sudden fall from peak value as gate voltage
increases. This nature of gm versus VGS is responsible for the poor
linearity of HEMT devices, and is widely reported. Several studies
attributed this nonlinearity to dynamic source resistance or source
choking effect.



Fig.	9 Transconductance (gm) versus gate voltage (VGS) for the proposed device with low-�ield
and �ield-dependent mobility models, and channel width (WC) = 100 nm

The small-signal high-frequency response for the proposed device is
investigated to estimate the cutoff frequency fT and maximum
frequency of oscillation fMAX and is shown in Figs. 10 and 11
considering the �ield-dependent and low-�ield mobility models,
respectively. From the ‘Gain’ versus ‘Frequency’ plots shown above, fT is
found to be 21 and 26 GHz, while fMAX is equal to 40 and 61 GHz,
respectively, for �ield-dependent and low-�ield mobility models. The
estimated values here are in good agreement with values reported for
the β-Ga2O3 experimental device [15]. However, these values are
signi�icantly lower than theoretically estimated values ~200 GHz for fT
[24], considering the saturation velocity vsat = 1.5 × 107 cm/s for β-
Ga2O3 devices. Here, for the proposed device design, lateral depletion of
the charge carriers under the gate in the channel reduces the channel
conductance (Fig. 7). Furthermore, as source resistance RS increases
with reduced carrier density ns in the channel, consequently, DC, as
well as RF performances, are affected.



Fig.	10 Current gain (h21) versus frequency (f) plot showing unity-gain cutoff frequency (fT)
and maximum oscillation frequency (fMAX) for a �ield-dependent model

Fig.	11 Cutoff frequency (fT) and maximum oscillation frequency (fMAX) for the low-�ield
mobility model

5	 Conclusion
In conclusion, we reported DC and RF performance analysis of laterally
gated AlN/β-Ga2O3 high-electron-mobility transistor using 3D
numerical simulations under two different mobility models related to
β-Ga2O3 material. Low-�ield mobility model accounting for heat �low in



the device and the �ield-dependent mobility model, which accounts for
negative differential conductivity have been evoked to analyze the
device performance. Transfer characteristics of the proposed device are
analyzed corresponding to duo mobility models evoked individually
under �ixed gate length while varying the channel width. As channel
width increases, lateral control of the gate abates and off-voltage of the
transistor rises. Lateral depletion of carriers showed better gate control
near the subthreshold region and led to the improved subthreshold
slope. Related to each mobility model, electron concentration and
electric �ield values are estimated along the channel by varying the
gate-bias voltage and �ixed VDS. Small-signal high-frequency analyses
are performed to estimate the cutoff and maximum oscillation
frequency for the laterally gated AlN/β-Ga2O3 HEMT. It is observed that
β-Ga2O3 poor thermal conductivity caused higher lattice temperature at
increased voltages, and carrier velocity saturation at higher electric
�ields affected the device performance. These results would be helpful
to understand the electron mobility in the emerging β-Ga2O3 device
technology.
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Abstract
Nowadays, the development of wide bandgap-based devices in power
electronics has become more prominent to ameliorate the energy
capability of devices. Furthermore, it can help reduce the total energy
wastage in the world. Presently, AlGaN/GaN high-electron-mobility
transistors (HEMTs) have shown excellent performance on the back of
their extraordinary attributes like higher carrier density, and higher
channel mobility over traditional wide bandgap devices like
AlGaAs/GaAs. Because of the outstanding characteristics of the GaN
HEMTs and their composited materials, they are becoming promising
devices for the upcoming generation of more power and highest
frequency-based implements. This chapter will provide a complete
overview of the “Operation Principle of AlGaN/GaN HEMT.”
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1	 Introduction
During the past few years, High-Electron-Mobility Transistors (HEMTs)
based on AlGaN/GaN have been meticulously studied due to their basic
electrical properties making them captivates for the devices, where
high-power applications are needed. Group III-nitrides (AlN, GaN, InN)
have become the center of attraction for enormous research. The group
III-nitrides have an ultra-large bandgap and can sustain higher
temperatures. These attributes are not observed in traditional GaAs,
Silicon, and germanium semiconductors. Therefore, GaN HEMTs can
withstand higher operating temperatures without the acute need for
thermal management.

GaN HEMTs have high carrier density con�ined in a triangular
quantum well, which facilitates higher channel mobility and high
saturated electron drift velocity. All these attractive attributes make the
GaN-based HEMT devices next-generation high-frequency power
devices. This chapter provides information on the working principle of
AlGaN/GaN HEMT devices.

2	 AlGaN/GaN	HEMT	Structure
A conventional HEMT design layout using AlGaN/GaN is shown in
Fig. 1. It is also similar to the basic AlGaAs/GaAs HEMT. A majority of
charge carriers are isolated from ionized impurities, and further
heterojunction is formed between the AlGaN and GaN material. And
this junction formation is because of their dissimilarities in AlGaN and
GaN materials band gaps. This junction leads to the formation of a
channel at the midpoint of the AlGaN/GaN heterojunction, shown in
Fig. 1. But, AlGaN/GaN HEMT devices are not required for any
additional doping [1–5]. In AlGaN/GaN HEMTs, the excess electrons will
come from the top layer surface because of the phenomenon caused by
wurtzite-shaped GaN, which is known as the creation of spontaneous
polarization.



Fig.	1 Schematic representation of polarization charge of GaN-Based HEMT [6]

In the AlGaN HEMT, the top layer is AlGaN, the bottom is GaN, and
there is the substrate that is the GaN or something else, which is based
on the application of thermal management system [6–8]. The collection
of free carriers creates a channel consisting of 2DEG. Figure 1 shows
traps on the top layer and a positive charge induced by polarization at
the interface of AlGaN/GaN. The 2DEG is con�ined to the third
dimension and freely moves in two directions only. The creation of
2DEG in AlGaN/GaN HEMT is clearly explained with some suitable
diagrams in the following sections. The 2DEG concentration is
extremely large value of 2.7 × 1013 cm−2, and it is almost 12-fold higher
than the AlGaAs and InP-based HEMT devices [9, 10].

3	 Polarization	Effects
AlGaN/GaN HEMT has an outstanding feature, which can produce 2DEG
without any additional doping procedure. This special feature is mainly
due to the spontaneous polarization and piezoelectric attributes that
originated in III-nitrides [11]. These distinctive qualities are due to the
natural formation of the III-nitrides crystal arrangement. Because of an
atom’s more propensity nature, this can form a bonding between the III
group elements with nitrogen. The atoms are being connected in the
passion of tetrahedral, which is known by each atom being bonded with



another four atoms. The crystal formation of III-nitrides leads to create
spontaneous polarization (PSP) [12–16]. This is mainly because of the
powerful electronegativity variation among metal atoms and nitrogen,
which impact spontaneous polarization. Epitaxially, GaN �lake was
accrued normal to exterior facet and has scantiness of inversion
uniformity. This resulted in the formation of spontaneous polarization
toward the <0001> direction. Figure 2 represents the different
polarization �ields in AlGaN/GaN HEMT.

Fig.	2 Spontaneous and piezoelectric polarization �ields in the AlGaN/GaN HEMT [11]

The other polarization effect is piezoelectric polarization (PPE),
formed due to the strain in epitaxial layers. This piezoelectric �ield is
emerging mainly because of the factors of mechanical deformation and
the drawback of regularities. In general, the HEMT is comprised of
AlGaN/GaN; the upper layer (AlGaN) is slender and thin when
compared with the lower layer, which has GaN. It is assumed that the
GaN layer is supposed to be placid sans any other polarization effects.
One kind of stress is formed on the AlGaN �lake because of the lattice
mismatch between the upper and lower layers, resulting in one type of
polarization called piezoelectric polarization. The following equation
[11] expresses the mathematical representation for piezoelectric
polarization.

(1)

The above equation gives information about the piezoelectric �ield
induced due to the stress caused by the mismatch in lattice values of
AlGaN and GaN layers. In the above expression, “ ” is known by the



lattice constant of AlGaN, and  are the piezoelectric constants of
AlGaN and GaN materials. The interface between the barrier (AlGaN
layer) and buffer (GaN layer) will incite hiatuses in the polarization.
The below expression gives the complete polarization outcome due to
the AlGaN and GaN layers. AlGaN manifests positive polarization �ields,
whereas GaN shows the negative polarization �iled at the joint interface
surface.

(2)

From the above expression [11], it is clearly evident that at the
heterointerface of AlGaN/GaN layers, a constant 2DEG can exist. This is
due to the spontaneous polarization in the upper layer being more
excellent value when compared with the lower material layer.

4	 Two-Dimensional	Electron	Gas	(2DEG)
2DEG is an acronym for two-dimensional electron gas, which can move
in two directions and is limited to a third direction. Figure 3 depicts the
band diagram of HEMT-based AlGaN/GaN. Due to its III-nitride intrinsic
character called polarization, it can create a conduction path at the
interface of the upper and lower material layers. As already discussed
in the previous section, the dissimilarity at the joining layers of AlGaN
and GaN will result in a net positive charge. The conduction band was
dragged toward the bottom so that the electrons would move toward
the interface of AlGaN and GaN layers. These electrons are con�ined and
restricted in the potential well of a triangular shape. So �inally
conduction band is pulled upwards, and the polarization will shift the
total negative charges in the plane’s direction. The electrons jammed at
the joining section are called 2DEG, and these charged particles can be
used in the AlGaN/GaN channel [17, 18]. Figure 3 will give the complete
pictorial representation of 2DEG formation.



Fig.	3 Band diagram of AlGaN/GaN heterointerface [11]

The following equation [11] gives the mathematical expression for
the 2DEG concentration:

(3)

The bandgap energies of AlGaN and GaN materials are not equal due
to the lattice difference between the two materials. In the above
expression,  is the energy variation of AlGaN and GaN material, 
is the Fermi level with respect to the conduction band of GaN material, 

 is giving the information about the contact of gate terminal
Schottky barrier level height which can impact the threshold voltage, 

 is known by the width of the AlGaN material layer,  is the

dielectric constant, which can control the breakdown �ield strength, 

is known by the charge of an electron and  designated by the sheet
charge at the joining section of AlGaN and GaN layers. The
mathematical expression clearly shows that the sheet charge density is
directly proportional to the polarization effect . Mainly high-
electronmobility transistors bene�it from heterocon�iguration to form a
potential well for charged particles; this con�iguration can create



bene�its for electrons that can move in any constraint of two
dimensions and are con�ined to the third direction [19, 20].

4.1	 Origin	of	2DEG	in	GaN-Based	HEMT
AlGaN/GaN HEMT has an impressive unique behavior, which can
develop 2DEG without any extra doping scheme. This distinct feature is
mainly due to III-nitride qualities like spontaneous polarization and
piezoelectric properties. These two attributes were utterly relying on
the structure of III-nitride crystals. 2DEG is a bunch of electrons that
are con�ined in a plane, they can propagate or move around in the X-
and Y-direction, but they cannot propagate through the Z-direction so
that there will be fewer scatterings from the bulk or any kind of
dopants. This 2DEG is escaped from those scattering mechanisms
caused by the impurities, and they can gain high mobility [21].

As shown in Fig. 4, GaN atomic structure looks like the wurtzite-
shaped structure or crystal lattice. GaN has a non-centrosymmetric
manner, which means the atoms surrounding the nitrogen atoms are
not symmetry. There is a chance of pulling each other because nitrogen
and gallium have different electronegativity. And by that
electronegativity, there is a tendency to pull the electrons towards it.

Fig.	4 Atomic Structure of GaN [26]

Due to the difference between electron negativities, the nitrogen is
more negative compared to the gallium. This leads to some



spontaneous polarization vector created inside the structure. This
polarization remains will be +ve charge and −ve charge. Those charges
will be further apart from each other to the similarity of the dipole. This
means they can’t move around, but they create an electric �ield inside or
an internal electric �ield. This is called spontaneous polarization. This is
happening without applying any kind of pressure or mechanical stress
[22].

If we apply some mechanical stress, the angle between those bonds
of Gallium and Nitrogen atoms will change. The angle is denoted by “θ.”
This angle may be increasing or decreasing depending on the tensile
stress or compressive stress. Depending upon the stress, there is
another polarization vector that will be created. This additional
polarization vector is known as the piezoelectric polarization. If the
input is pressure or mechanical stress, the output will be some voltage
or electric �ield. So, because of this strain, there will be two different
kinds of polarization in GaN. One is piezoelectric, and another is
spontaneous. And this whole process is a natural phenomenon [19].

4.2	 Doped	Barrier	Layer
The energy band diagram of AlGaN is shown in Fig. 5. EC is the
conduction band, EV is the valance band, and EF is the Fermi level. Here
AlGaN is doped with the n-type material to create the n-type heavily
doped material. We can see that the Fermi level is very near the
conduction band. The origin of electrons is from doping [12]. There will
be a bunch of electrons in the conduction band. +ve and −ve charge in
the surface; these charges are bound charges like a dipole.



Fig.	5 Schematic diagram for 2DEG origin in doped GaN

These are created by the polarization vectors and existed in AlGaN,
because AlGaN is placed on the GaN crystal. Their (AlGaN and GaN)
lattice constants are not matched to each other. GaN inserts some kind
of tensile strain on the AlGaN. So that there is some polarization
because of the caused stress, and this leads to some kind of electric
�ield. This electric �ield creates band bending at the interface of AlGaN
with GaN as per Poisson’s equation.

AlGaN is n-type doped material which is having high electrons on
the top of the conduction band. These bunch of electrons will propagate
toward the band bending or interface to make the device balanced so
that it creates a −ve charge on the top of AlGaN and +ve charge on the
bottom of the material.

When we grow on AlGaN on the GaN, the Fermi levels on both sides
are not equally matched. But under thermal equilibrium, i.e., under any
extra bias, the two Fermi levels will remain constant throughout the
structure. So, therefore, the accumulated charges are collected at the
interface. These are −ve electrons.

Because of a huge number of electrons coming from the AlGaN, they
will move to the interface and are bent because some +ve charges exist
at the interface. The Fermi levels are constant on both sides to make
equilibrium. This region of electrons is known as 2DEG. This electron
can move in two directions only and be con�ined to the other directions.



This will create another electric �ield that is opposite to the previous
piezoelectric �ield.

4.3	 Undoped	Barrier	Layer
In Fig. 6, AlGaN is not doped. So, EF is in the middle of the conduction
band and valance band. The creation of 2DEG doesn’t need any kind of
intentional doping. This is the primary key point in the GaN-structured
HEMT devices. The operation’s unique feature is that spontaneous and
piezoelectric polarization would create the bending at the interface
where we can collect electrons in that bending. AlGaN material has
some trap charges on the top of the material. The Fermi level pinning at
this trap site is full of electrons; whenever there is bending of bands, it
gives the electrons to the conduction band. These electrons will be
directed toward the interface of the AlGaN/GaN. These electrons will be
accumulated over in the interface of AlGaN/GaN. The Fermi level is
coming from the trap sites creates a constant through the region to
become an equilibrium position. Here the accumulated electrons are
called the 2DEG. These 2DEG or mobile electrons will be bound to the
interface only. This means they cannot propagate through the Z-
direction. But they can travel in the X- and Y-directions only [16, 23].



Fig.	6 Schematic diagram for 2DEG origin in undoped GaN

4.4	 Energy	Band	Diagram
HEMTs are mainly using the principle of heterojunctions that are
formed by semiconductors, which are having different band gaps
between them. In the heterojunctions, the conduction band (EC) and the
valance band (EV) at the junction point of the wider and narrowband
should bend to get continuity in the Fermi level. Excess electrons will
have in the upper material because of the heavily doped donor atoms
(but in GAN-based HEMT, it is quite different because of the charge
caused by polarization in the GaN material). The lower material has a
narrow bandgap, lower energy, and no doping or less doping. So, the
electrons will transfer from the high state to the lower state of having
less energy to form the thermal equilibrium. Due to diffusion, an
electric �ield will be induced between wide bandgap and narrow
bandgap materials [17, 24].

This process will continue until concentration on both sides
becomes equal, making a junction under thermal equilibrium
conditions like in a PN junction. Ultimately, the undoped narrow
bandgap material will get excess electrons at the interface, giving a high
speed. These electrons can get high mobility because accumulated
electrons are free from the scattering effects caused by the donor
atoms, which are not in the undoped material. The dissimilarity at the
interface of two junctions will form a notch at the center, and this notch
can collect electrons from the upper material. The accumulated
electrons can give a high level of current due to increased mobility in
these HEMT devices. Figure 7 represents the band diagram of a
heterojunction in the HEMT’s model [7, 8, 25].



Fig.	7 Energy band diagram of HEMT structure [26]

5	 Conclusion
AlGaN/GaN HEMT devices give signi�icant promises for developing
more powerful and rapid speed implements working at excessive
temperatures compared to traditional devices. On the other side,
because of heterojunction, HEMT devices can give a higher speed of
charge particle transportation than the other �ield-effect transistor
constructions. This chapter clearly explained the basic structure of
HEMT and its working principle in different aspects. Due to the natural
material characteristics and device characteristics, AlGaN/GaN HEMT is
the best promising device for the next generation of excellent speed,
more power, and extreme temperature operations.
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Abstract
Gallium nitride (GaN) based High-Electron-Mobility Transistors
(HEMTs), and in particular, aluminum gallium nitride (AlGaN)/GaN
devices have become a popular choice due to their ability to produce
higher power densities at higher frequencies as compared to their
silicon (Si) and gallium arsenide (GaAs) based counterparts. GaN-based
HEMTs have also proven to be excellent candidates for ampli�iers
operating at higher power levels, high temperatures, and in robust
environments. This chapter discusses how the performance of such
GaN-based HEMTs can be enhanced by introducing a gate oxide and an
underlapped structure. The chapter also delves into the advantages of
multigate structures and the use of quaternary indium aluminum
gallium nitride (InAlGaN) compound to deliver higher breakdown
voltage.
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Low power dissipating, high speed, and high-frequency devices having
small dimensions are the fundamental requirements for the Very Large
Scale Integrated (VLSI) circuits [1–4]. Silicon was considered the most
suitable material for CMOS technology, therefore it has been
dominating for the past 50 years in the VLSI industry [5, 6]. Due to the
numerous inherent advantages, viz. reliability, ease of use, and low cost,
silicon has been used for the fabrication of discrete devices and
integrated circuits in the VLSI industry [5, 7, 8].

Conventional MOSFETs have comparatively slower performance due
to impurity scattering, which ultimately causes unwanted heating and
loss [9, 10]. However, as per the current requirements of the
semiconductor industry and applications, silicon has certain limitations
[11, 12]. Silicon being indirect bandgap material, it is dif�icult to make
optical devices. It is inappropriate for designing terahertz frequency
application devices. It is unsuitable for high-voltage and high-
temperature electronics applications [8–12].

Silicon-based devices are not operable where temperature rises
above 200 °C and is not appropriate for cryogenic semiconductor
applications that operate at 4.2 K and below for space instruments [13,
14]. Devices working in a harsh environment should be immune to
water, oxygen, and hydrogen, which can deteriorate and modify the
electrical characteristics with time. III-N materials like gallium nitride
(GaN) show exceptional performance for analog, high-frequency, high-
power applications [15, 16]. Therefore, it has a wide range of
applications like space, radio astronomy, military applications,
cryogenic low-noise systems, satellite broadcasting receivers, cell-
phone handsets, radio telescopes, and entertainment applications in
broadcasting satellite receivers [17, 18]. Besides, GaN-based devices
show good agreement for power conversion and control-based SOC
devices [19, 20].

With innovative device structure, GaN/AlGaN HEMT has been
considered appropriate as solid-state transistors for ampli�ication as
well as low to high (900 V) voltage range operations, which includes a
major share of the consumer electronic market, viz. audio ampli�iers,
converters for electric vehicles (EV) inverters for renewable energy and
hybrid electric vehicles (HEV), and power supplies [18–21]. In the high-
voltage regime, GaN devices are likely to be better at coexisting with SiC



and act as the backbone for electrical grid systems, converting power
[21, 22].

On account of the high breakdown voltage, GaN transistors can
withstand high drain voltages, high-saturation current densities, and
higher output impedance per watt of RF power [9, 11, 12, 20]. This
causes lower loss matching circuits and lower parasitic capacitances
per watt of output power making GaN transistors an appropriate choice
for high-speed ampli�iers. As GaN is ten times faster than silicon, GaN-
based transistors can operate in the terahertz frequency regime, which
makes it suitable for 5G technology and wideband applications [23–25].

Novel device processing technology ensures to integrate GaN-based
devices with existing Si technology, where with this heterogeneous
integration both the advantages of Si and GaN can be achieved. RFIC
design requires the integration of an RF circuit by proper choice of
radio architecture, the existing device technology, crosstalk, parasitics,
cost, and time-to-market which can be managed properly by this
heterogeneous integration [26, 27]. The assortment of superior
ef�iciency, higher power density, lower noise �igure, and robustness
gives new potential in the designing of radar transceivers for 5G
wireless communication and space applications [28–30].

GaN has inherent properties like large bandgap, high carrier
mobility, and saturation velocity with a high critical electric �ield. It
enables high sheet carrier concentration without extrinsic doping, due
to the spontaneous and piezoelectric polarization. The high bandgap
helps to tolerate high voltage and without extrinsic doping nonuniform
dopant distribution and dopant scattering effect can be avoided. These
features help in achieving up to ft/fmax around 500 GHz in the
nanoscaled HEMTs and high-voltage, high-power recti�iers and
transistors capable of handling voltages up to 1500 V [31, 32].

Overall, GaN-based III–V materials show great promise in
electronics circuit applications. The introduction of various innovative
device structures, viz. multigate, double gate (DG), underlap MOS-
HEMT can work as perfect power ampli�iers at microwave frequencies,
ampli�iers with gain control, and show good agreement as terahertz
devices. They are also good candidates as a magnetic semiconductor for
spintronics device materials by proper doping with appropriate
transition metal [33–35].



2	 GaN	HEMT
The challenges like low noise, high breakdown voltage, high-
temperature operation and thermal conductivity, high mobility, high
cutoff frequency, and reliability for use in the extreme environment
have been overcome in the straddling-based heterojunction AlGaN/GaN
HEMT. Therefore, it is preferred for high-speed and high-power
electronic devices over conventional MOSFETs [36, 37]. A basic
AlGaN/GaN HEMT structure has been depicted in Fig. 1. It consists of an
AlGaN barrier layer grown on a GaN channel layer.

Fig.	1 A basic AlGaN/GaN HEMT

These device structures are usually grown on a substrate material
which can be semi-insulating silicon carbide (SiC), sapphire, or Si. In
order to make the device reliable and manufacturing cost-effective, the
substrates have lattice constants that differ from the GaN layer. There is
a lattice mismatch existing between the substrate and the GaN epilayers
induces strain leading to defect areas.

Wide bandgap of GaN, which is an inherent material property,
provides high breakdown and high operational temperature. The large
lattice mismatch between AlN and GaN introduces strain in the junction
interface, which leads to generating piezoelectric effect [38]. Due to this
piezoelectric �ield, high conduction band offset leads to a very high-



density sheet charge, which results in high current and higher carrier
mobility [39].

In AlGaN/GaN structures sapphire is used as the substrate which
gives excellent thermal conductivity, high operating temperature up to
1800 °C, and is naturally the second hardest material which can even
leave a scratch on diamond. When the junction is formed between a
high and low bandgap material, the electron in the conduction band of
high bandgap material diffuses automatically to the conduction band of
low bandgap material so as to acquire minimum energy. This leads to
high electron concentration on GaN side and low electron
concentration on the AlGaN side of the junction. The conduction band
of GaN material near the junction comes closer to the Fermi level and
the AlGaN conduction band distance increases from the Fermi level.

Thus, two-dimensional electron gas (2DEG) is formed in the
quantum well. There exists a difference in electronegativity between
Al–N and Ga-N bonds, which are highly ionic and are strong dipoles in
nature. This feature of the III-nitride materials leads to creating �ive
times more spontaneous polarization in III–V semiconductors. As
piezoelectric and spontaneous polarizations occur in the AlGaN/GaN
material system of the AlGaN layer, these two different polarization
vectors result in the formation of dipole sheet charges at the
AlGaN/GaN junction [35, 37–39]. Due to the low-loss switching
capability in AlGaN/GaN technology, it is possible to fabricate an entire
transceiver on a single chip.

High-power ampli�iers (HPA) require wide bandwidth and high
linearity at low power consumption. GaN HEMTs meet all the
requirements and are considered the best choice. Conventionally for
designing high-power ampli�ier devices, gallium arsenide HEMT or
LDMOS devices were used, but it has been seen that GaN-based HEMTs
provide higher power-added ef�iciency (PAE) for high-power ampli�iers
(HPAs). Higher PAE saves electrical power usage (OPEX) as well as
lessens the dimension and cost of high-power ampli�iers (HPAs). In
case of ampli�iers, higher PAE also reduces the launch cost of a satellite
[3, 7, 8, 11]. Adverse effects such as trapping are major drawback for
AlGaN/GaN HEMTs, which cause reliability issues. Due to this, it is
dif�icult to use GaN-based HEMT transistors for high-voltage, high-
temperature, and high-power applications. The performance of the



device majorly degrades when it operates at high voltage because the
electrons get trapped in various locations in the device [11, 17, 18, 40].

3	 GaN	MOS-HEMT
In order to effectively increase gate swing and suppress the gate
leakage current, the Schottky gate is replaced by the metal–oxide–
semiconductor (MOS) structure in the DG GaN-HEMT gate to form the
MOS-HEMT. The introduction of a dielectric between the Schottky-gate
and the semiconductor of the GaN HEMT reduces the gate leakage
current to a great extent and thus leads to a higher input impedance,
higher cutoff frequency, and superior breakdown voltage. Also, the
device can operate in a large range of gate biases. The GaN MOS-HEMTs
were developed by Khan et al. for the �irst time using SiO2 deposited by
plasma-enhanced chemical vapor deposition [41]. MOS-HEMT devices
remain stable under RF power stress even at temperatures as high as
400 °C [42] (Fig. 2).

Fig.	2 A basic AlGaN/GaN MOS-HEMT

MOS-HEMT devices maintain relatively high-power output and low
gate leakage current with long-term RF stress, whereas the HEMTs
exhibit visible degradation in power and gate leakage current [43].
High-power density, cutoff frequency, maximum-oscillation frequency,



and low-noise �igure are essential factors for high-power/high-
frequency microwave devices. This enables compact die sizes and
simple input and output matching networks. Higher power-added
ef�iciency (PAE) saves electrical power consumption and reduces the
cost and size of HPAs due to the low heat dissipation [41, 43].

MOS-HEMT devices operate at a higher supply voltage similar to the
power feeder voltage range, which is generally used for radar and
satellite communication equipment. GaN-based MOS-HEMTs show
higher impedance than other devices [44]. HPA designers can utilize
the advantages of MOS-HEMTs in order to increase the performance of
HPAs with a wide coverage of frequency bands and higher PAE [41–44].

MOS-HEMTs are preferred over the Schottky-HEMTs because they
have higher gate capacitance, higher input impedance, lower leakage
current, higher drive current capacity, and are better candidates for
high-frequency RF applications. Tremendous improvements in solid-
state transistor speed has been achieved. Integrated circuits
demonstrated up to a few terahertz in GaN/AlGaN DG MOS-HEMT IC
ampli�iers. DG HEMTs exhibit an evidently superior frequency
performance with an added higher immunity to short-channel effects
due to the reduced parasitic resistances and lower drain conductance
in their extrinsic form. When the gate length reduces below 100 nm in
single-gate HEMT (SG HEMT), it leads to a fall in transconductance (gm),
resulting in a reduction of voltage gain (gm/gd) of the device. Thus, the
maximum frequency of oscillation (fmax) reduces [15, 17, 18, 37].

While fabricating MOS-HEMT, it was found that the choice of
materials ensures good thermal stability. The use of high-κ dielectrics
helps to reduce leakage current, while the inclusion of a nucleation
layer reduces stress and lattice mismatch. The barrier layer thickness is
capable of proper con�inement of carriers within the quantum-well at
the heterointerface. The selection of the substrate material is important
for the overall device behavior. One of the highly used substrate
materials is silicon due to its excellent property of high resistivity, low
cost, abundance in nature, and good thermal conductivity.

F. Medjdoub et al. presented a MOS-HEMT that is normally off based
on AIN/GaN on a 0.1 µm silicon substrate [45]. A thermal dry oxidized
AlN (AlON) has been grown that has been reported to be highly
selective toward the silicon nitride layer, which depleted the 2DEG, in



turn, resulting in a normally off operation. When this fabricated MOS-
HEMT is compared with an identical but non-oxidized MOS-HEMT, it
displayed a drastic positive shift in its threshold voltage, with a drop in
drain leakage by three-four times in favor of the former. Thus, the
fabricated MOS-HEMT is suited for high-power applications [43–45].

J. Ma et al. have presented a high-performance GaN power MOS-
HEMTs on silicon, where the results favored the potential of these
devices for power applications [44–46]. M. Tao et al. reported low
current collapse by a normally off GaN MOS-HEMT on a silicon
substrate. The structure displayed a very high breakdown voltage
(~1528 V), and 356 mA/mm drain current and a positive threshold
voltage with a leakage current of 5 µA/mm [28]. The gate insulator or
gate oxide selection is one of the most important materials, whose
selection has been discussed for device performance analysis. Different
innovative device structures are showing good agreement in a normally
off AlGaN/GaN MOS-HEMT with silicon dioxide (SiO2) dielectric [46,
47].

It is also possible to achieve high breakdown voltage in a new
silicon dioxide deposition scheme based on RF Magnetron sputtering
and plasma enhanced chemical vapor deposition (PECVD) for an
AlGaN/GaN MOS-HEMT for high-power applications [48, 49]. The
mobility characteristics in the channel of a SiO2/GaN hybrid MOS-
HEMT stay under accumulation operating condition. The mobility
model developed shows the negative dependence of peak mobility on
temperature. This happened due to the effects of phonon and Coulomb
scattering [50].

A comparative study between a passivated MOS-HEMT, an
unpassivated HEMT, and a passivated HEMT device was presented by
Basu et al. [51]. The use of Al2O3 thin �ilm as an oxide dielectric as well
as an insulator layer was found to promote the reduction in device
performance degradation by reducing current collapse effects in MOS-
HEMTs [28, 40].

Annealing is effective on the electrical characteristics of an
InAIN/GaN MOS-HEMT having an Al2O3 insulating �ilm. The leakage
current was reduced 7 times as compared to HEMT structures without
the insulating �ilm [52]. The effect of channel mobility and threshold



voltage engineering in an Al2O3/AlGaN interface in GaN MOS-HEMTs for
power switching applications was presented by Bajaj et al. [53].

The outcome of post oxidation annealing (POA) process on the
hydrogen peroxide (H2O2)-based oxide growth layer in an
Al2O3/AlGaN/GaN MOS-HEMT was investigated by Liu et al. [54]. The
traps in the device were reduced, thereby improving its electrical
characteristics [45, 54]. The authors have also presented the fabrication
of an E-mode AlGaN/GaN MOS-HEMT s and it has been reported that
the Cl doped Al2O3 MOS-HEMT exhibited higher gate leakage than with
undoped Al2O3 [55].

4	 Multigate	GaN	MOS-HEMT
The inability of the device to maintain the desired channel aspect ratio
(α) accounts for the reduction in gm with gate length in single-gate
HEMT. Double-gate HEMT (DG-HEMT) overcomes the shortcomings of
SG HEMT by virtue of its double-gate structure. Also, it requires the
same supply voltage to operate and gates can be controlled
independently depending on applications.

On the introduction of a new gate in the MOS-HEMT on the
backside, named as a back gate, the modi�ied device is denoted as
double-gate MOS-HEMT (DG MOS-HEMT) shown in Fig. 3. The extra
gate improves gate control and doubles ON current that can be attained
in the device because of double oxide capacitances [15, 18, 36]. Gate
oxide capacitances improve on current and reduce off current. Thus, it
improves gate controllability.



Fig.	3 A basic AlGaN/GaN double-gate MOS-HEMT

Since there is no capacitive potential division between the top and
bottom gate, in case both the gates, are shorted and the electrical �ield
lines are being shielded by the bottom gate, the DIBL is minimized and
SCE is reduced in the double-gate structure. In addition, the short
channel effect control is very good by virtue of a thin fully depleted
body and gate shielding of drain fringing electric �ield lines from
penetrating the body from both sides. Hence, SCE improved and the
improved subthreshold slope closer can be achieved.

Due to the action of two gates, the device can now be scaled to
shorter gate lengths for the same body and oxide thickness. The
threshold voltage of the device further can be controlled by the gate
metal work function. However, DG MOS-HEMTs suffer from several
drawbacks. The fabrication process is very complex and gate alignment
is dif�icult which may add parasitic source/drain overlap capacitances
[9, 11].

5	 Advantage	of	Underlapped	Structure
To overcome the parasitic capacitances associated with the
conventional overlapped devices underlap structure has been
introduced. The overlapped gate-source/drain (G-S/D) double-gate
MOS-HEMT structure is shown in Fig. 4a. The non-overlapped or
underlapped gate-source/drain (G-S/D) double-gate MOS-HEMT
structure is depicted in Fig. 4b.



Fig.	4 Cross-sectional view of a Overlapped double-gate MOS-HEMT. b Underlapped double-gate
MOS-HEMT

The non-overlapped or underlapped gate-source/drain (G-S/D)
structure is used to overcome the problem of SCE and DIBL of the
scaled transistors [15, 18, 36, 37]. The SCEs in conventionally scaled
bulk-Si transistors were predominantly controlled by the high-channel
doping. However, due to the dif�iculty of nonuniform dopant
distribution, which leads to multiple threshold voltage, the ultra-thin
body (UTB) of the DG FETs is left undoped and the doping is also
avoided in HEMT devices. Thus, it is required to have underlap regions
for acceptable SCE control. The underlap region on the drain side
increases the distance between the channel and drain regions. Thus, the
effect of the induced drain voltage on gate barrier lowering is
minimized. The underlap structure, due to the absence of overlap gate-
source/drain capacitance, reduces the gate overlap capacitance.
Although, it reduces the on-state current due to the increased series
resistances added to the device for the underlap regions [56–58].

However, optimum performance can be achieved by optimum
underlap length and the improved device performances have been
achieved by the use of high dielectric constant (k) spacer material. This
effect of increased series resistance is less in case of these power
transistors as they operate at a higher voltage. The use of a high
dielectric constant (k) spacer material increases the on current of the
device as the fringing �ield density inside the high-k spacer material
improves, which improves the potential barrier reduction in DG MOS-
HEMTs. Though high-k spacers can improve performance, it also



reduces the intrinsic gain of the device which can be optimized by
optimum use of k value of the spacer materials and other parameters
[59].

6	 Quaternary	InAlGaN/GaN	DG-MOS	HEMT
In order to enhance the output power density of a device keeping the
working voltage constant, an increase in the drain current and
breakdown voltage must be achieved. This leads to an increase in 2DEG
concentration, carrier mobility, and drain current density. A better
analog performance is derived from the device.

The critical barrier thickness of the AlGaN layer is reduced by the
increased Al composition, causing an increase in its radio frequency
performances. However, the growth of Al in the AlGaN layer or direct
use of the AlN interlayer has its limits as the tensile stress that is
brought about by the lattice mismatch between AlGaN and GaN
severely deteriorates the crystal quality of heterostructures [60].

However, indium (In) is found to be advantageous over aluminum
(Al) in this respect. Replacing AlGaN with an InAlN layer with 18%
indium is lattice-matched to GaN and provides very high spontaneous
polarization. This also yields almost double 2DEG values with respect
to the former [56, 58]. It is dif�icult to grow high-quality ternary InAlN
because of its immiscibility, composition non-homogeneity, and the
presence of pits in the �ilm corresponding to the dislocation defects in
the GaN buffer. Figure 5 shows the structure of a basic InAlGaN/GaN
double-gate MOS-HEMT. Quaternary InAlGaN is a better candidate for
barrier material providing high electron sheet density in the quantum
well, as well as proving to be much more miscible [56, 60].



Fig.	5 A basic InAlGaN/GaN double-gate MOS-HEMT

Using quaternary InAlGaN barrier layers in GaN-based HEMTs
allows the realization of depletion mode (d-mode) and enhancement
mode (e-mode) operation. Their composition can be altered leading to
a change in the spontaneous and piezoelectric polarization in a pseudo-
morphically grown InAlGaN layer, one can control the polarization
difference between the InAlGaN barrier and the GaN buffer [60].

Lattice-matched pure AlInN and tensile strained InAlGaN layers
with high Al contents both contribute high two-dimensional electron
gas (2DEG) densities [61]. However, high In content leads to inferior
crystal quality with limited device performance. Effects such as
relaxation and In pulling, are exhibited by barrier layers under high
compressive strain which degrade device characteristics [62].

Quaternary InAlGaN having a considerably higher bandgap than
ternary AlGaN can deliver higher breakdown voltage, further allowing
its application in the high-frequency, high-power electronics domain.
After careful evaluation of their analog, RF and power performances
InAlGaN/GaN has been established as a better choice than the
conventional AlGaN/GaN in MOS-HEMT devices. When the quaternary
barrier width increases, the 2DEG values are also enhanced due to an
increase in both its spontaneous and piezoelectric polarization charge,
thus improving the device’s drain current density. When the barrier
thickness is reduced, control of the gate over the channel is
strengthened making the device highly sensitive. This leads to a rise in
the high-frequency input power swing as it turns ON.
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Abstract
The enhancement-mode (E-mode) High-Electron-Mobility Transistors
(HEMTs) and Metal–Oxide Semiconductor High-Electron-Mobility
Transistors (MOSHEMTs) play a major role in power electronic
applications for fail-safe operation. However, due to the formation of
two-dimensional electron gas (2DEG), these devices operate in
depletion mode and the realization of normally off MOSHEMT has
become a challenge among the researchers. In this chapter, �irst
attempt is made to investigate the effect of oxide layer parameters such
as thickness and dielectric constant through analytical modeling of
oxide-dependent 2DEG and threshold voltage. It is also veri�ied through
mathematical modeling that the inclusion of oxide/barrier interface
density of states (DOS) into the existing HEMT models and considering
thin subcritical barrier thickness can satisfy the modeling challenges of
the DC characteristics of this device. Moreover, oxide barrier interface
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charges also affect the shift in threshold voltage toward the positive X-
axis of transfer characteristics up to a larger extent.

Keywords 2DEG – Enhancement mode – HEMT – MOSHEMT –
Normally off

1	 Introduction
The two major sectors which highly depend on GaN over the
conventional silicon counterpart are power and ICT (Information and
Communications Technology) sectors. The current power electronics
industry employs GaN for both power management and switching
applications. Power management operation includes IT and consumer
market bearing applications in various home appliances and
computing, while switching operation includes applications in the
automotive industry and different energy conversion systems. The
basic requirements of power electronics devices are low switching loss,
high ON state peak current, high OFF state breakdown voltage, and
high-frequency operation by reducing the loss due to passive
components. Moreover, they should tolerate higher temperatures by
avoiding the use of external heat sinks, thereby decreasing the size of
the devices. The increased energy loss is manifested with higher power
and higher operating frequencies. So, high-performance conversion
devices are substantial to perform ef�iciently and save energy. However,
the emerging GaN technology has some unique advantages over silicon
such as high bandgap (3.4 eV), high electron mobility (900 cm2/V s),
high breakdown electric �ield (3 MV/m), high thermal conductivity
(1.5 W/cm K), high-temperature sustainability (up to 700 ℃), high
Baliga Figure of Merit (385,000) [1]. GaN HEMTs possess superior
characteristics and there is a consistent research effort to obtain high
blockage voltage, normally off behavior, and low on-resistance (Ron)
highly suitable for power electronic applications [2, 3]. Although,
blocking voltage as high as 1.8 kV for GaN on Si HEMT [4] and Ron as
low as 4.8 Ω [5] have already been achieved, realizing E-mode
operation is still under active research because, in general, GaN HEMTs
operate in normally-on mode due to formation of 2DEG. Moreover, GaN
E-mode HEMTs are highly essential to replace the conventional Si-FETs



used in power electronics circuits [6]. Therefore, in this chapter, the
primary focus is on realizing normally off operation in MOSHEMTs
through the most convenient methods and verifying it through compact
modeling and TCAD (technology computer-aided design) simulations.

2	 Model	Development	and	Simulation
2.1	 Effect	of	Oxide	Layer	on	2DEG
One of the approaches to realize electric �ield (Ewell) in the triangular
well region across the barrier/GaN junction is to obtain and use the
2DEG concentration (ns) while solving Poisson’s equation. Another
approach is to measure potential at barrier/GaN junction and then
obtain ns and Ewell from it. The second method is used here due to its
less complexity.

Fig.	1 Energy band bending in MOSHEMT showing the formation of quantum well

The energy band bending compensates the difference in work
function between metal to semiconductor and applied gate voltage.
Potential is dropped at GaN surface due to 2DEG, in barrier layer due to
piezoelectric and spontaneous polarization charges and in oxide layer
due to fabrication process lead unintentional charges. The potential
drop equation on both sides of the oxide layer can be written as (Fig. 1)

(1)



(2)

where  is metal to GaN work function difference,  is the
discontinuity in conduction band at quantum well, e is the electronic
charge,  is Fermi potential in GaN,  is the electron af�inity of

barrier,  and  are the voltage drop at the oxide and barrier

layer respectively due to application of gate voltage ,  is the

potential at GaN surface,  is the barrier between metal and oxide.
The potential at the GaN surface is

(3)

The voltage drop in the oxide layer is given by

(4)

where Cox is capacitance due to oxide dielectric per unit area,  and 

 are the charges present in the oxide layer and oxide/barrier
interface, respectively.

These charges occupy interface energy levels having a central
charge neutrality level (ECNL). Acceptor levels are present above ECNL
and donor levels are present below it [7]. Negative and positive charges
are formed due to ionized acceptor and donor states, respectively, at
equilibrium depending on the position of Fermi level (EF0) above (in
Al2O3, SiO2) [7] and below (in HfO2) [8] ECNL as shown in Fig. 2.



Fig.	2 Fermi energy level position-dependent on positive and negative charges at Vgs = 0 V

Now Qit is given by

(5)

where  is the oxide/barrier interface charge at
Vgs = 0 V.

Vbarrier is given by

(6)

 is the net polarisation charge,  and  are the
electrical permittivity and thickness of barrier layer.

The expression for surface potential can be found by putting
Eqs. (4), (5) and (6) in Eq. (3) as follows:

(7)

The inversion layer width (d) at GaN surface at Vgs = 0 V can be
expressed as [9]:

(8)



where  is electrical permittivity of GaN,  is unintentional

doping in GaN [6]. At moderate inversion i.e.  and Vgs = 0 V,
Ewell can be expressed as

(9)

Here, the quantum well is approximated in a triangular shape as the
slope of the potential function is constant. Electrons are quantized at
speci�ic energy levels when con�ined in a quantum well. The expression
of quantized energy level can be written as follows [10]:

(10)

where  is the effective mass of electron in GaN,  is modi�ied

Plank’s constant, and  can be 0, 1, 2, 3, 4 …
The 2DEG concentration can be obtained by using three energy

subbands in the triangular quantum well, 2D density of states function
D, and Fermi–Dirac probability distribution function [11].

(11)

It is assumed here that the Fermi level is constant inside the
quantum well and the 2DEG is analyzed at zero gate bias [12].

Equation (11) upon solving and neglecting higher-order energy
terms can be written as



(12)

At low temperature, the above equation reduces to

(13)

According to the developed model, the 2DEG concentration is
dependent on the thickness and charge of the oxide layer. The variation
of 2DEG concentration with oxide thickness for an AlGaN/GaN
MOSHEMT is plotted in Fig. 3. The 2DEG concentration increases with
oxide thickness in case of HfO2 and decreases with oxide thickness in
case of SiO2 and Al2O3. For negative oxide/barrier interface charge
(SiO2 and Al2O3), Ewell increases with oxide thickness and so as the
Eigen energy values. This reduces the difference between the Eigen
energy and Fermi energy and hence ns. The reverse phenomenon
happens in case of HfO2 due to the presence of positive interface
charges.

Fig.	3 Variation of ns with the thickness of three different oxides (Al2O3, HfO2, and SiO2) [12]



2.2	 Oxide	Interfacial	Charge	Effect	on	the	Threshold
Voltage
The conduction band pro�ile and charges formed at different interfaces
across the MOSHEMT structure are shown in Fig. 4. The total charge at
the oxide/barrier interface is due to barrier surface donor trap charges
(Qd), barrier polarization charges (σpol) due to σ1 and σ2, �ixed
oxide/barrier interfacial charge (Qox) and gate bias dependent variable
oxide/barrier interface charge (Qit) [13, 14]. Among all, Qd is always
positive due to empty donor traps present at the surface of the barrier
and becomes a source of electrons inside the 2DEG [15]. Qox is positive
for HfO2 and negative for SiO2 and Al2O3 [16]. A minor amount of
charges present at the bulk of oxide can be ignored.

Fig.	4 Charge distribution along AlGaN/GaN MOSHEMT

So the VT expression for this structure can be written as



(14)

Equation (14) signi�ies that threshold voltage is a function of oxide
interfacial charge and it can be rewritten as

(15)

(16)

Equation (15) represents inverse proportionality of VT with respect
to Qox at constant tox. Further for very small tox, the last term of Eq. (15)
can be neglected and VT becomes independent of Qox. Moreover, VT
decreases with an increase in tox at constant Qox. If tox is less, VT moves
toward positive for positive Qox and vice versa.

The formation of positive/negative interfacial charges and 2DEG
can be represented by demonstrating the movement of barrier surface
electrons as shown in Fig. 5. In case of HfO2, the barrier surface donors
provide electrons to GaN surface quantum well, hence empty donors
found below ECNL form positive charges. Similarly, in SiO2 and Al2O3
barrier surface donors provide electrons to the acceptor states present
above ECNL forming negative charges.



Fig.	5 Migration of electrons a from barrier to GaN forming 2DEG and positive interfacial charge,
b from barrier to oxide/barrier interface forming negative interfacial charge [17]

Further, in order to validate this the transfer characteristics after
TCAD simulation of an AlN/GaN MOSHEMT with 2 nm thick oxide and
corresponding oxide interface charges are shown in Fig. 6. It is
observed here that, in case of HfO2 negative Vt is obtained due to a
positive interfacial charge and in case of SiO2 and Al2O3, positive Vt is
obtained due to a negative interfacial charge. However, a higher amount
of current is obtained in Al2O3 as higher negative charges form high
2DEG concentration at the well. Vt increases for negative Qox and
decreases for positive Qox.

Fig.	6 Transfer characteristics of AlN/GaN MOSHEMT with 2 nm thick oxide layer

3	 Conclusion
In this chapter, the effect of oxide parameters such as the amount and
nature of charges and thickness on 2DEG concentration and the
threshold voltage is explained through necessary modeling. It is
concluded here that lower oxide thickness without compromising



leakage current and negative oxide/barrier interfacial charge can be an
option to realize enhancement mode operation in MOSHEMTs.
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Abstract
In recent days, wide bandgap semiconductor materials constructed
with GaN are exhibiting incredible performances in developing devices
that are handling applications like high power, high frequency, high
reliability in switching speeds, etc. This device became most promising
due to its matchless properties over the conventional technologies
which use Si-based materials, speci�ically with their impressive
electrical management features demonstrating in HEMT (High Electron
Mobility Transistor) based on GaN material. This review reports the
detailed study on performance analysis of GaN-based HEMTs,
preferably in RF and Microwave Nanoelectronics applications, along
with various aspects of the issues related to the device function.
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1	 Introduction
The day-by-day improved technology devices are not matching their
performance with the use of Si. This leads to the replacement of current
devices with more reliable and sophisticated improvements. Which are
also to be expected to exhibit veracity and accuracy, and more sensible
to electrical energy. Therefore, all these requirements are preceded
forward to �ind the new technology christened HEMT (high electron
mobility transistor).

AlGaN/GaN HEMTs are highly recommended for RF and Microwave
applications owing to their extraordinary feature of the wide bandgap.
A higher bandgap of GaN gives the improved drain current and
substantial breakdown voltage, which in turn the GaN to be a promising
device for monolithic microwave integrated circuits (MMICs) and RF
ampli�iers. The movement of free electrons in HEMTs was explored in
the year of 1969. But the primary RF model came to accessible in the
mid of 1980. In the initial days, the cost associated with a RF model is
very high, resulting in limited usage of HEMT. Now the device price is
moderately reduced and frequently used in RF applications, in cellular
communications, satellite communication and radio astronomy. The
AlGaN/GaN HEMT is preferable for RF applications, that needs less
noise, broad bandwidth range and workable in more power range. In
the initial days, HEMTs are produced in individual transistors, but now
it is developing compactly. These Compact Integrated circuits are
MMIC’s, generally employed in the burgeoning of RF models where
remarkable performance is necessitated. HEMTs are widely becoming
outstanding devices for an upcoming generation where the applications
involving in high power. The scientist named E. J. Lum demonstrated
the superior advantage of HEMT, presenting three folds of more power
density as compared with MESFET, which leads to reduction in chip
size. The HEMTs based on GaAs and InP were achieved in improved
corner frequencies, but these HEMTs offer small breakdown �ields.
Therefore, these kinds of devices based on GaAs and InP are preferred
for small voltages.



But in contrast, HEMT based on GaN provides remarkable RF
performance against traditional HEMTs based on GaAs and InP
materials. The distinctive feature of GaN material with a larger bandgap
resulting in high breakdown voltage with excessive handling
temperature. GaN material has one more stupendous advantage of
spontaneous polarization, which carries a cloud of 2DEG solidity (ns) of
6 × 1013 cm−2. This bene�icial feature of HEMT based on AlGaN/GaN is
drawing the attention of aspirational researchers in the direction of
GaN material over AlGaAs/GaAs devices. Several improved mechanisms
are adopted to ameliorate the device performance. The �ield plate
mechanism can enhance the device characteristics by decreasing
unwanted spikes that emerged in the gate area. Hence, the breakdown
voltage strength of the device could be increased. One more way to
enhance the device performance is by placing a slender AlN barrier
�lake between the interface of AlGaN and GaN channel. This
arrangement gives an improved carrier charge thickness and
diminishes the compound scattering dislocations and �inally yields
increased mobility. Additionally, it improves the device’s operating
frequency, and dual heterojunction formation can offer increased 2DEG
concentration.

In this report, it reviews the developments and withstanding of
AlGaN/GaN from the initial stage to recent days covering the following
sections. First, the basic idea behind HEMT and operation with
structure will be discussed. Then performance analysis is carried out
with some available literature followed by different factors in�luencing
the performance of the device.

2	 Motivation	Towards	HEMT
In the present day, the requirement for the high switching speed
demanded in various �ields like RF and Microwave communications
technologies urged transistors to expand with the help of improved
electron mobility and preferred transport features. The devices with
high-speed electron mobility devices are invented by T. Mimura, who
had conducted profound research work in the domain of mixed
semiconductors of III-V materials at Fujitsu Laboratories Ltd, Kobe,
Japan [1].



Conventional MOSFET devices and MESFET devices designed with
the scaled channel lengths can lead to a scattering mechanism resulting
in mobility decrement [2]. The conventional transistors are not only
facing mobility problems but also suffering with many other factors
such as, short channel effects, current leakage and power dissipation at
the gate terminal, ionizing impurities, lattice and impurity scattering,
threshold voltage shift in the negative direction, larger subthreshold
slope, etc. These effects can degrade the device performance drastically.
But fortunately, there is a preventive solution to ameliorate the device
performance with the help of increment in doping concentration levels.
However, some mentioned issues were solved with the rise in doping,
but increased doping concentration is not a perfect choice for
improving mobility. Some of the problems with raised doping levels are
discussed as follows [3].

Figure 1 gives the effect of increment in doping concentration. From
this Fig. 1, we can notice that if the doping is hiked, then the mobility
will decrease. In this case, columbic scatterings will dominate the
electron mobility so that it will lead to lesser speed. This is an untoward
action, so the rise in doping option is not a good choice for this
situation. Then, what is the alternative to overcome all these effects.

Fig.	1 Mobility variation with Average transverse �ield [4]

To get high mobility, one solution is known by a device based on
HEMT. The HEMT contains heterojunction between two distinct



bandgap materials where charged electrons are con�ined in the
quantum well and free from scatterings caused by impurity atoms.
Therefore, the classical MOSFET limitations may be overcomed by this
heterojunction principle.

The junction between two different materials having different
bandgaps is known as a heterojunction. But there is one requirement to
form the heterojunctions; when we grow one material on another, there
should be a lattice match between those two materials. In this sense,
the lattice constant must be comparable. If we want to grow silicon on
germanium, there is a problem because the lattice constant is quite
different in silicon and germanium. Where Si has 5.43 and Ge is having
5.65. But on the other hand, if we want to grow GaAs on Ge, there is no
dif�iculty because the lattice constant matches [4, 5].

Now a days, the AlGaN/GaN HEMT became a splendid device that
can work in a very high range of frequencies with high breakdown
voltage ability and possess high electron speed in saturation. GaN
exhibits extreme piezoelectric polarization, which supports the
collection of huge charge carriers at the interface of AlGaN/GaN. So,
therefore without extra doping in the AlGaN material, it can give the
cloud of electrons to the interface. Therefore, AlGaN type devices giving
more freedom in designing them. In this report, we review the GaN and
its af�iliate compositions with clear and in-depth explanations.

It is very clear from Table 1, where GaN has a high bandgap, high
breakdown �ield and more saturation velocity among all the listed
semiconductors. These features will give that GaN can be operated in
high frequencies and higher voltage levels. Figure 2 provides a relation
between cut-off frequency and break down voltage [6, 7].

Table	1 Physical parameters of different compound semiconductors [6]

Parameter Si 4HSiC InP	(InGaAs) GaAs GaN

Bandgap (eV)
@27 ℃

1.11 3.02 1.35 1.43 3.29

Saturation velocity of electron (×107 cm/s) 1.0 2.7 2.5 2.0 2.7

Mobility of electron (cm2/V s) @27 ℃ 1500 700 15,000
(InGaAs)

8500 900

Breakdown �ield ((×105 V/cm) 3.0 25 7.5 6.5 33



Parameter Si 4HSiC InP	(InGaAs) GaAs GaN

Thermal management conductivity (W/cm K) 1.5 4.9 0.68 0.54 1.3

Fig.	2 Relationship between cutoff frequency and breakdown voltage [6]

Khan [8] was the �irst person who demonstrated the functional
behaviour and the existence of 2DEG at the interface junction of
AlGaN/GaN HEMT. The channel quality will be improved by reducing
the defects in the manufacturing process. SiN passivation and charge
controlling at the surface are going to diminish the effect of parasitic
inconsistencies.

Figure 3 explains the relation between the operating voltage and
power density on the output side. From Fig. 3, we can notice power
density of GaN is four–six folds higher than the GaAs FET and SiC
MESFET, and GaN has a high impedance. This unique feature leads to
identify the GaN as the most promising material for communications.



Fig.	3 Operation voltage versus output power density [6]

3	 AlGaN/GaN	HEMT	Structure
Figure 4 depicts the HEMT based on AlGaN/GaN device, which is
constructed on a silicon substrate. It has a huge concentration of 2DEG
density due to its intrinsic properties like spontaneous polarization and
piezoelectric effects. The concentration is almost equal to 2.7 × 
1013 cm−2, which is twelve folds higher than HEMTs based on
AlGaAs/GaAs materials.



Fig.	4 Structure of AlGaN/GaN HEMT [43]

The mobility of the 2DEG at the intersection of AlGaN and GaN
layers is very high, and its value is almost equal to 2000 cm2/vs. The
primary key to achieve this mobility is the existence of the concept of a
2DEG sheet charge at the junction point. This particular character
makes the AlGaN/GaN-based HEMT as the most suitable device for RF
and microwave applications [9–13].

4	 Performance	Analysis	of	AlGaN/GaN	HEMT
AlGaN/GaN HEMT devices are becoming more and more popular for
their unique nature in providing less noise, high breakdown voltage
and promised speed. So, many aspirational researchers and companies
are looking towards HEMT; this leads to more inspection and research
on HEMT designs. Here, some of the existing literature reports of GaN
HEMTs are discussed.

4.1	 The	Control	of	Charge	Employed	with	2D	Distributive
Design	for	I–V	Characteristics
Mario [14] successfully developed a traditional charge control model in
which elucidation of well-known one dimensional Schrödinger
equation utilized with Robin boundary constraints in the short



horizontal �ield and velocity saturation key unravelled for 2D Poisson’s
expression. Feasible eigenvalues are introduced in expanding the
solution of given Poisson’s equations. Additionally, it acquired a more
polarization effect by employing a doped 22 nm AlGaN �lake on the top
of the undoped AlGaN layer. Furthermore, they proposed an altered
mobility prototype named Polyakov-Schwierz. Figure 5 depicts the
relation of drain current (mA) and VDS (V) with distinct voltages
applied at the gate terminals.

Fig.	5 Voltage–current characteristics for AlGaN (Al:15% and Ga: 85%)/GaN HEMT at distinct
gate bias [16]

4.2	 Surface	Charge	Relying	on	Parasitic	Components
In [15], it mainly focused on the stability of congenital charges and
capacitance parameters by expounding a solution for charged sheet
solidity inside the movement of change particles. As a result, the
outcome of modi�ied HEMT is acquainted with parasitic modules.
Therefore, surface potential is depending on latent parasitic elements
formed by terminal charges. Figure 6 is clearly illustrated with donor
traps and acceptor traps in HIGH and LOW positions of the device with
the developed model [16]. This arrangement is �inally constituted with
tri terminal charges accompanied by several trans capacitances.



Fig.	6 Simpli�ied schematic view of an AlGaN/GaN HEMT and its capacitance regions consisting
of intrinsic and fringing a OFF state and b ON state [16]

4.3	 Control	of	Gate	Voltage	Over	the	Crucial	2DEG
Concentration
Many kinds of researches explained the mutual relation between 2DEG
and Fermi level. This mechanism is demonstrated by Khandelwal et al.
in [17] by taking some experimental setup in which the density of 2DEG
composition is compared in separate dual regions. Here, the �irst region
is assumed as a sub-band, is just above the Fermi level, and the second
region is sub-band just below the Fermi level. So that, a novel model is
developed by adding the above two areas and solving primary device
characteristics equations, and clubbed them together without any extra
parameters. This arrangement illustrated the variation in density of
2DEG composition in proportion with applied gate bias (Fig. 7).



Fig.	7 Comparison of novel model and regions with gate bias [15]

4.4	 Dual	Gate	AlGaN/GaN	HEMT
In the year of 2013, Guohao offered a new kind of HEMT structure. This
construction is constituted of two gates. The secondary gate electrode
could enclose the primary gate and stretch towards the source and
drain electrodes by the protrusion. The complete schematic of the novel
dual-gate HEMT picture is shown in Fig. 8 [18, 19].



Fig.	8 Representation of an AlGaN/GaN double gate HEMT structure [16]

If we observe, the structure of dual Gate HEMT is almost equal to
single gate HEMT except for the buffer layer, which is situated on the
top and bottom sides. Dual Gate HEMT provides excellent bene�its over
traditional single gate HEMT devices. Dual gate devices prevent
intrusion of charge carriers to buffer side and provide enhanced pinch-
off characteristics and ampli�ied gm.

4.5	 Role	of	Temperature
It is also one of the crucial factors which affect the HEMT device. For
higher temperatures, the device can’t stick to its promises. It couldn’t
deliver the optimal performance in such incidents. Therefore, a thermal
design model is needed for understanding device performance status in
high temperatures. Bangall et al. [20] introduced one such design which
can handle thermal effects very ef�iciently. The con�iguration developed
by Bangall is shown in Fig. 9. The proposed design comprises of heat
sinks placed within several layers. Several mathematical models are
applied to solve the setup with the help of the Fourier series and
proclaimed with well-known spectra.

Fig.	9 a HEMT design based on (b) Distribution of temperature index. Heat
source arrangement [20] in AlGaN/GaN HEMT [20]

5	 Factors	Affecting	the	Performance	of	GaN
HEMT



5.1	 Trapping	Effects
The primary cause of effects is the production of nearby active energy
states within the semiconductor energy—gap, which emanates from
the direction of the channel and gate terminal as a consequence of traps
that will be formed. It leads to a powerful jolt on the device’s static and
dynamic performances. Trapping effects are mainly due to the
formation of parasitic elements. Generally, parasitic effects are
developed in GaN HEMT due to asymmetry in crystal and impurities
within the device layer due to atom dislocations [21]. The device’s
performance weakened due to engulfed trapping phenomena. Applying
viable and feasible electric �ields can eradicate the above said unwanted
occurrence. Two main dominant causes of trapping effects are the
current collapse in output current and the kink effect [22]. Let us see
how the kink effect is forming; it is the abrupt change of drain current
because of the demure trapping effect on lesser drain bias. The kink
effect is thrived on lower drain voltage (Vds) and disappeared on the
higher electric �ield, which concomitant to an unpredicted increase in
current at drain due to higher negative in a pinch-off voltage.
Consequently, ON resistance along with transconductance (gm) is also
affected [23].

Traps that are being occupied on the top region of the energy
bandgap are known by acceptors, and those existed on the bottom
place of bands are known as donors, will dominate the performance of
the device. Traps are scrambled at the AlGaN barrier because the Fermi
level is placed above the surface trap index. The AlGaN barrier used is
very thin; hence traps are easily moved to the channel on account of the
unique polarization process in AlGaN [24]. Arrhenius [25] proposed
and developed an equation for emission rate at the trap level. Which is
given by

(1)

(2)



(3)

The barrier ( ) is diminishing with the changes in the electric �ield

(F). Here  is the ionization energy of a function, and the symbols
are their usual meanings. Therefore, traps formed at AlGaN surface
proximity can in�luence the channel reduction and plummet in drain
current [26].

5.2	 Surface	Passivation
The unwanted interaction of outside signals and chemical responses is
detached from transistor devices with the help of situating an oxide
layer above the HEMT. This arrangement stabilizes the electrical
performance, re�ines breakdown voltage, reduces the undesired
leakage current and improves power consumption [27]. The compound
material Si3N4 can curtail the impact of trap states. In earlier developed
devices, silicon dioxide is widely used to ful�il the desired activity. It
demonstrated in [28], silicon dioxide passivation exhibited an excellent
result of lowering in leakage current (0.009 A) when passivation is
inspected with silicon nitride (Si3N4) on the identical and same wafer.
But, Silicon Nitride exhibits considerable output current by 700 mA and
a subtle increase in leakage current. Bruce [29] reported that high
voltage transitions with Si3N4 passivation could give the outstanding
minimization of on resistance value.

In another research by Chu [30] exhibited passivation by Si3N4, ALD
and including �iled around 1200 V, augmentation in drain current,
decrease in Cgd to 3 pF accompanied by diminishing in trap effects. If
La2O3, including Si3N4, used in passivation could develop a drastic
increase in the breakdown voltage of HEMT. Surprisingly, Nicolas
Herbecq [31] reported a matchless increased withstand voltage of
3000 V by passivation with MOCVD SiN formed on AlGaN/GaN HEMT
besides extinguishing substrate parasitic conduction.

A Slender ALN �ilm is passivated on the surface with the help of
PEALD could result in the pruning of ON resistance value in the region
of high-stress electric �ields. Huang [32] examined passivation by AlN



PEALD gives nominal leakage current but allows output current to
350 mA. Generally, the solidness of the passivation layer should
maintain in the range of 50–100 nm with encompassing manifold �ield
plates. CF Lo developed a distinct HEMT [33] of having mobility
1900 cm2/Vs and an impressive output current of 1.25 A by
incorporating the passivation with AlN with the help of ozone gate
advance technology.

5.3	 Field	Plate	Arrangement
Many types of researches and experiments were noticed that the
optimized performance characteristics of GaN HEMT with the aid of
�ield plates. Brannick [34] suggested the attachment of �ield plates
around gate and source points can deliver improved power attributes
of the device, and extending the length of the �ield plate can reduce the
degradation of the device positively. It is distinctly deciphered that the
trap effect decreased by aligning lengthy �ield plates in some research.

Here, one main difference in arrangement can give the best results,
i.e. �ield plate at gate terminal bestows good and acceptable breakdown
voltage escorted by subjugating current collapse. But �ield plates in the
source terminal’s proximity can quickly introduce more unwanted
traps into the gate region. Multiple �ield plate layer structures are taken
into consideration in the analysis of boosting device performance. It
yields remarkable performance by eliminating lag at the drain,
dwindling in current collapse. Double �ield gates can exhibit dealing in
sharing applied voltage in an identical manner, which is not observed in
the devices having a single �ield plate connection.

In [35], the author proved the magni�ied performance of the device
by examining 0.6 μm and 0.5 μm lengths of gate and �ield late,
respectively. Ahmet Toprak [35] stated GAN could give �ive folds better
power handling capacity (33%) at the drain terminal against the same
setup with GaAs. One more advantage also identi�ied in some more
research papers is handling self-hotness, one of the essential factors for
managing power gadgets. We know that if the device’s temperature
increases, it will affect the working and gives unaccepted results. But
this kind of complication issue related to self-heat is also curtailed with
the service of �ield plates. This improvement is explained by S�odan
[36]; in this paper, some experimental setup is made to compare two



devices with the same properties with different �ield plate
con�igurations. It has shown that reduced thermal resistance was
achieved in �ield plate arrangement.

But some kinds of limitations are restricted to the length of the
plates; otherwise, some disturbance would cause in breakdown voltage
of the device. The remedy for improving breakdown voltage is
improving the dimension over drain and gate node described in [35]; it
also achieved appreciable mobility of the value 1310 cm2 V−1 s−1. So
from all these works of literature [34–38], different lengths of �ield
plates have almost the same breakdown voltage, reduced current
collapse and vanish the traps at the gate surface. But the difference is
clearly visible in ON resistance, i.e. stretched �ield plates can diminish
ON resistance value.

5.4	 Dominance	Caused	by	the	Back-Barrier	Layer
There is one more primary factor that affects the performance of GaN
HEMT is known as the back barrier. It is possible to procure high speed
by decreasing gate length; consequently, meticulous pinch-off voltage
features eluding from the upper part of the barrier in the presence of
more drain voltage. This will leads to short channel effects raised in the
device. Therefore curtailing gate length has some limitations. In [39], it
has instigated the pivotal concept of back barrier with AlGaN in GaN
HEMT with suitable gate length. The setup with the back barrier is
successfully enclosing the 2DEG in the allotted channel. Mobility of the
transistor increased thoroughly sans touching pinch-off characteristics.
Whilst, astonishing polarization sequel also rose drastically.

Here, one point should be remembered for polarization, which also
escalates when Al’s content is increased but leads to degradation of the
device by forming traps with stretching Al content. As we discussed
earlier, the kink effect known by an abrupt spike in current at meagre
source voltage will come into the picture [40]. At more VDS, hot
electrons are performing detrapping effects with the help of included
back barrier. So in the process of controlling electrons in the top region,
the barrier lost its control over electron blocking in the lower barrier
layer.

So, to conquer the situation, an additional substitution of the
hindmost barrier layer within the device. Now device performance is



remarkable with augmented breakdown voltage, ampli�ied 2DEG
concentration, reduction of current collapse, and interestingly DIBL
subjugated. With some experimental setup by Chunjiang [41]
demonstrated the largest output current 1. 3 A, and acceptable
breakdown voltage accompanied with the back-barrier layer. In [42], it
is developed with a twin barrier layer in the bottom side with few
changes in gate length, exhibited a truncated ON resistance followed by
the fabulous breakdown voltage of 2200 V.

So, from all these results and discussions, the bottom barrier layer
in GAN HEMT plays a vital role in enhancing the performance
characteristics (2DEG, current collapse, trap removal, pinch-off voltage)
of the device.

6	 Conclusion
This report shows a detailed review of the performance analysis of
AlGaN/GaN-based HEMT. These devices are an excellent choice for
applications involved in RF and Microwave Nanoelectronics due to their
distinctive character of wide bandgap, extensive frequency range and
high breakdown voltage of operation. The review started with a brief
acquaints with the fundamental need of HEMT devices and explained
basic working principles with primary structure. Mainly, it furnished
the several factors which can impact the performance of the AlGaN/
GaN HEMT device in an understandable fashion. This paper
demonstrated various primary issues, and key remedies for GaN-based
HEMT’s are discussed with the existed literature of several research
papers. This review work presents a direction in the future
advancement of HEMT to aspirant researchers of a similar domain.
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Abstract
High Electron Mobility Transistor (HEMT) attained great interest
because of its superior electron transport making it suitable for
applications in high-speed circuits and high power requirements. These
devices are �inding special interest to replace conventional �ield-effect
transistors having outstanding performance in the domain of high-
frequency applications. In HEMT, the high mobility of electrons and
highly con�ined characteristics of the two-dimensional electron gas
made sure that modulation doping could be utilized to have high-speed
�ield-effect transistors having brilliant “Short Channel Effects” (SCEs)
and excessive scope of scaling. However, lack of existing experimental
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results of such a device, designers require a dependable tool for
simulation and analysis of the device characteristics in less time and
low cost before device is fabricated for commercial use. Therefore,
physics-based device simulator for design and performance prediction
of the semiconductor device are very important. This book chapter
describes an overview of the HEMT device and its physics-based
simulation for performance analysis.

Keywords HEMT – Heterojunction – 2DEG – GaN – InGaAs/InP – TCAD
simulation

1	 Introduction
The growing demand of higher switching speed which is the basic
requirement in the microwave communications �ield and RF
technology, made it crucial for transistors to go forward with high
electron mobility and greater transport characteristics. In order to
cater the necessity of high power, high frequency, and low noise
applications, traditional MOSFETs and related devices have
requirement of a very short length of channel so that most of the
carriers experience the least impurity scattering which causes
degradation of performance. HEMT device was �irst developed and
presented by Mimura and his team at Fujitsu Labs of Japan in the year
1980 [1]. Many composite materials have a much higher mobility than
silicon, that is why devices are made using composite semiconductors
and those devices show better performance in high-frequency
operation. Modulation doping is one of the most signi�icant
developments that really augmented the importance of compound
semiconductors. Modulation doping offers an important bene�it of the
free carrier concentration within the semiconductor layer. “High
Electron Mobility Transistor” (HEMT) is a special type of FET based on
this principle, which has a junction of two materials having different
bandgaps (known as heterojunction) and acts as a channel as a
substitute for a doped region (modulation doping). Heterojunction
along with modulation doping rise the channel mobility in the HEMT
device.



In microwave circuit applications HEMTs device are considerably
important. With the advancement in HEMT device technology, many
areas are found for its application, especially at millimeter and
submillimeter wave frequencies. However, a substantial challenge for
low-visibility, medical imaging, and security in addition to
telecommunications applications still exists. The �irst generation most
common materials used AlGaAs/GaAs lattice-matched HEMTs, later on,
many material systems have been considered for the fabrication of
HEMT device. In recent years, because of the technology generation
below 22-nm, a lot of hypotheses have been created at the end line of
the silicon device roadmap. A lot of attempts are being made on
different materials having high channel mobility, among them HEMT-
like structures are the most probable candidate.

“High Electron Mobility Transistor” is also recognized as
“modulation-doped-FET” (MODFET) or heterostructure FET (HFET).
There are lots of HEMT structures reported in literature. The
fundamental principle of HEMT devices is the formation of
heterostructure which consists of a doped wide bandgap energy
material (barrier) and an undoped narrow energy bandgap material
(channel) which form heterojunction [2].

This chapter begins with a brief discussion on working principle of
HEMT devices. Then different common structures and material
combinations used to realize HEMT devices are presented in Sect. 2.
TCAD device simulation methodology along with different physics-
based models are also introduced in Sect. 3. Basics of TCAD
simulation methodology are presented in Sect. 4. Performance analysis
of HEMT and MOS-HEMT devices are explained in Sect. 5. In Sect. 6,
some of the applications of HEMT in communication, space
applications, and biomedical sensor �ield is highlighted. Finally, a
conclusion is made in Sect. 7.

2	 Basic	Principles
In HEMTs, heterojunctions are created by different semiconductors
having a difference in bandgaps which requires the conduction band
(CB) and valence band (VB) right through the material to bend to have
a continuous level. In the formation of heterostructure with a material



having a wide bandgap and a narrow bandgap, the alignment of the
bandgap energies is very essential. Based on the alignments of the
bandgap, there may be different types of structure that exists
depending on material combinations. Different possible bandgap
alignments are shown in Fig. 1, namely, Straddling (a), Staggered (b),
and Broken (c). Heterojunctions can also be classi�ied based on the
conductivity of materials forming heterojunction. There are two types
of heterojunctions based on conductivity, one is isotype and another
one is anisotype heterojunction. Isotype heterojunctions are those
which are formed between the semiconductor having the same
conductivity (N–n or p–P), where the capital letter represents the
larger bandgap materials and small letter represents the low bandgap
materials. However, anisotype heterojunctions formed between the
semiconductor materials having different conductivity (N–p or n–P).

Fig.	1 Different possible bandgap alignments

The Straddling type heterojunction is the most important for the
creation of the high mobility of electron in the channel of HEMT. The
conduction band offset formed depends on the electron af�inity
difference of the semiconductors used.

When forming a heterojunction, the bending of band is necessary to
have a continuous level. Excess electrons of doped wide bandgap
materials diffuse toward the adjacent lower bandgap materials
containing lower energy states. Thus, potential difference will be
caused because of the movement of electrons which in turn produce an
electric �ield between the two materials. Drift in electrons is caused by



this electric �ield to bring back to the conduction band (CB) of the
larger bandgap material. These processes of drift/diffusion will be
continued till they stabilize each other and create a junction at the
equilibrium. It’s worth mentioning that the smaller bandgap material
which is undoped has an excess of majority carriers. As the material
with lower bandgap is undoped, it has no donor atoms to create
scattering as a result having high mobility. In HEMT, the most
interesting aspect is the band discontinuities at the valance and
conduction band which can be adjusted to control the �low of careers to
and from the device. Because of this diffusion of the carriers, an
electron accumulation is created inside the narrow bandgap material
along the boundary of the two regions. A very large current in these
devices can be generated because of the accumulation of electrons. The
region of high electron density is generated as a result of accumulated
electrons and is also known as 2D electron gas (2DEG). Figure 2
presents the schematic representation of a general band diagram
shaped at the heterojunction for usual HEMTs [3].

Fig.	2 Schematic band diagram of HEMTs

3	 Different	HEMT	Structures
3.1	 GaN-Based	HEMTs



Other than optoelectronics domain, GaN �inds applications in power
electronics also because of its capability of high temperature and high
frequency operations. Silicon Carbide (SiC) and Gallium Arsenide
(GaAs) are also competing materials for use in high power electronics
[4] apart from GaN. Different parameters of various semiconductor
materials relevant to power devices are compared and shown in Table 1
[5]. From this table, it can be understood that both GaN and SiC are
advantageous than GaAs and Si when bandgap and critical electric
�ields are considered. This allows these materials to have much higher
breakdown voltage as well as much higher blocking capability enabling
it to handle high power devices [5]. III–V group materials have been
emerging as a strong alternative materials for applications in the
domain of high power, high frequency applications in the recent times
[6]. Even though the effective electron mass in the device using GaN is
higher in comparison to GaAs technology, there are a few notable
advantages which have made this a more favorable technology.
Structure of GaN HEMTs consists of a layered structure similar to usual
GaAs-based HEMTs and is depicted in Fig. 3. The �irst attraction is the
large bandgap having very high breakdown voltage that lends this
device for specialized applications. The second important characteristic
of the III–V nitrides is the heterostructure technology which can
provide Quantum well, heterojunction structure, and modulation-
doped heterointerface all can be created in this system.

Table	1 Properties of semiconductor material

Material Bandgap,	Eg
(eV)

Relative
dielectric
Constant,	εr

κ	(W
°Kcm−1)

Ec	(V	cm
−1)

Silicon (Si) 1.12 11.8 1.5 3 × 105

Gallium arsenide
(GaAs)

1.42 12.5 0.54 4 × 105

Indium phosphide
(InP)

1.33 12.4 0.67 4.5 × 105

3C–SiC 2.24 9.7 4.0 1.8 × 106

4H–SiC 3.23 10.0 4.0 3.5 × 106

6H–SiC 2.86 10.0 4.0 3.8 × 106



Material Bandgap,	Eg
(eV)

Relative
dielectric
Constant,	εr

κ	(W
°Kcm−1)

Ec	(V	cm
−1)

Diamond 5.6 5.5 20.0–30.0 5 × 106

Gallium nitride (GaN) 3.4 9.5 1.3 3.3 × 106

Fig.	3 Schematic representation of GaN-based HEMT

Fabrication process for GaN HEMT involves epitaxial growth on
non-native substrates like SiC, Si, sapphire, and diamond. GaN
substrates are very costly, due to dif�iculty to grow and available in
small sizes which are not viable for large-scale production, thus GaN
epitaxial layers are grown on non-native or foreign substrates. To evade
vertical breakdown, the substrate is semi-insulated electrically and
should be thermally conductive to dissipate heat generated at the
channel. Lattice constant of GaN and the substrate material should be
closely matched in order to reduce the effects of stress and grow
epitaxial layers of superior quality.

3.2	 Ga–As-Based	HEMTs
A general structure of GaAs material-based HEMT is shown in Fig. 4. A
heterostructure is formed in between AlGaAs having wide bandgap and
GaAs, the smaller bandgap to detach the majority carriers from the
ionized impurities. The material having a wider bandgap has a doping
density of the order of 5 × 1017 cm−3. As a consequence, a channel layer



is produced along the interface of GaAs and AlGaAs. A very thin layer of
AlGaAs may be utilized as a spacer layer is kept undoped to reduce the
scattering effect. At the underneath of the structure, the Si or GaAs is
used as a substrate material.

Fig.	4 Schematic of GaAs-based HEMTs

3.3	 InP-Based	HEMTs
Indium Phosphide (InP) is one of the attractive materials for
optoelectronics and electronic device like HEMTs, photo-detectors,
laser diodes, and solar cells. The advantage of InP-based devices are
high carrier densities, high mobility of electrons and high saturation
velocity at room temperature. In comparison to GaAs-based HEMT, InP-
based HEMT results in lesser effective mass of electron in the InGaAs
channel. Relatively, large conduction band offset (about 0.5 eV) in-
between the channel layer and the neighboring barrier layer, InAlAs is
formed in these types of devices [7, 8]. Therefore, InP-based HEMTs
have high concentration of electrons and demonstrate high electron
mobility and higher saturation velocity. A general structure of InP
material based-HEMT is shown in Fig. 5.



Fig.	5 Schematic of InP based HEMT

4	 TCAD	Simulations
With the increasing demand of HEMT technology for its acceptance in
the areas of high frequency and high power applications, researchers
show lots of interest in these devices in recent times. Because of the
lack of exiting experimental results of such a device designers want a
trustworthy tool to predict performance of the device in advance within
little time and less cost before it is fabricated for commercial use.
Therefore, physics-based device simulators for design and performance
prediction of the semiconductor device are very important. Though
many analytical models are already reported in the literature by the
researchers to study and analyze the characteristics of HEMTS and to
enhance device performance, TCAD device simulators are much more
convenient to use for rapid developments [9]. Physics-based models are
developed by considering the speci�ic material properties focused on
energy band diagram, polarization effect, piezoelectricity, etc. The
speci�ic models are developed consisting of a set of primary equations,
which connect the carrier densities as well as the electrostatic potential
using some simulation domain. Those fundamental equations need to
be obtained from Maxwell’s equation consisting of Poisson’s equation,
transport equations, continuity equations, etc. By solving those



equations, distribution of electron/hole densities as a consequence of
transport as well as generation and recombination process are
obtained. In TCAD simulation software, the structure is separated to a
huge amount of mesh and grid points known as “nodes.” In these
“nodes,” different electrical parameters of the device like current,
voltage, transconductance, resistance, etc., are worked out by the
software using the numerical simulations. This meshing process is very
important and plays a major role in the simulation results accuracy. If
the mesh density is increased in the simulation, the precision of
calculation also enhances, but that in turn increases the duration of
simulation. It is therefore very critical to compromise between the
requirement of accuracy and affordable simulation duration in order to
realize the extreme advantage from physical simulation. A general
simulation methodology used by TCAD software is shown in Fig. 6.

Fig.	6 Physical simulation methodology adopted in TCAD software

TCAD software offers many transport models for consideration of
behavior of semiconductor physics [9, 10]. For proper
calculation/prediction of the device characteristics, researchers need to
include such device models in the simulation process correctly. In this
section, different physical models available in popular TCAD software
for the device modeling is presented. The physical simulation method



of a typical TCAD software is highlighted in Fig. 6. Different physical
models offered by TCAD software are brie�ly described here.

4.1	 Transport	Model
Poisons equations describe the movement of carrier charges in
semiconductor materials and used to solve the electrostatic potential
from the continuity equations of carriers and electro and hole
concentrations [9, 10]. Attainment of solution of the Poison’s equation
is needed for calculation of current densities from charge
concentrations and electrostatic potential. That can obtained by using
transport models.

4.2	 “Drift–Diffusion”	Transport	Model
The “drift–diffusion” current relations are obtained by using conditions
of charge carriers which are in thermal equilibrium and can be used for
most of the device simulations in submicron regime. Current densities
can be obtained through derivations using Boltzmann’s theory. Drift–
diffusion (DD) model integrated in TCAD software solves “Poisson’s
equations” as well as the “current continuity equation” numerically and
gets electron concentrations, hole concentrations, electrostatic
potentials, etc., at all the nodes which are de�ined during meshing. The
current caused owing to the drift of carriers because of external electric
�ield applied is known as Drift current whereas the current associated
with diffusion of carriers is known as Diffusion current.

4.3	 Thermodynamic	Model
By using thermodynamic model self-heating effect of the device may be
simulated by consideration of the equations related to lattice heat �low
along with current continuity. This enables to calculate the effect of
temperature gradient on current densities for the lattice temperature of
the device. For GaN, InGaAs-based HEMT, this simulation model is very
important as lots of heat is generated inside the device due its
operating conditions.

4.4	 Hydrodynamic	Model
The hydrodynamic model is important for the simulation and analysis
of semiconductor devices. This model can provide their average energy



and average energy �lux along with the carrier concentration and
current density. Continuity equation, energy balance equations, and the
self-consistent Poisson’s equations are solved by using this model for
charge carriers and the lattice. Hydrodynamic model is more precise
compared to drift–diffusion model though hydrodynamic model
requires more computing resources that faces dif�iculty in convergence.

4.5	 Generation-Recombination	Process
Generation of Carrier is a method where pairs of “electron” and “hole”
are produced by stimulating an “electron” in the valence band and
transferring it to the conduction band leaving a “hole” there. On the
other hand, when electrons and holes recombine and are annihilated
known as recombination process. This eventually causes the
disappearance of both carriers in this process. In semiconductor,
several Generation-Recombination Process exists such as “Shockley–
Read–Hall (SRH) generation/recombination,” “Auger
generation/recombination,” or three-particle transitions, along with
“impact ionization” process. The model for SRH [11] describes the
electrons and holes recombination by the trapping process.

The Auger recombination model determines a recombination of
hole and electron for a transition from band to band. The energy as a
result of this mechanism is transported to another electron or hole and,
consequently, the implication of the third particle impacts the
recombination rate. In TCAD, standard models are available to choose
proper description of the Generation-Recombination Process.

4.6	 High-Field	Saturation	Model
With the application of high electric �ields, a condition appears when
the electron velocity due to drift in the channel is no longer
proportional to the electric �ield in the channel. This results in the
velocity to saturate to a �inite speed vsat. The high-�ield mobility model
is obtained based on the low-�ield mobility with additional extensions
to consider the high-�ield phenomenon. Three different models such as
the “actual mobility model,” “driving force model,” and “velocity
saturation model” are available. These models may be incorporated
with few constraints.



4.7	 Density	Gradient	Model
The wave nature of charge carriers need to be considered for MOSFET
and GaN-based HEMT when their channel length and thickness of oxide
are of quantum–mechanical scales. Moreover, for AlGaN/GaN materials-
based HEMT devices, the discontinuity in bandgap at the interface
results in a 2D electron gas (2DEG) to con�ine the electrons. This causes
the quantization of energy levels inside a 2DEG channel. Hence, it is
crucial to take account of this model for the simulation process to
calculate the electron distribution accurately inside the channel.

5	 Performance	Analysis	Using	TCAD-Based
Simulations:	Some	Recent	Studies
5.1	 Performance	Analysis	of	AlGaN/GaN	HEMT
Numerical studies based on inherent device physics of HEMTs have
been done to analyze the in�luence of material combinations and other
device parameters [12–18] in the recent past. Some common numerical
simulation models reviewed from available literatures are summarized
here.

5.1.1	 GaN/AlGaN	Heterojunction	HEMT
One of the most interesting device structures developed in the recent
years is the AlGaN/GaN-based HEMT. In this system, modulation doping
was �irst used and demonstrated in 1992 and a working transistor was
�irst reported in 1993 [13]. The wide bandgap of GaN makes a high
breakdown voltage enabling the device to be used in high voltage
operation. Another advantage is the higher saturation velocity of
electrons in GaN in comparison to its Si counterpart which enables the
device for high-frequency applications. Also, HEMT structure ensures a
high concentration of electron induced at the AlGaN/GaN interface
resulting high current. All these important factors together helps in
these devices with exceptional power ampli�ication characteristics at
frequencies up to the millimeter wave regime.

5.1.2	 Hybrid	Electrothermal	Model



Behavior of Gallium Nitride-based HEMTs has been studied and
analyzed by means of a hybrid electrothermal approach where the
solution of the problem is obtained by combining an effective model for
electrical parameters simulation together with a 3D “Finite Element
Model” (FEM) for the thermal simulation [14]. The assessment of the
drain current has been done by analyzing pulsed measurements having
different delays. This is required to get rid of the dif�iculties faced due
to the nonuniform temperature distribution as the self-heating effect is
present. The output characteristics are shown to be considerably
affected by the “self-heating effect” for delay times also. Detailed
physical effects like the existence of a TBR along the GaN/SiC interface,
was involved and fully investigated by this method. The simulation
approach is validated by comparing results with the measurement
results.

5.1.3	 Analysis	of	AlGaN/GaN	HEMT
A 2-D simulation for device structure has been studied by using Silvaco
Atlas tool and is presented by Khan et al. [15]. Because of the
polarization effect in III–V compound material, it stores greater density
of charges at the heterointerface. Low �ield mobility model in
simulation setup is used to study and analyze this device. The
simulation results show that and in I–V characteristics, the saturation
current in the linear region decreases with temperature because of the
degradation of carrier mobility. However, 2DEG sheet density and the
threshold voltage both increases with rise in temperature. The
deterioration in carrier mobility is the principal reason for degradation
of device performance.

5.1.4	 Analysis	of	Shear	Stress	in	High	Temperature
Hirose et al. [16] presented a report based on numerical simulation for
“AlGaN/GaN HEMT” devices in which shear stress is generated because
of the inverse piezoelectric effect. A device model used for numerical
simulation and designing of trustworthy AlGaN/GaN structures. The
estimated shear stress value is compared with the experimental results
obtained for several “AlGaN/GaN HEMT” devices. From the comparative
analysis, it is seen that structures which passed the test have shear
stress value smaller than 0.19 GPa at the test conditions. The designed



structure intended for Ka-band passed the necessary test. Reported
results point to the fact that the model may be used for designing stable
“AlGaN/GaN HEMT” devices.

5.1.5	 Effect	of	Self-Heating
In this work self-heating effect for the AlGaN/GaN model was simulated
using Silvaco TCAD simulator. The contacts used for the source contact
and drain contact are both ohmic in nature where as the gate was set as
Schottky contact. For mobility description, “concentration dependent
mobility model” (conmob) and “electric-�ield-dependent mobility”
(�ldmob) model was adopted. “Shockley–Read–Hall Recombination”
model is utilized together with Boltzmann statistical model. The effect
of piezoelectricity was considered along with spontaneous polarization
effect for this simulation. Self-heating phenomena were included using
the “lattice heating model” (lat. temp). Considering the self-heating
effect, it is shown that the saturation current reduces with considering
self-heating. Additionally, a bend in the curves for drain currents is
observed. Heating may speed up electrical migration which is the cause
of performance degradation for the gate, and create reliability issues
[17].

5.1.6	 Modeling	of	Recessed-Gate	GaN	HEMT
Electrical performance parameters of GaN-based HEMTs with and
without recessed gate structure was reported by Sharbati et al. [18] and
compared with non-recessed gate structure. Using the simulation
model, it has been shown that 2DEG density, on resistance and
breakdown voltage may be controlled by controlling Al content and
barrier thickness. In case of recessed gate structure, the recessed height
was controlled to attain improved performance of the HEMT for its
application in power electronics domain. Reported simulation results
are in good match with the results obtained experimentally. Simulated
and experimental graph of the drain current vs gate voltage of GaN
HEMTs for recessed gate and non-recessed gate structures and the
corresponding transconductance values are shown in Fig. 7.



Fig.	7 Transfer characteristics plot of a non-recessed and b 3-nm recessed-gate GaN HEMT [18]

5.2	 Performance	Analysis	of	Nanoscale	DG
Heterostructure	MOS-HEMT
HEMT gates consisted of a Schottky barrier which is not exceptionally
effective at suppressing gate leakage, especially as devices are scaled-
down. Therefore in recent years, research has gone into adding an
additional insulating layer in between the metal gate contact and the
semiconductor material layers. In most cases, the insulators used are
oxides, creating a “metal–oxide–semiconductor HEMT (MOS-HEMT)”
structure. A typical cross-sectional representation of the MOS-HEMT
model is presented in Fig. 8. Al2O3 [19, 20] is a frequently chosen oxide
used in MOS-HEMT devices because of its large bandgap, high
breakdown voltage, high thermal and chemical stability, and ease of
deposition, although others have been and continue to be explored.
Excellent performance is demonstrated by researchers utilizing TiO2
[21], HfO2 [22], SiO2 [23] and Pr2O3 [24] as the gate dielectric. There
are many works based on TCAD simulation of MOS-HEMT devices
available in literature [25–29].



Fig.	8 Cross-section of Al2O3/AlGaN/GaN MOS-HEMT

5.2.1	 Structure	of	Device	and	Simulation	Setup
The schematic illustration of an InGaAs/InP-based Double Gate
nanoscale MOSFET device is depicted in Fig. 9. Among III–V group
compound semiconductors, “Indium-Gallium-Arsenide (InGaAs)” has
been extensively studied as a prospective material for high mobility
channel n-MOSFETs of future generation due to its enhanced channel
mobility [30]. In literature, many works have been reported by
researchers for its applications in digital, RF, and analog circuits [31–
40]. The device structure composed of an InGaAs channel sandwiched
between two InP barrier layers. The channel length is considered as
12 nm and the Source/Drain region length is �ixed at 2 nm. Thickness of
the channel (tch) is considered as 2 nm. To study the effect of barrier
thickness, InP barrier layer thickness is varied in a range of 1–4 nm.
High-k gate dielectric material HfO2 having “Equivalent-Oxide-
Thickness” (EOT) of 1.2 nm is used in order to accomplish robust
vertical con�inement vital to have higher transconductance and suitably
low “drain-induced barrier lowering (DIBL).” The use of high-k gate
dielectric helps to reduce gate leakage current. Highly doped source
region and drain region of the device are n-type having doping density
of the order of 1020 cm−3. Channel region is lightly p-type doped having



density of doping 1016/cm3. As channel, In0.53Ga0.47As material is
considered as it offers superb electron mobility.

Fig.	9 Schematic diagram of the InGaAs/InP based DG MOS-HEMT

The structure of the device as shown in Fig. 9 has been considered
and simulated using the TCAD software SILVACO ATLAS [41]. 2-D
numerical simulations using drift–diffusion carrier transport model
have been performed in detail. In “drift–diffusion” mechanism, the
fundamental equations comprise of carrier continuity equations and
Poisson equation and, where the current is generated by either “drift”
or from “diffusion” process. “Newton” numerical method is utilized for
simulation in the model and 300 K has been set as temperature value.
Field-dependent mobility model (�ldmob) is incorporated in the
simulation setup. For recombination, the “Shockley–Read–Hall (SRH)”
model is engaged to deliberate effects essential for calculating the
carrier mobility [42]. Density of mesh in the device design is chosen
properly for the precise simulation results and also improves the
computational ef�iciency. The simulation model has been initially
calibrated with the results available in literature. The calibrated model
is then used to calculate different electric parameters of the device for
its performance evaluation.

5.2.2	 Investigation	of	Device	Performance	for	Different
Barrier	Thickness
In this segment, the different parameters important for analog
performance analysis like transconductance (gm), output resistance Ro,
and intrinsic gain (gmRo) are calculated [43]. The importance of barrier



layer thickness for the analog performance is examined primarily by
TCAD simulation. Sheet carrier density and electron mobility are the
signi�icant parameters of the heterostructure device. The separation
between gate and channel has an impact on the gate control of the
conduction layers and is a real way to command the basic physics
governing the con�inement of electrons inside the channel. This helps
to reduce “Short Channel Effects” (SCEs). A better carrier modulation
by the gate bias under high drain voltage occurs due to higher carrier
con�inement results a greater control of drain current. Thus,
transconductance (gm), gate capacitances, and frequency parameters of
the device is directly in�luenced by the change in barrier layer thickness
[44]. The thickness of barrier layer decides the space between the gates
and the 2DEG [45]. Increase of 2DEG density with an increase in
thickness of the barrier matches well with earlier reported results [46].
The thickness of the barrier is varied from 1 to 4 nm while channel
width is 12 nm. The drain current variation with different values of
barrier thickness is depicted in Fig. 10a.

Fig.	10 Variation of on current (ION) for different barrier thickness and transconductance with
Vgs for different values of barrier thickness

Figure 10b, shows the change in transconductance with gate voltage
(Vgs) for various barrier thickness. Figure 10b exposes that a signi�icant
enhancement in gm is witnessed for a device having a reduced barrier
thickness.



The output resistance (Ro) obtained from the simulation and
corresponding intrinsic gain (gmRo) of the device are presented in
Fig. 11a and b, respectively.

Fig.	11 Plot of a output resistance (Ro) for different barrier thickness and b intrinsic gain gmRo
for different barrier thickness

From Fig. 11a, it seems that a thin layer of barrier consequences a
higher value of output resistance. The channel region moves far away
from the interface of insulator–semiconductor for a thicker barrier and
carriers inside the channel face less surface-roughness scattering,
which in turn results in an improvement in its mobility to make a
reduction in output resistance. In contrast, a reduction of barrier
thickness results a reduction of charge density because of induced
greater electric �ields acting upon the barrier which causes superior
depletion of the 2DEG. That’s why lower value of current and higher
value of sheet resistance as well as output resistance is observed with
thinner barrier layer.

The two most signi�icant parameters evaluated to identify the
applicability of the device for RF circuits are the cut-off frequency (fT)
and the maximum oscillation frequency (fmax). The fT represents the
frequency for which the unity current gain is attained, whereas fmax
stands for the frequency corresponding to the unity power gain of the
device. fT and fmax can be calculated as follows [36, 40]:

(1)



where gm denotes the transconductance, Cgs, and Cgd represents the
capacitances for gate-source and gate-drain region, respectively.

(2)

where Rg, is the gate resistance, Rs, source resistance, and Ri is the
intrinsic channel resistances. gds denotes the output conductance.

The plot of extracted values of fT and fmax for different barrier
thickness is illustrated in Fig. 12a and b, respectively. In Fig. 12, it is
indicated that RF performances may be enhanced by reducing the
thickness of the barrier, which is in agreement with the results
published earlier [47, 48]. Value of fmax which indicates the power gain
cut-off frequency is a more sensible measure for high-frequency
characteristics of the device. To improve the value of fT and fmax of the
device the parameters in the denominator of Eq. (2) should be
diminished.

Fig.	12 Comparison of the a cutoff frequency (fT) and b maximum frequency of oscillation
(fmax) as a function of the gate bias (Vgs) for different barrier thickness



5.2.3	 Effect	of	Varying	Channel	Composition
The Indium mole fraction in the channel of the heterostructure MOS-
HEMT (InxGa1−xAs) is studied in this section [49]. Device performance
is assessed by calculating various electrical performance parameters
for its application on RF/Analog circuits. Change in drain current of the
device under study and the transconductance variation with different
gate voltage (Vgs) for various Indium concentration in the channel is
shown in Fig. 13. It is understood that the drain current of the MOS-
HEMT device under study improves with increase in In content in the
channel and indicates that InAs channel allows maximum current.
Transconductance of the device also improves with increment of In
content. The fT and fmax of the device is also calculated using TCAD
simulation and plotted. Figure 14 displays the extracted fT and fmax with
varying gate voltage for various In contents in the InGaAs layer. The
device with higher In percentage in the channel exhibits higher value of
fT and fmax. Although, InGaAs material with more In is preferred as the
channel material for better device performance but that rises the lattice
constant of the material which in turn rises the mismatch in lattice
constant with InP material.



Fig.	13 Variation of ON current (ION) for different barrier thickness and transconductance with
Vgs for various thickness of barrier layer

Fig.	14 a Cutoff frequency (fT) and b maximum oscillation frequency (fmax) with different gate
bias (Vgs) for different In concentration

5.2.4	 Circuit	Performance	Analysis
Applicability of the device in the circuit was evaluated by using the
MOS-HEMT device in a circuit such as “Cascode Ampli�ier” [49, 50]. The
schematic representation of a cascode ampli�ier is depicted in Fig. 15a
which contains two transistors and input is applied in the gate terminal
of MOSFET 1. The output characteristic was obtained by mixed-mode
simulation in Silvaco ATLAS TCAD device simulator for the circuit, built
using the device of interest is shown in Fig. 15b. The change in the
output characteristics of the circuit with various Indium concentration
is observed in this �igure. In simulation domain, the devices were
de�ined by 1 μm width and 0.6 V was used as reference voltage.
Figure 15b indicates that the higher differential gain of the circuit is
obtained with the device which consists of lower mole fraction.



Fig.	15 a Schematic diagram of a cascode ampli�ier b Output characteristics of the cascode
ampli�ier circuit with variation of In concentrations

5.2.5	 Findings	from	Simulation	and	Analysis
In this section, it is demonstrated that device and circuit performance
of a MOS-HEMT can be analyzed using TCAD device simulation. The
consequence of barrier thickness variation on the Analog/RF Figure of
merits of an InGaAs/InP based device is presented. In simulation
results and from its analysis, it is very much clear that the related
performance parameters of the device have signi�icant improvement
when thickness of barrier decreases. Effect of changing In percentages
in the channel for RF and analogue performance characteristics of the
device have also been examined. Improvement in ON current and
transconductance with growing In content is also witnessed. Device
with higher In mole fraction displays improved fT and fmax. For a
multistage circuit like cascode ampli�ier, the differential gain declines
with higher In mole fraction.

6	 Applications	of	HEMT
As Internet and Broadband communications have been developed
around the globe, the need of capacity rise in high-speed
communication network has been the basic demand. HEMT-based



devices attract the most interests from researchers for cracking the
required limit of speed, having high gain as well as low noise
mechanism. As many new areas of applications are suggested in recent
times, many new companies are developing and offering HEMT-based
solutions. Some of the attractive areas of applications are highlighted
below.

6.1	 Cellular	Communication
HEMT devices �inds major area of applications in Cellular
Communications. The growing demands in bandwidth for a �ixed level
of power is very crucial. Linearity may also be improved with the same
power level. AlGaN/GaN-based HEMT replacing Si-based devices for
power ampli�ier and power switching applications. Filters that are
capable of tuning electrically or recon�igurable �ilters utilizing RF-
MEMS were developed by Pelliccia et al. [51]. In that work, quality
factors of approximately 1000 and frequency tunability of
approximately 5% are claimed by the researchers. An RF-MEMS tuned
cavity oscillator for the application in X-band was reported by Horberg
et al. [52]. GaN-HEMT MMIC technology was used to implement the
active part of the oscillator.

6.2	 Satellite	Communication
Microwave equipment normally used in satellite communication is
relatively costly as these devices require extra care for protection and
proven reliability records from harsh environment in space for survival.
A very ef�icient and having large output power ampli�ier using GaN for
L-band space application is reported by Chi et al. [53]. It is revealed that
GaN may be exploited to fabricate transistors for different purposes
such as high-voltage converters [54]. A high-gain and high power
ampli�ier and module were developed and reported by Quay et al. [55]
for 90 GHz frequency having up to 400 mW of output power.

Another high ef�iciency and high power GaN-based HEMT which are
compatible to be applied for navigation satellite or communication
satellite are developed recently. The level of power of 200 W under CW
conditions was reported [56]. These devices passed a space
quali�ication test (SQT) on the GaN HEMT in accordance with the



standard space quali�ication procedures based on MIL-PRF-19500, a
global standard.

6.3	 Power	Ampli�iers
GaN HEMT is a preferred choice for application in radar components
because of its availability in high gain and very low noise ampli�iers.
Recently, a power ampli�ier using GaN HEMT for X-band is developed
and described with a detailed analysis of performance parameters [57].
An output power range of 47.5–48.7dBm can be achieved using this
ampli�ier. This type of ampli�ier may be used to build electronic systems
that need satellite transmitters or airborne phased radar array.
Broadband gallium nitride (GaN-HEMT) power ampli�ier with push–
pull technique and shunt-feedback is presented by Kim et al. [58].

6.4	 Various	Sensors
HEMT devices �ind applications in miniaturized sensors such as
chemical and gas sensors which are pro�icient for operation in harsh
environments. Fabrication methodology and testing results of an
AlGaN/GaN HEMT device were reported recently [59]. Very good
sensing characteristics were shown for H2S, NO2 gas.
AnotherAlGaN/GaN-based nitrogen dioxide (NO2) sensor using a
tungsten trioxide (WO3) �ilm adapted as a gate was reported [60]. Ionic
pollutants in solution was also detected by “differential extended gate
(DEG)-AlGaN/GaN HEMT” [61]. These devices may be used for
environmental monitoring. Recently, a pH sensor system based on
AlGaN/GaN MOS-HEMT utilizing the “resistive coupling effect” is
reported to overcome the Nernst limit [62]. This pH sensor is likely to
be freely included in circuits with large transmission bandwidth, high
power, and high temperature in a biosensor design with very high
sensitivity. Another “extended-gate (EG) AlGaN/GaN HEMT” based pH
sensor was reported recently [63]. The EG is implemented to develop
the device as a disposable biosensor. The EG which acts as a sensing
membrane, may be destroyed after it is contaminated and can be
reused. 57.6 mV/pH sensitivity level was achieved by the device which
is near to the Nernst limit, and a very good linearity of 98.93%. It was
also reported that AlGaN/GaN HEMTs display great potential for the



making of sensor systems for pharmaceutical, bio-molecular and
medical applications. “AlGaN/GaN HEMT” based DNA hybridization
sensor was also available in literature [64]. Biosensor based on GaN
MOS-HEMT is also reported recently for �inding biomolecules like
protein, streptavidin, and Uricase [65].

7	 Conclusion
In this chapter, HEMT device characteristics and TCAD-based
simulation and analysis have been discussed. These devices are �inding
special interest to replace conventional �ield-effect transistors having
outstanding performance. After a brief outline, different device
structures and basic principle is also presented. Basic simulation
methodology along with different physical models appropriate for
HEMT devices and commonly offered by the TCAD simulation software
are presented in detail. Some noticeable analytical modeling and
numerical research works on HEMTs device have also been presented
in this chapter. Applications based on different HEMT structures in the
areas of broadband communications, radar communications, satellite
communication, and sensor are also introduced. This chapter is
intended to provide researchers with various avenues to continue their
research using TCAD-based simulation and analysis in a direction of
further development of HEMT devices with potential applications.
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such III–V binary and ternary compounds ensures robustness to
ionizing radiations for Space Electronics. In this regard, GaN has
established itself as the dominating material for ful�illing the needs of
future RF and high power applications. This article brings a brief
overview of the current technology trends in HEMTs for next-
generation Space Electronics with a deliberate focus toward TCAD-
based studies.

Keywords HEMT – 2DEG – Single event transients – Proton �luence

1	 Introduction
Gallium Nitride has seen unprecedented development ever since it was
proposed by Khan et al. [1] as a possible candidate for high frequency
and high power applications over the traditional AlGaAs/GaAs systems
discovered by Mimura et al. [2]. GaN devices have since evolved into a
dominating technology which have captured the world interest for
various defense applications [3–5]. Their superior device quality and
unique intrinsic properties [6, 7] make it possible for the devices to
deliver high power and exhibit low noise characteristics [8–10].
Accordingly, in an attempt to target mm-wave applications, GaN HEMTs
have experienced signi�icant changes to the epi-layer stacks [11–15],
which have matured their growth technology over the years [16–19]. In
this regard, the GaN devices, which were earlier realized on a SiC
substrate, have now been reported to offer exceptional performance on
low-cost Silicon substrates [15, 20–23]. This has consequently laid
down the pathway for the integration of GaN on Si MMICs with Silicon-
based CMOS circuits [24, 25].

GaN is a polar crystal with a wide bandgap and a high melting point
which makes it possible for operating the devices at high temperatures
[26–28]. In addition to this, the ternary alloy AlGaN with its binary
counterpart GaN forming a heterostructure system is robust enough to
withstand the harsh conditions experienced in space environments [27,
29–31]. This is possible due to their strong bonding nature [32–34].
These properties, make GaN-based devices desirable for space
electronics. Accordingly, there have been numerous attempts to make
both qualitative and quantitative assessments of different radiation



sources and their impact on the device performance [27, 29–31].
Several research groups have also ventured into the reliability aspects
of the material systems post-irradiation [35–40] in order to investigate
the changes in the base material. This consequently helps in identifying
the sensitive areas of the device and opens up the avenues for
improving the robustness of the device for space electronics. In one
instance, Zhang et al. [41] have proposed the utilization of an AlGaN
interlayer in limiting the Electron Hole Pair (EHP) generation in
AlGaN/GaN HEMTs post heavy ion particle strike. The structure as
reported, has a high Single Event Burnout (SEB) threshold in
comparison to the conventional HEMT architecture. A similar concept
has also been demonstrated by Zhang et al. [42] in terms of a composite
channel to improve the robustness of the InP HEMTs against the
incident proton �luence. In yet another work, a p-GaN HEMT has been
identi�ied to provide a robust operation against the ionizing X-Rays
[43], thus qualifying the structure for possible space applications.

Apart from the material and device level studies pertaining to the
robustness of the GaN HEMT devices under different radiation sources,
it is imperative to investigate the performance of the device for actual
circuit-level applications. In this regard, several research groups have
made an effort to explore the robustness claimed in GaN devices for
circuit-level applications. In one such instance, Raut et al. [44] have
explored the robustness of the buffer- free architecture proposed by
Chen et al. [45] under proton radiation environment. The architecture
was subsequently explored by realizing Power Ampli�iers, and
investigating the performance under different �luence levels. In yet
another attempt, Tang et al. [46] demonstrate a wireless power system
based on an enhancement mode p-GaN HEMT, and subsequently
explored the system performance using a 100 kGy irradiated device.

As pointed out in the above discussions, there is a need to bridge
the gap between the experimental reports and their possible
applications. However, carrying out such studies is often dif�icult since
the radiation facilities and test structures are not available readily, as
pointed out by Sehra et al. [32]. Further, most of the radiation species
result in a permanent damage to the device [27, 29, 30, 37] which
makes it unviable to fabricate and optimize devices in an iterative
fashion. Accordingly, this calls for a low-cost solution involving



preliminary studies through the TCAD tools as demonstrated through
author’s previous works [32, 40, 44, 47, 48]. This article aims to expand
on the above knowledge by providing supplementary information
regarding the two robust device architectures explored by the author
for possible space applications. The focus has been kept toward the
TCAD simulations in line with the above discussions. The device
architectures are explained brie�ly in Sect. 2. The simulation
methodology for carrying out such analysis through TCAD is presented
in Sect. 3. Additional supplementary information for gaining deeper
insights into the robustness of the device architectures under test is
given in Sect. 4, and �inally, the article is summarized in Sect. 5.

2	 Device	Architectures	Under	Consideration
This section of the article aims to give a comprehensive view of the two
emerging device architectures and gives a detailed insight to the issues
that led to the development of the Π-shaped Gate and a Buffer-Free
architecture for GaN HEMTs.

2.1	 A	Π-Shaped	AlGaN/GaN	HEMT
The GaN HEMTs have evolved ever since the �ield effect concept was
demonstrated on the AlGaAs/GaAs system by Mimura et al. [2] and
adopted for an AlGaN/GaN system by Khan et al. [49]. Accordingly, the
reliability issues and the failure mechanisms observed for AlGaAs/GaAs
systems were also observed in the AlGaN/GaN systems [50, 51] since
their development was stemmed from the experiments performed by
Mimura et al. [2]. In this regard, hot electron-induced device aging
becomes a serious issue for GaN HEMTs [52], primarily due to their
operating capabilities at high voltages. Further, in an attempt to push
the device operation for mm-wave applications, the gate geometries
have been continuously scaled down in submicrometer regimes [52–
57]. The aggressive scaling of the gate geometries in submicrometer
regimes reaching below 0.1 µm node, and coupled with high electric
�ields arising due to the high voltage operation results in the departure
from the expected performance. Accordingly, several studies have been
performed to study, identify, and mitigate the hot-electron degradation
in GaN HEMTs through a combination of DC-Stress Tests and



Electroluminescence (EL) Characterizations [52, 58–65]. It has also
been identi�ied that gate engineering could help mitigate such
reliability issues by minimizing the peak electric �ields at the gate edge
near the drain side of the terminal [61].

Consequently, a Π-shaped Gate architecture was proposed by Rey et
al. [67] to minimize the hot-electron-induced degradation in GaN
HEMTs. The idea behind such a gate architecture was to modify the
electric �ield pro�iles at the heterointerface, in order to limit the kinetic
energy of the energetic carriers by accelerating them through a stepped
pro�ile [67]. The proposed device, as reported exhibits modest trade-
offs to the device RF performance. The authors also demonstrate an
asymmetric Π-Gate to optimize the scattering rates to further reduce
the kinetic energy. The proposed gate architecture was further studied
for low noise applications by Sehra et al. [10, 68, 69] where the
improved scattering rates of an asymmetric Π-Gate were exploited to
achieve a lower noise �igure by reducing the contribution from thermal
noise [70, 71].

The abovementioned advantages proposed by Rey et al. [67] and
further extended by Sehra et al. [10, 68, 69] evince the superior
capabilities of the Π-shaped Gate for Space Applications. In this regard,
Sehra et al. [48] further extended the study to investigate the
performance of the said architecture for Single Event Transients (SETs)
under the in�luence of heavy ion particle strike. The authors, also
propose and validate for the �irst time the process recipe for the
fabrication of Π-shaped Gate. The tool used for validation is Victory
Process provided by Silvaco [66].

The process recipe at each major step realized through Silvaco’s
Victory Process is shown in Fig. 1. Initially, the desired epi-layer stack is
grown on a six- inch substrate of semi-insulating SiC-4H through Metal
Organic Chemical Vapor Deposition (MOCVD) technique. For the
present case, the epi-layer stack was prepared in accordance with the
experimental stack of a Conventional HEMT involving Al0.23Ga0.77 N
barrier of 24 nm and a GaN buffer of 2.4 µm thickness [48]. Post-
standard wafer cleaning procedure, the Ohmic contacts are de�ined
with the help of photolithography technique for marking the Source
and Drain windows and with e-beam evaporated
Titanium(Ti)/Aluminum(Al)/Nickel(Ni)/Gold(Au) stack with thickness



of (300/1500/400/1000) ˚A. This is followed up by standard lift-off
procedures and Rapid Thermal Annealing (RTA) at 830 ℃ for 1 min in
Nitrogen (N2) ambient for Alloying. This is illustrated in Fig. 1a. The
samples are then passivated by the dielectric deposition of Silicon
Nitride (SiNx) through Plasma Enhanced Chemical Vapor Deposition
(PECVD) at 300 ℃ as shown in Fig. 1b. To realize the Π-shaped Gate, a
two-step electron–beam lithography technique is used [48, 72]. This
�irst involves the de�inition of the Π.





Fig.	1 Describes the major steps for the fabrication of Π-Gate HEMT through Silvaco’s process
simulation [66]

Gate legs through Electron Beam Lithography (EBL) and followed by
the etching of the deposited SiNx dielectric through dry etching using
BCl3/Cl2-based Inductively Coupled Plasma–Reactive Ion Etching (ICP–
RIE). The steps are again repeated to de�ine the head of the Π-structure
through a different set of masks followed by partial etching of the SiNx
dielectric layer. The contact window etched out for the Π-structure is
depicted in Fig. 1 c–d.

The schottky gate contact is then realized by depositing e-beam
evaporated Nickel(Ni)/Gold(Au) stack with thickness of (400/2000) A�
and standard lift-off procedures as shown in Fig. 1e. In the end, the SiNx
dielectric at the Drain/Source terminals is etched out to get the metallic
contacts (Fig. 1f). The virtually fabricated Π-Gate is then compared with
its Conventional counterpart to test the robustness against the heavy
ion particle strikes. This article aims to provide deeper insights in the
Π-architecture through a series of electron concentration contour plots
in the later sections.

2.2	 Buffer-Free	AlGaN/GaN	HEMTs
The wide bandgap semiconductors belonging to group III-nitrides, have
been observed to exhibit trap-related dispersive effects that lead to the
departure from the expected RF performance [1]. The electron trapping
in the buffer and barrier regions or at the surface states on AlGaN
barrier results in a collapse of the output current density and hence a
compression of the output power density [73–75]. Accordingly, several
techniques have been demonstrated to mitigate the trap-related
dispersive effects through passivation techniques [76], employing �ield
plate technology [77], or by modifying the gate architectures [75] to
suppress the virtual gate formation. In this regard, it has been observed
that a highly resistive (HR) GaN buffer would limit the buffer leakage
and suppress the short channel effects to a large extent, thereby
improving the overall breakdown characteristics of the device [78, 79].
This is expected to improve the overall PA performance of the device
and can be achieved by various methods including deliberately



introducing intrinsic growth defects at the cost of crystal quality [80].
An alternative method, however, is by introducing dopants in GaN
buffer during growth, where the commonly used dopants are iron (Fe)
[81–84] and carbon (C) [74, 85–87]. These dopants, however, have
other implications on the device performance such as the memory
effects in iron (Fe) [88], or the �loating buffer-induced channel pinch-off
[88] in the case of carbon (C) doping. Further, there are several trade-
offs in the performance metrics and these require critical design
guidelines [85, 89–92] which causes a concern regarding the reliability
issues.

One of the best alternatives to the above-stated issues is to adopt
thin GaN buffers. These, however, have issues regarding the 2DEG
con�inement and are usually used along with back barriers such as the
AlN. Previous reports on such a system resulted in high dislocations
density (threading dislocation density) and poor carrier mobility (µn)
at the quantum well [93–95]. In this regard, Chen et al. [45] rede�ined
the concept of “buffer-free” by demonstrating AlGaN/GaN HEMTs using
a 250 nm GaN buffer supported by a 60 nm thick AlN nucleation layer
acting as the back-barrier for the 2DEG con�inement. The device
schematic is shown in Fig. 2. The structure as reported, demonstrates
exceptionally good 2DEG properties reported for the �irst time on a thin
GaN buffer (virtually buffer-free) along with an AlN back-barrier. The
fabricated structure exhibits high carrier mobility (µn) of 2030 cm2/Vs
along with a high sheet carrier density (ns) of 1.16 × 1013 cm−2 [45].
Further, the fabricated structures demonstrate a lower dispersion than
their iron (Fe)-doped counterparts at gate lengths (LG) of 200 and
100 nm. In addition to this, the group reports competitive RF and
Power Ampli�ier (PA) performance of the buffer-free HEMT compared
to their iron (Fe)-doped counterparts [45].



Fig.	2 Cross-sectional view of the a Fe-doped buffer, and b Buffer-free HEMT architecture. The
geometrical speci�ications are: LG = 200 nm/100 nm, LSD = 2.75 µm/1.75 µm, LGD = 
1.75 µm/0.95 µm, LFP = 0.25 µm/0.15 µm. The dimensions are as per [45] and the fabricated
architecture has 2 × 50 µm arrangement

It is to be noted, that the high performance claimed by Chen et al.
[45] on thin GaN buffers is possible due to the high quality, grain
boundary-free AlN nucleation layer acting as the back-barrier. The
growth technologies for the grain-free AlN was optimized by Lu et al.
[16] and Chen et al. [17] to realize test structures with improved critical
�ields (EC) and breakdown voltages (VBr). Accordingly, the group
achieved a high critical breakdown (VBr) of 80 V and 50 V, respectively,
at gate lengths (LG) of 200 nm and 100 nm, respectively, which
translates to provide high output power levels and ef�iciency.

The “buffer—free” concept put forward by Chen et al. [45] was
consequently tested for space electronics under proton radiation
environment by Raut et al. [44]. The structure was compared against
the iron (Fe)-doped HEMTs for different proton �luence for Power
Ampli�ier (PA) performance. This article aims to provide deeper
insights into the performance of the two-device architectures under
proton radiation through a series of Load Pull contours in the later
sections.

3	 Radiation	Environment	and	Simulation
Methodology



In order to emulate the radiation environment and thus investigate the
impact of foreign environment on the performance metrics, Silvaco’s
Victory TCAD suite [66] was used. This section gives a brief overview of
the simulation methodology adopted to carry out the analysis for Space
Electronics.

3.1	 Single	Event	Transients
To study the Single Event Transients post heavy ion particles strike, the
Single Event Upset (SEU) model of Silvaco’s Victory TCAD Suite is used
[66]. Silvaco models the charge generation along the track length post
heavy ion particle strike-through both spatial and time dependence.
The spatial generation of the electron–hole pairs (EHP) along the track
length can be speci�ied by the Entry	Point and Exit	Point parameters of
the SEU model. The model also has provisions to capture the recoils
post-collision events through both Axial and Radial parameters [66].
The time dependence of the EHP generation along the track is modeled
through parameters T0 and TC [40, 41, 66]. These parameters together
de�ine the instant charge generation that takes place (T0) and the width
of the Gaussian function that dictates the peak charge generation (TC).

Accordingly, it is possible to replicate the damage pro�iles through
the TCAD tools and thus investigate the performance of the device. The
heavy ion particle strikes are commonly characterized through a Linear
Energy Transfer (LET) value which is an estimate of the energy lost by
the energetic particle as it undergoes several collisions within the
lattice post penetration. It can also be de�ined as the energy deposited
by the energetic particle per unit path length along its track [96]. In this
regard, the LET value is commonly speci�ied in units of MeV cm2/mg.
The SEU model in Silvaco’s Victory TCAD Suite works on a Linear
Charge Deposition (LCD) value in line with several experimental
studies [41, 97, 98] and is speci�ied in units of pc/µm. Accordingly, one
may utilize the formulations given by Weatherford et al. [99] for
interconversion between pc/µm and MeV cm2/mg.

3.2	 Proton	Radiation	Effects
To study the impact of proton radiation on the device performance, the
Radiation Effects Module (REM) of Silvaco’s Victory TCAD Suite is used



[66]. The energy transfer from the energetic protons to the crystal
lattice on collision may result in displacement damage [29–31, 100].
The displacement damage is often characterized by the interaction of
the energetic species with the nucleus, which results in lattice defects
[29, 30]. Such an interaction does not ionize the atom but instead, the
energy from collision displaces it from its original lattice position,
thereby creating vacancies. Accordingly, the displacement damage
caused is characterized by that component of Stopping Power (S(E) = 
∂E/∂x) that is disjoint from ionizing interactions [30]. It is generally
called as Non-Ionizing Energy Loss (NIEL) and speci�ied in units of
MeV cm2/(gram of particle). The displaced atom may acquire suf�icient
energy to cause subsequent displacement to form clusters [101] or may
occupy an interstitial site as depicted by Sehra et al. [47]. The vacancies
evolved as a result of interaction of proton �luence with the device
architecture, acts as trapping centers and degrades the device
performance.

Silvaco’s Radiation Module captures the degradation caused by such
displacements by calculating the density of defect states. Consequently,
the density is a function of several parameters including the damage
factor ( D), the NIEL	Component (EL), and the Particle	Fluence (no. of

species/cm2) of the interacting species [66]. Additionally, one may
provide additional details to describe the defect states acting as the
trapping centers by specifying the density and tail-state parameters
(capture cross-sections) [66] to accurately capture the carrier
interactions with the evolved defect states.

4	 Results	and	Discussions
This section aims to give additional physical insights into the operation
of the two device architectures under radiation environment to qualify
devices for Space Electronics. In this regard, supplementary results
from the author’s previous works [44, 48] have been used for further
analysis.

4.1	 Robustness	Against	Heavy	Ion	Particle	Stikes



The proposal for a Π-shaped Gate for the AlGaN/GaN HEMT against the
Conventional architecture as discussed in Sect. 2.1 was to improve the
hot electron reliability of the resulting device architectures by
modifying the electric �ield pro�iles to improve the scattering rates.
Since, the device as proposed by Rey et al. [67] and further extended by
Sehra et al. [10] is capable to provide competitive performance for both
Power and Low Noise applications, it is imperative to test the device
architectures for the robustness against radiation under foreign
environments. This section gives an insight into the robustness of the
said device architectures against the Single Event Effects (SEEs) post-
Heavy Ion Particle Strikes.

4.1.1	 TCAD	Setup	for	Heavy	Ion	Particle	Damage	Using	SRIM
To investigate the device architectures for robustness against the heavy
ion species, Silvaco’s Single Event Upset (SEU) model [64] is invoked as
described in Sect. 3.1. Author’s previous work gives the details
regarding the formulations of different parameters so considered for
analysis [48]. A well-calibrated simulation deck of Conventional
AlGaN/GaN HEMT calibrated against the in-house fabricated test
structures is used for realizing the Π-Gate HEMT. Initial analysis is
carried out through the open-source tool SRIM [102] to estimate the
beam radius and the LET values required to model the SET effect. The
SRIM Tool [102] is based on a Monte Carlo approach and is capable of
accurately capturing the particle interactions. Accordingly, it has been
used excessively to investigate the damage pro�iles in GaN HEMTs [30,
31, 48, 98, 103, 104] for various applications.

The SET model setup by Sehra et al. [48] relies on a beam radius of
0.07 µm as identi�ied through the damage pro�iles generated through
SRIM [102], in contrast to the 0.05 µm value used by Zerarka et al. [97,
98]. A comparison of the damage pro�iles generated by SRIM for the
two device architectures at different magni�ication scales considering a
200 meV Xenon (Xe) source is shown in Fig. 3a–f The choice for heavy
ion and its corresponding energy source has been taken to align with
earlier experimental reports [41, 97, 98, 104–108]. Further, the T0 and
TC values taken are in accordance with the longer SET experiments
performed by Rostewitz et al. [105].





Fig.	3 The damage pro�iles generated through SRIM for SEU strike at the center of the gate for
conventional HEMT [(a), (c), (e)] and Π-Gate HEMT [(b), (d), (f)]. Pro�iles generated in (c), (e)
for the Conventional and (d), (f) for the Π-Gate have been simulated again to depict a close-up
view of the resulting damage pro�iles for the two DUTs

To investigate the track length generated through a particle strike
on the epi layer stacks of both the Conventional and Π-Gate HEMT,
SRIM-based Monte Carlo simulations are used. The SRIM pro�iles
depicted in Fig. 3 demonstrate a track length of 5 µm as a result of
200 meV Xenon (Xe) strike with an LET of 47.36 meV cm2/mg at the
center of the two DUTs. Therefore, in order to emulate SET conditions
similar to the ones generated through SRIM, a track length of 5 µm was
taken for all TCAD simulations. Further, the range of energetic ions so
considered and as estimated by SRIM [48, 102] is suf�icient enough to
cross the active area of the device.

4.1.2	 Impact	on	Conventional	and	Π-Gate
On careful observation, it is revealed from the damage pro�iles of
Fig. 3c–d and e–f that a signi�icant chunk of incident particle energy is
absorbed by the extra Silicon Nitride layer beneath the MOS
architecture of the Π-shaped Gate which increases the contribution of
the Nuclear Stopping Power (S(E)n = ∂En/∂x). Using the above
formulations for SEU particle strikes, Fig. 4 depicts the resulting
contour plots of the electron concentrations (in cm−3) for the two
device architectures under study so recorded under ON-state
conditions for an LET of 47.36 meV cm2/mg (or 0.4 pC/µm [99]).





Fig.	4 Evolution of electron concentration (in cm−3) contour plots of Conventional and Π-Gate as
heavy ion passes through GaN buffer at a depth of a, b 0.5 µm, c, d 1.5	µm, and e, f 2.5 µm. LET
value of Heavy Ion is 47.36 meV cm2/mg. The devices are biased in ON-state conditions with VGS 
= 0 V and VDS = 10 V

It is evident from the contour plots of Fig. 4, the Π-Gate architecture
is resistant toward such particle strikes due to the presence of MOS
architecture that increases the contribution of nuclear stopping power
(S(E)n = ∂En/∂x). This is validated through the plots of collision events
for both the device architectures as given in Fig. 5. It is evident that the
total number of vacancies generated in both the AlGaN barrier and GaN
buffer is lower in Π-Gate (Fig. 5b) compared to its conventional
counterpart (Fig. 5a). Further, the EHP generation is also depicted in
Fig. 4 alongside the electron concentration to demonstrate the
difference in charge generation (or EHP) for the two devices along the
SEU track (depicted by ).

Fig.	5 Summary of collision events for a Conventional, and b Π-Gate AlGaN/GaN HEMT as a result
of SEU particle strike corresponding to an LET of 47.36 meV cm2/mg

When the device is radiated with heavy ion particle strikes, the
incident particles start colliding with the lattice atoms of the epi-layer
stack present in AlGaN/GaN HEMTs. In course of their action, the
particles transfer their energy to lattice sites through which they pass,



causing them to shift from their initial position and create vacancies.
This is accompanied by energy loss of the incident particle and such
collisions may result them to deviate from their initial path as depicted
in Fig. 3. Generally, a particle collides multiple times with several lattice
sites before coming to complete rest, and in this process, several
vacancies are generated until the energy of the incident particle is less
than the binding energy of the lattice with which it is interacting. This
phenomenon is depicted for the two DUTs in Fig. 5. Further, the elastic
collisions that occur due to such particle strikes may result in such
events, wherein the displaced lattice atoms acquire suf�icient energy to
collide with other lattice atoms to create secondary vacancies. This is
depicted in damage pro�iles presented in Fig. 3. The tracks associated
with white	color in Fig. 3, correspond to the incident particle strike,
while that of green	color correspond to the displaced atoms from gate
electrode, purple	color tracks refer to the atoms displaced from GaN
layer (for Conventional HEMT) and nitride layer (for Π-Gate HEMT), sky
blue colored tracks are associated with the displacements in AlGaN
barrier layers, and dark	green	color is associated with the
displacements in GaN layer for the Π-Gate architecture. It is evident
from both Figs. 3 and 5 that the Π-Gate architecture is resistant toward
vacancy generation and lattice displacements as the damage pro�iles
(Fig. 3b, d, f) are mainly crowded due to the tracks generated through
the incident particle strikes. This is again validated through the abrupt
change in collision events depicted in Fig. 5 for the Conventional HEMT
at GaN/SiC interface which is also observed in the electron
concentration contour plots depicted in Fig. 4.

It is worthwhile to mention that the EHP generated along the track
length as depicted in Fig. 4 gets redistributed due to the electric �ield
set up in the AlGaN/GaN system as a result of the applied bias.
Accordingly, the redistribution may include majority of electrons to be
accumulated near the drain electrode, which sets off speci�ic events for
the activation of the parasitic bipolar transistor. There is also a
possibility of the holes being accumulated below the Gate region, which
consequently sets off peculiar environment for the back-channel effects.
These effects have been widely reported in many experimental reports
[109–111] and a visual representation of the same is provided by Sehra
et al. [48].



These effects are more pronounced at speci�ic conditions and can be
individually visualized by considering the impact of angled strike at the
Gate electrode. Two strike conditions are considered, where the
incident particle strikes the Gate electrode at an angle of − 60° and + 
60°. The resulting electron concentration contour plots for the two
device architectures is depicted in Fig. 6. It is observed from Fig. 6a–b,
that the impact of ion strike is closer to the drain electrode. Accordingly,
the redistribution of EHP under the applied bias results in holes to
traverse a longer distance towards the source, which consequently
lowers the barrier potential at the Gate region, for enhanced electron
injection from the Source terminal. These events constitute the back-
channel effects. The resulting Single Event Transients (SETs) recorded
by Sehra et al. [48] demonstrate robustness of Π-shaped gate to such
events due to the presence of an MOS architecture. This can also be
visualized from the contour plots of Fig. 6a–b. The parasitic bipolar
effect can be visualized from the particle strike at an angle of + 60° as
shown in Fig. 6c–d. Under these conditions, the impact is near the
Source electrode, and the excessive hole accumulation kicks off the
bipolar effects. The change in current associated with these effects is
thus small as demonstrated by Sehra et al. [48].



Fig.	6 Impact of angled particle strike on electron concentration (in cm−3) of Conventional and
Π-Gate for a, b −60°, and c, d + 60°. LET value of heavy ion is 47.36 meV cm2/mg. The devices are
biased in ON-state conditions with VGS = 0 V and VDS = 10 V

The discussions presented above, through a combination of damage
pro�iles (generated from SRIM [102]) and electron concentration
contour plots (generated from Victory [66]) brings deeper insights into
the robustness of the Π-shaped Gate against the SETs induced by heavy
ion particle strikes, and thus evinces the superiority of Π-shaped Gates
for Space Electronics.



4.2	 Proton	Irradiation	Effects	on	Buffer-Free	HEMT
The buffer-free architecture for the AlGaN/GaN HEMT was proposed
and optimized by Chen et al. [45] to suppress the trap-related buffer
dispersion and improve the Large Signal Performance, as discussed in
Sect. 2.2. This was achieved by optimizing the growth technology of a
thin GaN buffer with a high -quality grain boundary-free AlN nucleation
layer acting as the back-barrier [16, 17]. The device, as reported,
exhibits a lower buffer dispersion and similar RF performance
compared to its Iron (Fe) doped counterpart. Accordingly, proposed
device design was further investigated by Raut et al. [44] to test the
robustness of the buffer-free architecture under proton radiation
environment. The authors also present a detailed description of the
proton irradiation effects on the PA performance for both Buffer-Free
and Iron (Fe) doped architecture. This section gives additional insights
into the robustness of the said architectures.

4.2.1	 Impact	on	DC	Characteristics
To investigate the proton irradiation effects on the device architectures
under test, Silvaco’s Radiation Effects Module (REM) [66] was invoked
as described in Sect. 3.2. Author’s previous work [44] gives details
regarding the formulations of the �luence	model used for investigating
the effects.

Authors make use of the well-calibrated simulation decks of buffer-
free and iron (Fe)-doped architectures in order to mimic the actual
behavior of the device. The experimental data and the device
geometries were adapted from Chen et al. [45].

Initial analysis for this work also involved preliminary investigation
using the SRIM Simulations [102]. The epi-layer stack of the device was
de�ined and investigated under a 1.8 meV Proton source. The choice for
the energy is in accordance with the Bragg’s curve for producing
maximum damage in the device [30, 112, 113]. In this regard, the
corresponding NIEL values obtained from the SRIM Simulations were
given as input (EL) to the �luence	model. Further, it is evident from the
damage pro�iles that the trajectories of the incident protons post
penetration are high enough to penetrate the SiC substrate [47, 112,
113]. Accordingly, the incident protons can easily interact with the
active area of the device. The proton �luence considered in the



investigation ranges from 1 × 1011 protons/cm2 to 1 × 1014

protons/cm2 with a decade change in the particle �luence. This aligns
with several experimental reports on similar radiation species [114–
116]. The value of damage	factor ( D) was determined by calculating
the total number of vacancies generated in the epi layer stack from the
SRIM Simulations [102] for each �luence in accordance with the
methodology presented by Pearton et al. [30]. The number of vacancies
increases linearly with the proton �luence suggesting that the
displacement damage is proportional to the particle’s NIEL as also
summarized in various experimental reports [30, 117, 118].

The DC characteristics of the two device architectures were
compared under the proton environment using the �luence	model as
described above. The impact on transfer and transconductance pro�iles
is depicted in Fig. 7a and b, respectively. A super�icial look at the
pro�iles depicted in Fig. 7 demonstrates a higher degradation in Iron
(Fe) doped architecture in comparison to the Buffer-Free HEMT.



Fig.	7 Impact of 1.8 meV proton source on the transfer and transconductance pro�iles of a Fe-
buffer HEMT, and b Buffer-Free HEMT



A general observation, from the results presented in Fig. 7, point
toward the roll-off in both the maximum drain current (ID(Max)) and the
peak transconductance (gm(Max)) values. This is in addition to the
positive shift observed in the device pinch-off voltage. These effects
point toward the fact that the proton �luence-induced displacement
damage generates acceptor type vacancies [29–31, 42, 119]. Further, it
has also been observed that the proton-induced trapping centers may
in fact be linked to the carrier scattering which is ultimately
responsible for the degradation of carrier mobility (µn) as recorded in
the author’s previous works [44] and on similar lines to several
experimental reports [47, 115, 120]. The degradation of carrier
mobility, as a result is responsible for the deterioration observed in ON-
state current.

The change (in %) associated with various performance metrics of
the iron (Fe)-doped buffer and the Buffer-Free HEMT with respect to
pristine conditions is summarized in Tables 1 and 2, respectively.

Table	1 Percentage change in device metrics of an Fe-Buffer HEMT under different proton
�luence

Metrics Change	(in	%)	with	proton	�luence	(/cm2)

1 × 1011 1 × 1012 5 × 1012 1 × 1013 5 × 1013 1 × 1014

Maximum drain current 2.97 4.80 7.70 12.86 41.23 72.27

Peak transconductance 1.98 4.06 12.40 22.27 52.31 63.26

Electron density (ns) 0.19 0.27 2.68 4.74 22.13 36.07

Peak electric �ield 0.13 0.25 0.62 0.82 7.95 11.83

Threshold voltage (VT h) 0.00 6.06 19.39 24.24 42.42 56.36

Peak lattice temperature 0.31 0.62 1.08 1.54 3.70 20.59

2DEG mobility (µn) 0.55 0.69 1.70 10.89 54.07 65.32

Cut—off frequency (fT) 0.66 1.59 8.15 11.15 53.14 64.67

Max. oscillation Freq. (fMax) 0.66 1.60 5.82 9.96 30.08 46.53

Table	2 Percentage change in device metrics of a buffer—free HEMT under different proton
�luence

Metrics Change	(in	%)	with	proton	�luence	(/cm2)



1 × 1011 1 × 1012 5 × 1012 1 × 1013 5 × 1013 1 × 1014Metrics Change	(in	%)	with	proton	�luence	(/cm2)

1 × 1011 1 × 1012 5 × 1012 1 × 1013 5 × 1013 1 × 1014

Maximum drain current 0.11 1.32 1.77 3.10 12.18 18.68

Peak transconductance 2.04 2.54 2.73 2.53 5.93 10.41

Electron density (ns) 0.41 0.40 0.74 1.06 13.06 25.95

Peak electric �ield -0.07 0.16 0.20 0.29 2.85 9.17

Threshold voltage (VT h) 2.43 2.43 2.43 2.43 14.63 26.82

Peak lattice temperature 0.16 0.32 0.64 0.97 1.29 7.78

2DEG mobility (µn) 0.42 0.52 0.95 10.83 23.27 38.90

Cut—off frequency (fT) 0.07 0.17 0.37 0.66 8.45 16.38

Max. oscillation Freq. (fMax) 0.17 0.41 1.31 1.98 5.11 7.22

It is observed that the percentage change associated with each
performance metric at a speci�ic proton �luence is considerably higher
in case of iron (Fe)-doped HEMT compared to the Buffer-Free
architecture. For the buffer-free architecture, a smaller change in ID(Max)
can be linked to the enhanced 2DEG con�inement courtesy of the wide
bandgap AlN—nucleation layer acting as the back-barrier for the thin
GaN buffer. A suppressed roll-off in the gm(Max) values in case of buffer-
free architecture, can be linked to the enhanced gate control over the
thin GaN channel in comparison to the thick iron (Fe)-doped buffer.
Accordingly, as the proton particles penetrate deep within the device,
displacement damage is spread across the device in a large volume in a
thick GaN buffer compared to the buffer-free architecture. This can be
veri�ied from the vacancy plot as a function of proton �luence for the
GaN buffer obtained from SRIM Simulations [102]. The spread of
displacement damage and subsequently its effect on the device
performance can be visualized by monitoring the shift in the device
pinch-off voltage (VTh) recorded at 1 mA/mm. Due to a thinner buffer
and better 2DEG con�inement, the gate control is much pronounced in a
buffer-free HEMT which counters the deleterious effects of the
radiation-induced defects. As a result, the VTh shift associated with the
said architecture is much lower than the conventional Iron (Fe) doped



buffer. Also, there is a considerable difference in the number of
vacancies generated for an iron (Fe)-doped buffer compared to the
Buffer-Free architecture, which consequently gets re�lected in the
percentage change of ns for the two devices. The number of vacancies
generated also has a direct consequence in degrading the carrier
mobility (µn) at the 2DEG channel which is signi�icantly lower for a
buffer-free HEMT.

The discussions presented above for the results compiled in Tables
1 and 2, point toward the fact that the RF performance of the buffer-
free architecture will be tolerant against the ill-effects of the radiation-
induced traps. This is in conjunction to the small degradation recorded
in gm(Max) for the buffer-free HEMT in comparison to the iron (Fe)-
doped buffer, which consequently limits the deterioration in the
Current Gain and the Unilateral Power Gain metrics along with fT and
fMax.

4.2.2	 RF	Performance	Under	Proton	Radiation
This section presents the RF performance comparison of the Buffer-
Free and iron (Fe)-doped HEMT to test the applicability under space
environment. The devices were calibrated with transfer characteristics
and S—parameters in Keysight ADS [121] suite using ASM HEMT model
card [122]. The calibrated models were then used to design a Class F
Power Ampli�ier for X-band application (8–12 GHz). The author’s
previous work [44] was based on 3 GHz and an extension for
Microwave X–band is presented in this article.

Harmonic balance simulation setup was employed for the Class F
Power Ampli�ier analysis. At �irst, a suitable bias point of interest is
determined and system’ stability is constantly monitored. This is
followed by designing of output matching network (OMN) and input
matching networks (IMN) through iterative process of load
optimization in load-pull and source pull simulations respectively.
During load/source pull simulation, given constant input power,
output/input load is varied to have maximum power-added ef�iciency
(PAE), optimum power delivered (PDEL), gain, and linearity. Figure 8
shows the output of load-pull simulation where an optimum load is
determined at the point where optimum output power and maximum



PAE are delivered. From PDEL and PAE contours, the maximum PDEL of
22 dBm and PAE of 73.08% is obtained after three iterations.

Fig.	8 Load pull simulation result after three iterations for Fe–buffer HEMT under pristine
condition

The complete methodology for load optimization and PA design is
adapted from the author’s previous works [44].

Buffer-Free structure despite of lacking highly doped buffer layer
shows competitive RF performance. When exposed to high energy
proton radiation, rate of performance deterioration in iron (Fe)-doped
buffer HEMT is signi�icantly higher than Buffer-Free structure which
directs higher radiation sensitivity in buffered con�iguration. Figure 9a
and b illustrate the Output Power (POUT), Power Added Ef�iciency (PAE),
and Gain obtained through the Harmonic Balance Simulation at 10 GHz
for system biased at VGS = −1 V and VDS = 10 V. The change (in %) on the
various �igure of metrics of Power Ampli�ier for the Iron (Fe) doped



buffer and Buffer-Free HEMT with respect to pristine conditions is
summarized in Tables 3 and 4, respectively. As discussed in previous
section, the impact of radiation is not so pronounced at lower �luence
values. However, at higher �luences, due to larger number of vacancies
and defect sites generated in Iron (Fe) doped buffer compared to
Buffer-Free structure, higher amount of dispersion effects, higher 2DEG
degradation, and hence, reduced gate control overcharge carriers is
observed in case of buffered con�iguration. This has consequent impact
on power extraction capability which can be referred from reduced
power delivered and gain. Moreover, lower distortion and better
linearity in case of Buffer-free HEMT can be concluded from trend of
P1dB and third-order intercept (TOI). This is in conjunction to the DC
results presented in Sect. 4.2.1. To conclude, Buffer-Free HEMT tends to
have much higher resistance to radiation hence directs better
suitability in high-power and space applications.



Fig.	9 Power ampli�ier key �igure of metrics under pristine condition: Output power, gain, and
power added ef�iciency (PAE) for a Fe-buffer HEMT, and b Buffer- free HEMT

Table	3 Percentage change in class-F power ampli�ier �igure of merits based on buffer-free HEMT
under different proton �luence

Metrics Change	(in	%)	with	proton	�luence	(/cm2)

1 × 1011 1 × 1012 1 × 1013 1 × 1014

Maximum output power 1.08 1.84 5.46 8.56

Maximum gain 1.26 3.09 6.82 50.86

Maximum P1dB 1.59 2.14 7.36 12.99



Metrics Change	(in	%)	with	proton	�luence	(/cm2)

1 × 1011 1 × 1012 1 × 1013 1 × 1014

Maximum PAE 0.01 1.28 1.40 5.08

3rd order intercept (TOI) 0.73 1.93 3.67 11.78

Table	4 Percentage change in class-F power ampli�ier �igure of merits based on Fe-buffer HEMT
under different proton �luence

Metrics Change	(in	%)	with	proton	�luence	(/cm2)

1 × 1011 1 × 1012 1 × 1013 1 × 1014

Maximum output power 1.55 4.17 7.29 9.40

Maximum gain 3.52 20.189 54.86 92.07

Maximum P1dB 1.10 1.85 13.83 31.03

Maximum PAE 10.99 21.33 23.66 29.81

3rd order intercept (TOI) 2.06 7.36 10.20 27.54

5	 Conclusions
This work presents TCAD-based detailed analysis of emerging GaN
HEMT devices under different radiation phenomena for assessing the
device performance for Space Electronics. Modifying the gate
architecture and layer stack can signi�icantly help in increasing the
robustness against the harmful effects of the different radiation
sources. In this regard, the TCAD-based studies can help the device
engineers optimize the device design for a robust operation under a
foreign environment. Accordingly, this will be a viable approach to
analyze the reliability of the fabricated test structures to save both time
and cost of production.
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Abstract
On the back of the large energy bandgap, ultrawide bandgap (UWBG)
materials have shown superior �igures of merit for device performance
in high-power and high-frequency applications. Among emerging
UWBG semiconductors of interest, gallium oxide (Ga2O3) has a
distinctive advantage over its peers mainly due to the availability of
high-quality bulk crystals grown using cost-effective melt-based
techniques. Furthermore, bandgap energy of ~5 eV makes Ga2O3 highly
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suitable for high-voltage devices. Related to high-speed device
technologies, high-electron-mobility-transistors (HEMTs) have shown
capabilities beyond existing lightly doped metal–oxide–semiconductor
(LDMOS) for high-power applications, and GaN-based power devices 
~600 V are currently commercially available. However, emerging areas
like charging stations for electric vehicles (EVs) and electric power
trains demand ultra-high-power switching >1 kW. Going by what Ga2O3
promises, it can be considered as a viable candidate for these emerging
as well as existing power electronics areas. Large bandgap-led high
critical �ield of β-Ga2O3 ensures superior performance in high voltage
recti�iers and E-mode MOSFETs over GaN and SiC. Furthermore, β-
Ga2O3 HEMTs also outperform GaN HEMTs in terms of X-band RF
output power. However, low electron mobility coupled with poor
thermal conductivity of β-Ga2O3 limits its dc power switching
performance and demand device level thermal management. In this
paper, we present the evolution of β-Ga2O3 HEMTs and overview the
high power RF and dc switching performance of the latest reported β-
(AlxGa1−x)2O3/β-Ga2O3 MODFETs and AlN/β-Ga2O3 HEMTs. These
results have been discussed to gauge the capabilities of β-Ga2O3
technology and potential applications in RF and high power electronics
applications.

Keywords Gallium oxide (Ga2O3) – β-(AlxGa1−x)2O3/β-Ga2O3 MODFETs
– AlN/β-Ga2O3 HEMTs – High-power – Heterostructure – Power switch
– Ultrawide bandgap (UWBG) semiconductors

1	 Introduction
The lifecycle of a particular semiconductor material technology
generally goes through key phases: evolution, growth, and maturity.
Since the invention of the Si- and Ge-based transistors in 1947, the
latter half of the twentieth century in the microelectronics industry was
focused on Si material technology. Going forward through the
development and growth phases, material physical limits �inally
overweigh over the devices’ performance, especially for high-voltage
and high-power applications. Another breakthrough in the electronics



industry was the growth of AlGaAs/GaAs heterojunctions for high-
speed electronics. This device technology allowed band-gap
engineering which further facilitated charge accumulation in the form
of two-dimensional electron gas (2DEG) and enabled the �irst
AlGaAs/GaAs high-electron-mobility transistors (HEMTs). This further
pushed the interest in wide bandgap (WBG) semiconductors like GaN
and SiC for power device applications. Over the last decades, both GaN
and SiC technologies have also seen their growth and development
cycle, and are currently in the �inal development stage for commercial
use [1]. It also looks like these existing technologies have hit their
performance peak and extended their life cycle.

During the last few years, ultra-wide bandgap (UWBG)
semiconductors like the diamond, high-Al AlGaN, AlN, and Ga2O3 have
garnered a lot of attention based on theoretical characteristics such as
high-voltage operation, large blocking voltage, high-temperature
suitability, and fast-switching. Furthermore, due to the higher bandgap
of UWBG over WBG semiconductors, several �igures-of-merit (FOM) for
device performance already indicated superior performance related to
UWBG materials [2]. Among these emerging UWBG semiconductors,
researchers are giving more favor to Ga2O3 mainly due to its attractive
material properties for power electronic applications. Moreover, the
availability of high-quality single-crystal substrates is like icing on the
cake. Surprisingly, these Ga2O3 bulk-crystals are generally grown using
melt-based crystal-growth techniques, hence cost is expected to be
competitive if not lower than existing GaN technology [3]. Moreover, as
Ga2O3 substrates size increases, a further drop in the price is predicted,
which would make Ga2O3 devices even more competitive and viable for
power electronics. In Table 1, we summarize key physical properties of
the main UWBG (AlN, Ga2O3, and Diamond) and WBG (GaN, SiC)
materials along with important metrics for device applications. These
matrices include substrate quality accessed based on dislocation
density and substrate diameter, and doping capabilities (both n- and p-
type) [2]. Others include critical electrical �ield EC for high-voltage
operations, electron mobility μn for high-speed, and thermal
conductivity for high-temperature operations. As it is evident, each one
of these UWBG materials presently has its point of concern in at least



one of the various matrices. For example, to date, Ga2O3 has shown
poor p-type conductivity mainly due to the large effective mass of holes
and very low thermal conductivity necessitates device-level thermal
management for Ga2O3 devices. On the other hand, diamond, having
best-in-class thermal conductivity and electron mobility, but, suffers
from poor-quality small-size substrates.

Table	1 Material properties and important technological metrics for device applications of the
selected UWBG and WBG semiconductor materials [2]

Properties UWBG WBG

β-
Ga2O3

AlN Diamond 4H-SiC GaN

Energy bandgap (eV) 4.9 6.2 5.5 3.26 3.4

Critical Electric Field
(MV/cm)

8 12 10 2.2 3.2

Relative dielectric
constant

10 10 5.7 9.7 9

Electron mobility
(cm2/V. s)

140 310 4500 900 1150

Saturation velocity
(×107 cm/s)

1.5 1.5 1.5 2.2 1.5

Substrate quality
(dislocation cm–2)

≈104 ≈104 ≈105 ≈102 ≈104

Substrate diameter
(inches)

4 2 1 8 8 (on Si)

Doping capability (n-/p-
type)

Good/No Moderate/Poor Moderate/Good Good/Good Good/Good

Thermal conductivity
(W/m. K)

11–27 250–310 2200–3500 370 253

Based on the properties given above, various Figures-of-merit
(FOM) are calculated to envisage the performance capabilities of these
semiconductor materials. As can be seen from Table 2, some FOM
values increase nonlinearly with rising energy bandgap from WBG to
UWBG semiconductors. It is worth noting that, out of �ive crystals of
Ga2O3, the monoclinic β-phase is most stable at room temperature, and
is most widely explored and widely reported. Here, also, we have



focused on β-Ga2O3 polymorph, its material properties, and β-Ga2O3-
based devices especially HEMTs.

Table	2 Different FOMs for power device applications based on β-Ga2O3, GaN, and 4H-SiC
material technology at room temperature (300 K)

Figures-of-merit Si 4H-SiC GaN β-Ga2O3

Baliga’s FOM (µn.εr. Ec3) 1 216 649 1665

Johnson’s FOM (Ec.vs/2π) 1 7 6.9 17.3

Baliga High Frequency’s FOM (µ. Ec2) 1 36 97.3 74

Keyes’ FOM (λ.c.vs/4π.εr) 1 4.63 0.709 0.009

FOM values are normalized with those for Silicon. Note: For Si material,
Eg = 1.12 eV, µn = 1350 cm2/Vs, εr = 11.7, vs = 2.3 × 107 cm/s, EC = 0.3
MV/cm, and λ = 1.48 W/cmK resulted to BFOM = 4305 × 1017 V2/cm.s,
JFOM = 1.1 × 1012 V/s, BHFFOM = 121 V/cm.s, KFOM = 1.17 × 
1015 W/deg.s

So, as per various FOMs: Baliga’s FOM predicting DC conduction
losses and Johnson’s FOM (JFOM) showing suitability for RF
ampli�ication, it can be said that β-Ga2O3 has enough potential for high-
voltage, as well as, for low power switching in a high-frequency regime.
On the other hand, FOM which takes thermal conductivity in its
calculation shows poor performance of β-Ga2O3 devices, as shown by
Keyes’ FOM. Additionally, being an emerging material technology,
various known as well as unknown challenges exist for Ga2O3 also, and
would need required interest from potential organizations like defense
and military institutions for enormous research and sustained funding.
Here, we will give an outlook on the evolution of Ga2O3 HEMTs in the
context of its suitability for existing power-electronic applications
which are currently inaccessible with existing GaN/SiC technologies,
and for emerging areas like electric vehicles (EVs) and associated
infrastructure, robotics, and sensors.

As far as β-Ga2O3 devices are concerned, various power devices like
Schottky diodes [4–7], FETs, MESFETs, MOSFETs (both enhancement-
and depletion-mode) [8–13], and MODFETs/HEMTs [14–18] with



superior DC and RF performance have been already reported.
Regarding β-Ga2O3 HEMTs, the majority of the work reported to date
focused on the development of growing ternary alloys to make β-
(AlxGa1−x)2O3/β-Ga2O3 heterostructures. While these heterostructures
showed good DC and RF performance, looking at the β-Ga2O3 material
properties and indications of different FOMs, further improvement
could be possible. Also, these results do not match with the existing
although, rather a mature GaN technology. Some of the key issues in the
β-(AlxGa1−x)2O3/Ga2O3 heterostructures like small band bending led
small band offsets and parasitic channel in the β-(AlxGa1−x)2O3 barrier
layer are already identi�ied [19]. Furthermore, in absence of any
polarization properties in β-Ga2O3, two-dimensional electron gas (2-
DEG) density is also one order less than GaN HEMT counterparts.
Nevertheless, like an effective and ef�icient use of III-nitrides (GaN, AlN,
InN) in GaN technology, the same can also be explored for β-Ga2O3, as
successful growth of III-N (III = Al, Ga)/β-Ga2O3 heterostructures are
already reported.

In the following section, we discuss brie�ly the achievements and
issues of the β-(AlxGa1−x)2/Ga2O3 heterostructures reported to date.
The next section reviews the major developments reported for the
evolution of the III-nitrides (AlN, GaN, InN)/β-Ga2O3 heterostructures
focusing on the growing technology and band offset measurements.
Then, the performance of the latest (AlN, GaN)/β-Ga2O3 HEMTs is
discussed, followed by conclusions.

2	 β-(AlxGa1−x)2O3/β-Ga2O3
Heterostructures
In the year 2009, successful demonstration of molecular beam epitaxy
(MBE) technology for the growth of homoepitaxial β-Ga2O3 �ilms
facilitated the growth of ternary alloys β-(Al, Ga)2O3 and β-(In, Ga)2O3
and bandgap engineering in resulting heterostructures. This was the
major technological breakthrough and opened new potential
applications for β-Ga2O3. Subsequently, β-(AlxGa1–x)2O3/Ga2O3 or β-



(AGO/GO) MODFETs were developed which resembled characteristics
like band offset led charge con�inement in the form of 2-DEG density,
similar to the GaN HEMTs.

Figure 1 shows key technological breakthroughs in the process of
growth of β-(AlxGa1–x)2O3/Ga2O3 heterostructures. Earlier efforts to
grow ternary alloys β-(Al, Ga)2O3 or β-(In, Ga)2O3 faced major
challenges like solubility limit of β-Ga2O3 and surface morphology
between binary and ternary β-Ga2O3 materials. Oshima et al. [20]
demonstrated the �irst-time growth of β-(AlGa)2O3 thin �ilms on a (010)
β-Ga2O3 substrate using plasma-assisted MBE (PA-MBE). This type of
development helped the growth of future β-(AGO/GO)
heterostructures. Subsequent developments involved carrier
con�inement at the interface of β-(AGO/GO) heterostructures and
growth of the �irst β-(AlxGa1−x)2O3/Ga2O3 (AGO/GO) heterostructure by
Kaun et al. [21]. However, poor available technology-led interface
abruptness hampered carrier con�inement at the interface. Validation
of carrier con�inement in heterojunction FETs (HFETs or MODFETs)
was another big achievement, and demonstrated by two author groups
[14, 22]. While Wong et al. [22] attributed it to the Si unintentional
dopants accumulated during melt-growth of β-Ga2O3 substrates,
Ahmadi et al. [14] used intentional doping of Ge in the AGO barrier to
achieving carrier con�inement at the heterointerface. In other means to
achieve higher 2-DEG density, Si-delta doping was used in the β-AGO
barrier, and high mobility of 180 cm2/Vs in β-(AlxGa1−x)2O3/Ga2O3
MODFET [16]. Recently, Tadjer et al. [18] demonstrated �irst-time use of
ozone-MBE in the growth of β-(AlxGa1−x)2O3/Ga2O3 HFETs and showed
breakdown voltage of 900 V. Figure 2 shows schematics of the main β-
(AlxGa1−x)2O3/Ga2O3 HFETs/MODFETs demonstrated recently.



Fig.	1 Major experimental developments during realization of β-AGO/GO MODFETs/HEMTs

Fig.	2 Schematic epitaxial layers of Si delta-doped β-(AGO)/GO heterostructures a MODFET
structure grown using PA-MBE method and having highly doped S/D contact regions with contact
resistance as low as 4.9 Ω mm [16], b HFET structure grown using ozone-MBE technique [18]

In summary, β-(AlxGa1−x)2O3/Ga2O3 HFETs/MODFETs achieved
superior DC and RF performance. However, 2DEG density was limited
to ~1012 cm–2 mainly due to small conduction band offset (CBO) ~0.4–
0.6 eV due to the small bandgap difference between AGO and GO
materials. Key parameters of two different delta-doped β-



(AlxGa1−x)2O3/Ga2O3 heterostructure grown using plasma-assisted
molecular beam epitaxy (PA-MBE) and ozone-assisted MBE (O-MBE)
are shown in Fig. 3. The later device achieved higher 2DEG density on
the back of more advanced MBE process technology. However, higher
contact resistances limit the maximum achievable output current. It is
worth noting that, these devices suffer from secondary channels
formed in the barrier layer. Nevertheless, the development of AlN, GaN/
β-Ga2O3 heterostructures has made possible bandgap engineering and
higher band offsets, and higher 2DEG density is anticipated. Next, the
evolution of III-nitrides/β-Ga2O3 heterostructure and recently reported
β-Ga2O3-based HEMTs are discussed.

Fig.	3 Comparison of key parameters for delta-doped β-(AlxGa1−x)2O3/Ga2O3 MODFETs grown
using a plasma-assisted MBE, and b ozone-assisted MBE.

3	 III-N	(III = Ga,	Al,	In)/β-Ga2O3
Heterojunction
Large band offsets and higher charge density were the key motivations
for developing III-nitride/β-Ga2O3 heterostructure. Low lattice
mismatch and advanced process technology led to realize a high-quality



epitaxial layer of AlN, GaN on β-Ga2O3 or vice versa [23]. Since band
offsets have a large impact on transport properties in heterojunction,
several experimental and computational studies measuring band
offsets in AlN, GaN/β-Ga2O3 heterostructures have been presented.
Band alignments between AlN and β-Ga2O3 are found as type I
(straddling) and type II (staggered), and conduction band offset (CBO),
ΔEC in the range of 0.58–1.9 eV was reported. This variation in
measurement values is attributed to different measurement
methodologies and depositions techniques. Various attributes of AlN/β-
Ga2O3 band offset measurements reported are given in Table 3.

Table	3 Band alignment values, type of alignment, and methodology to grow in AlN/β-Ga2O3
heterojunctions

Interfaces CBO	(eV)/type	of
alignment

Deposition
method

Methodology References

β-
Ga2O3/AlN

1.75/type-II MOCVD Experimental [24]

2.43/type-II – Computational [25]

AlN/β-
Ga2O3

1.90/type-II – [25]

1.39/type-I PEALD Experimental [26]

0.58/type-II T-ALD [26]

The development of AlN/β-Ga2O3 heterostructure and band offsets
measurement facilitated bandgap engineering and modulation doping
in potential β-Ga2O3 power devices. This breakthrough in β-Ga2O3
device technology-led various state-of-art β-Ga2O3 power devices
including AlN/β-Ga2O3 HEMT and E-mode β-Ga2O3 MOSFET. In one of
our previous works, we demonstrated novel AlN/β-Ga2O3 HEMT and
estimated record RF output power of 2.91 W/mm in X-band [27].
Recently, Song et al. [23] demonstrated the use of p-GAN to achieve E-
mode operation in AlN/β-Ga2O3 HEMT. The device schematic and
energy band diagram at thermal equilibrium for AlN/β-Ga2O3 HEMT
[27] are shown in Fig. 4.



Fig.	4 Device schematic of AlN/β-Ga2O3 HEMT, and energy band diagram at zero bias showing
band offsets at the heterostructure below the gate, �igures adopted from [27]

Higher bandgap difference between AlN and β-Ga2O3 materials
facilitated large CBO in the range of 0.65–2.5 eV, and polarization
induced doping in AlN/β-Ga2O3 HEMTs helped to achieve 2DEG density
in the range of (4.5–5.23) × 1013 cm–2. These values were reported in
[28], in which we demonstrated the effect of band parameters on
conduction band offsets, and the effect on 2DEG density in AlN/β-Ga2O3
HEMT is estimated. Furthermore, excellent dc electrical parameters and
record RF output power POUT of 2.91 W/mm at 10 GHz are estimated in
AlN/β-Ga2O3 HEMT [27].

In summary, initial investigations of AlN/β-Ga2O3 HEMTs revealed
their capabilities to outperform delta-doped AGO/GO MODFETs. Some
of the important parameters for recently reported AlN/β-Ga2O3 HEMTs
[23, 27] are compared in Fig. 5. Looking at this technological progress
of III-nitrides/β-Ga2O3 heterostructure, more state-of-art β-Ga2O3
HEMTs with excellent dc and RF performance are expected in near
future.



Fig.	5 Comparison of important parameters for recently reported a AlN/β-Ga2O3 polarization-
induced-doped FET [23], and b AlN/β-Ga2O3 HEMT [27]

4	 Conclusion
The evolution of III-nitrides/β-Ga2O3 heterostructures and device
performance of AlN/β-Ga2O3 HEMTs are presented. These devices
achieved superior performance over delta-doped AGO/GO MODFETs by
taking advantage of the polarization-induced doping in the channel and
higher charge density in the form of 2DEG. Although the experimental
demonstration of III-nitrides//β-Ga2O3 heterostructures has shown the
potential of β-Ga2O3 material technology, lattice mismatch led to
challenges as growing high-quality epitaxial layers persist. High-quality
and defect-free interfaces could be achieved by signi�icant
improvement in growth optimization to achieve III-nitrides/β-Ga2O3
heterostructures based high-performance transistors. Although the
maximum achievable cut-off frequency in β-Ga2O3 HEMTs is lower than
the GaN counterpart, higher RF output power is estimated for β-Ga2O3
HEMTs up to the X-band frequency range. Furthermore, higher 2DEG
mobility in AGO/GO MODFETs could stem from suppressed scattering
and smooth interface, and can signi�icantly improve the switching



speed of β-Ga2O3 power devices. However, the low thermal conductivity
of β-Ga2O3 will demand device-level and integrated thermal
management for effective heat removal to avoid performance
degradation. Looking at the all-around progress of the process,
processing, and device technology of β-Ga2O3 material, it has shown
enough pieces of evidence to cater to emerging power electronics
applications apart from supplementing existing technologies.
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Abstract
In this work, the different �igures-of-merit for AlN/β-Ga2O3 High
Electron Mobility Transistor (HEMT) are computed using TCAD. The
�irst and second-order derivatives of transconductance, output-
conductance (gd), intrinsic-gain (dB), gate-source capacitance (Cgs),
gate-drain capacitance (Cgd), transconductance-generation factor (TGF),
transconductance-frequency product (TFP), 1-dB compression-point,
extrapolated input voltages (VIP2 and VIP3), third-order input intercept
point (IIP3), third-order intermodulation distortion (IMD3), and gain-
transconductance frequency product (GTFP) are computed to predict
the linearity performance and minimize intermodulation distortion.
The present analysis is bene�icial for optimizing the device bias point
required for RFIC design.

Keywords AlN – β-Ga2O3 – HEMT – 2DEG – TCAD

1	 Introduction
The (N)-polar AlN on β-Ga2O3 form the two-dimensional electron gas
(2-DEG) concentration of a much larger magnitude than conventional
metal-polar AlN/GaN hetero-interface [1]. The β-Ga2O3 epilayers have
been grown by several research groups on different substrates [2].
These advanced growth techniques offer versatile hetero-structures
with precise control over the interface. Zhang et al. [3] revealed the
formation of 2-DEG at the interface of β-(AlxGa1−x)2O3 and Ga2O3
analogues to the formation of 2-DEG in MgZnO/ZnO, AlGaN/GaN, and
AlGaAs/GaAs heterostructures [4–10]. However, β-Ga2O3/AlN
heterojunction induces higher 2-DEG density in comparison to
conventional β-(AlxGa1−x)2O3/Ga2O3 heterostructures. There exist
better transport properties as mobility greater than 200 cm2/V.sec,
saturation velocity of 2 × 107 cm/sec, large energy bandgap of 4.7 eV,
and breakdown �ield of 8 MV/cm in β-Ga2O3 material [3]. Sun et al. [1]
calculated the valence band offset and conduction band offset of β-
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Ga2O3/AlN heterojunction as −0.55 eV and −1.75 eV respectively using
HR-X-ray photoemission spectroscopy. The combination of wide energy
bandgap and ability to control the conductivity by doping in Ga2O3
material �inds application to high power MESFETs and MOSFETs [1, 11–
14].

It is essential to characterize device linearity in order to minimize
linearizer design complexity of communication systems [15]. The
linearity is de�ined as the property of a device where output of the
device is directly proportional to the input. The devices are typically
linear only over a certain input power range. The operation of a device
in the non-linear region can create distortion in the form of harmonics
and intermodulation products. The harmonics are copies of a signal
appearing at integer multiples of the fundamental signal. The
amplitude of a harmonic usually decreases as the harmonic order
increases. Intermodulation occurs when two (or more) signals mix in a
non-linear device. The mixing produces new signals at the sum and
difference of their two frequencies. The order of harmonics and
intermodulation is the sum of their (unsigned) coef�icients. The
harmonic and intermodulation products are undesired signals due to
the creation of leakage into adjacent channels, noise or distortion, etc.
The undesired intermodulation is often referred to as intermodulation
distortion. The higher order harmonics have very low amplitudes and
can usually be ignored. The third-order intermodulation products
present an additional complication; where for every 1 dB increase in
the fundamental (useful) signal, the third-order (unwanted)
intermodulation products increase in level by 3 dB. The
intermodulation distortion occurs basically due to the mixing of
multiple input signals inside the receiver often due to non-linearity in
the receiver. The third-order intermodulation distortion (IMD3) lies
close to fundamental frequencies thereby causing in-band problems.

2	 Device	Structure	and	Its	Physics
The Ga and O atoms in β-Ga2O3 and the Al and N atoms in AlN are both
arranged in a hexagonal pattern but with slightly different sizes of
hexagons [1]. The two-dimensional electron gas (2DEG) is formed at



the heterointerface of AlN and β-Ga2O3 due to polarization charges.
This 2-DEG typically features both high charge carrier density and
mobility and can serve as an active layer in HEMT. Figures 1 and 2
represent the AlN/β-Ga2O3 hetero-interface and the structure of β-
Ga2O3/AlN HEMT, respectively. The length of gate, thickness of AlN
layer, order of doping concentration, and thickness of SiO2 layer is
50 nm, 10 nm, 1019 cm−3, and 20 nm respectively. Table 1 and 2
represent the symbols and relations used in the present work.

Fig.	1 Formation of 2-DEG at the interface of AlN and β-Ga2O3



Fig.	2 Structure of AlN/β-Ga2O3 HEMT

Table	1 Symbols used

VD or VDS Drain voltage

VG or VGS Gate voltage

ID or IDS Drain current

VOFF Threshold-voltage

Cgs, Cgd Gate-source and gate-drain capacitance respectively

Rs Source-resistance (50 Ω)

Table	2 Symbols and Relations Used [16, 17]

Symbol Quantity Unit Relations	used

gm1 Transconductance Aμ−1 m V−1

gm2 First-order derivative of
transconductance

Aμ−1 m V−1

gm3 Second-order derivative of
transconductance

Aμ−1 m V−1

gd Output Conductance Aμ−1 m V−1

Av Intrinsic-Gain dB

TGF Transconductance Generation
Factor

V-1

TFP Transconductance Frequency
Product

HzV-1

1-dB
Compression
Point

1-dB Compression Point dBm

VIP2, VIP3 Distortion characteristic
parameters

Volt

IIP3 Third-order input intercept
point

dBm

IMD3 Third-order intermodulation
distortion

dBm



Symbol Quantity Unit Relations	used

GTFP Gain transconductance
frequency product

HzV-1

3	 Results	and	Discussions
The energy level difference between Fermi energy level (EF) and
position of �irst sub-band (E0) predicts the presence of 2DEG density
(ns) in the triangular potential well. The increase in VG causes an
increase in (EF − E0); which consequently cause increase in ns. Figure 3
represents the relative positions of (EF − E0) w.r.t. VG. The higher order
derivatives of transconductance deteriorate the linearity of
communication systems and need to be suppressed. Figure 4
represents the calculation of gm1, gm2, and gm3 at VD = 1 V
corresponding to a range of VG from −20 V to 0 V. The value of gm1 is
calculated as 1.367 × 10–11 and 0.0052 corresponding to VG = −20 V and
VG = 0 V respectively. The peak value of gm1 having magnitude 0.325
occurs at −12 V. As VG increases the (EF − E0) continuously increases
and there occurs maximum probability of the electrons to be con�ined
in the triangular quantum well, as a result ns increases and
consequently gm1 is increased. The value of gm2 is calculated as −8.138 
× 10–12 and 1.51972 × 10–5 corresponding to VG = −20 V and VG = 0 V
respectively. The peak value of gm2 equivalent to 0.16228 occurs at
−13 V. The magnitude of gm2 increases with an increase in VG from
−20 V to −13 V, thereby it decreases with increase in VG from −14 V to
0 V. The value of gm3 is calculated as 0.0647 and 0.018 corresponding to
VG = −20 V and VG = 0 V, respectively. The peak value of gm3 equivalent to
0.04854 occurs at −10 V. The magnitude of gm3 increases with increase
in VG from −20 V to −10 V, thereby it decreases with increase in VG from
−11 V to 0 V.



Fig.	3 Calculation of EF, E0, and Difference of EF and E0 (Volts)

Fig.	4 Calculation of gm1, gm2, and gm3

Table 3 represents the calculation of gd corresponding to a range of
VD from 0 to 1 V for VG = −13 V, VG = VOFF, and VG = 0.5 V. As the output
conductance decreases, it results in an increased output resistance due
to which the driving capability of the device is improved. The value of
gd is calculated as 1.11 × 10–5 and 5.398 × 10–5 corresponding to VD = 
0 V and VD = 1 V respectively at VG = −13 V. The value of gd decreases



continuously with increase in VD from 0 V to 0.1 V, thereby it increases
corresponding to a range of VD from 0.2 V to 1 V at VG = −13 V. The value
of gd is calculated as 0.015 and 0.024 corresponding to VD = 0 V and VD 
= 1 V, respectively at VG = VOFF. The value of gd decreases continuously
with increase in VD from 0 V to 0.1 V, thereby it increases corresponding
to a range of VD from 0.2 V to 1 V at VG = VOFF. The value of gd is
calculated as 0.923 and 0.936 corresponding to VD = 0 V and VD = 1 V,
respectively, at VG = 0.5 V. The value of gd decreases continuously with
increase in VD from 0 V to 0.3 V, thereby it increases corresponding to a
range of VD from 0.4 V to 1 V at VG = 0.5 V.

Table	3 Calculation of gd (Aµ−1 m−1 V−1) w.r.t. VD

VD	(Volts) VG = −13	V VG = VOFF VG = 0.5	V

0 1.11E-5 0.015 0.923

0.1 5.777E-6 0.008 0.920

0.2 6.944E-6 0.009 0.918

0.3 9.168E-6 0.011 0.917

0.4 1.213E-5 0.013 0.917

0.5 1.594E-5 0.015 0.919

0.6 2.072E-5 0.017 0.925

0.7 2.674E-5 0.019 0.927

0.8 3.431E-5 0.021 0.929

0.9 4.372E-5 0.0229 0.933

1 5.398E-5 0.024 0.936

The gate voltage acts as the source of pulling energy required to pull
up the ground state toward Fermi energy level. The higher the
magnitude of (EF − E0), higher will be the operable gate voltage and
consequently higher will be the linear operable region of the transistor.
The derivative of (EF − E0) with respect to VG gives the measurement of
linearity. Figure 5 represents the calculation of gd and intrinsic gain
with respect to VG at VDS = 1 V. The magnitude of (EF − E0) increases



with increase in VG and consequently, gd is increased. The value of gd is
calculated as 1.563 × 10–9 and 0.933 corresponding to VG = −20 V and
VG = 0 V respectively. The magnitude of gd increases continuously with
increase in VG from −20 V to 0 V. The peak value of gd equal to 0.933
occurs at VG = 0 V. The value of intrinsic gain is calculated as 20.582 and
22.79 corresponding to VG = −20 V and VG = 0 V respectively. The peak
value of gain equal to 34.133 occurs at VG = −14 V.

Fig.	5 Calculation of gd and intrinsic gain with respect to VG at VDS = 1 V

Figure 6 represents the calculation of Cgs and Cgd corresponding to a
range of VG from −20 V to 0 V. The value of Cgs is calculated as 1.096 × 
10–13 and 3.528 × 10–13 corresponding to VG = −20 V and VG = 0 V,
respectively. The magnitude of Cgs increases continuously with increase
in VG from −20 V to 0 V. The value of Cgd is calculated as 1.098 × 10–13

and 1.147 × 10–13 corresponding to VG = −20 V and VG = 0 V, respectively.
The peak value of Cgd equal to 1.457 × 10–13 occurs at VG = −11 V. The
magnitude of Cgd increases with increase in VG from −20 V to −11 V,
thereby it decreases with increase in VG from −10 V to 0 V.



Fig.	6 Calculation of Cgs and Cgd with respect to VG

Table 4 represents the calculation of TFP and 1 dB compression
point corresponding to a range of VG from −20 V to 0 V. The value of TFP
is calculated as 0.529 and 8.909 × 106 corresponding to VG = −20 V and
VG = 0 V, respectively. The peak magnitude of TFP equal to 4.116 × 1014

occurs at −13 V. The value of 1 dB compression point is calculated as
1.499 × 10–6 and 0.054 corresponding to VG = −20 V and VG = 0 V,
respectively. The two peak values of 1 dB compression point equal to
0.709 and 0.647 occur at VG = −13 V and VG = −5 V, respectively. 1-dB
compression point predicts the upper limit of linear operation.

Table	4 Calculation of TFP and 1 dB Compression Point w.r.t. VG

VG	(Volts) TFP 1	dB	Comp.	point

−20 0.529 1.4993E-6

−19 0.08072 9.5397E-7

−18 0.31651 1.3713E-6

−17 8.9367 3.262E-6

−16 61.725 5.7396E-6

−15 1076.9 1.3651E-5

−14 2.2092E10 0.00116

−13 4.1159E14 0.70957



VG	(Volts) TFP 1	dB	Comp.	point

−12 1.4625E11 0.15558

−11 3.2072E10 0.17987

−10 2.7476E9 0.13082

−9 6.8114E8 0.09572

−8 2.6808E8 0.16229

−7 1.32E8 0.22144

−6 8.3356E7 0.33076

−5 5.643E7 0.64729

−4 3.2783E7 0.43744

−3 1.9822E7 0.33021

−2 1.3606E7 0.34776

−1 1.0168E7 0.33435

0 8.9086E6 0.17435

Figure 7 represents VIP2 and VIP3 corresponding to a range of VG
from −20 V to 0 V. The value of VIP2 is calculated as 6.721 and 39
corresponding to VG = −20 V and VG = 0 V, respectively. The three peak
values of VIP2 equal to 19.803, 21.894, and 37.298 occurs at VG = −19 V,
VG = −12 V, and VG = −1 V, respectively. The value of VIP3 is calculated as
7.118 × 10–5 and 8.277 corresponding to VG = −20 V and VG = 0 V,
respectively. The two peak values of VIP3 equal to 33.687 and 30.731
occurs at VG = −13 V and VG = −5 V, respectively.



Fig.	7 Calculation of VIP2 and VIP3 w.r.t. VG

Figure 8 represents the calculation of IIP3 and IMD3 corresponding
to a range of VG from −20 V to 0 V. The value of IIP3 is calculated as
−85.505 and 15.805 corresponding to VG = −20 V and VG = 0 V,
respectively. The magnitude of IIP3 increases sharply with increase in
VG from −20 V to −11 V, thereby it varies gradually with increase in VG
from −10 V to 0 V. The value of IMD3 is calculated as −212.58 and
59.837 corresponding to VG = −20 V and VG = 0 V respectively. The
magnitude of IMD3 increases sharply with increase in VG from −20 V to
−11 V, thereby it varies gradually with increase in VG from −10 V to 0 V.



Fig.	8 Calculation of IIP3 and IMD3 corresponding to a range of VG from −20 V to 0 V

Figure 9 represents the calculation of GTFP and its reciprocal
corresponding to a range of VG from −20 V to 0 V. The value of GTFP is
calculated as 0.005 and 4.68 × 104 corresponding to VG = −20 V and VG = 
0 V, respectively. The peak value of GTFP equal to 9.875 × 1017 occurs at
VG = −13 V. The reciprocate value of GTFP is calculated as 216.5 and
2.135 × 10–5 corresponding to VG = −20 V and VG = 0 V, respectively. The
peak value of 1/GTFP equal to 1661.4 occurs at VG = −19 V.



Fig.	9 Calculation of GTFP and its reciprocal corresponding to a range of VG from −20 V to 0 V

4	 Conclusion
In this work, the different �igures-of-merit for AlN/β-Ga2O3 HEMT are
computed considering its depletion mode of operation. The RF
characteristics highlight that AlN/β-Ga2O3 HEMT provides TFP = 8.909 
× 106 HzV−1 and GTFP = 4.68 × 104 HzV−1 at gate voltage (VG) = 0 V
augmenting its utility in high-speed RF applications. The analog
parameters gm1, gm2, and gm3 are calculated as 0.0052 A/µmV,
0.0029 A/µmV2, and 0.018 A/µmV3 respectively at VG = 0 V. The value of
gd decreases with increase in VD from 0 V to 0.12 V, thereby it increases
continuously corresponding to a range of VD from 0.14 V to 1 V at VG = 
VOFF. The drain current, TGF, 1-dB compression point, VIP2, VIP3, and
IIP3 are calculated as 0.921 A/µm, 0.005 V−1, 0.054 dBm, 39 V, 8.277 V,
and 15.805 dBm at VG = 0 V concluding that AlN/β-Ga2O3 HEMT is a
potential contender inherently equipped with high 2DEG charge
density for high-power and analog/RF applications.

References
1. H. Sun et al., Valence and conduction band offsets of β-Ga2O3/AlN heterojunction. Appl. Phys.

Lett. 111(16), 162105 (2017)
[Crossref]

2. V. Gottschalch et al., Growth of β-Ga2O3 on Al2O3 and GaAs using metal-organic vapor-phase
epitaxy. Phys. status solidi 206(2), 243–249 (2009)
[Crossref]

3. Y. Zhang et al., Demonstration of high mobility and quantum transport in modulation-doped β-
(AlxGa1−x)2O3/Ga2O3 heterostructures. Appl. Phys. Lett. 112(17), 173502 (2018)
[Crossref]

4. Y.K. Verma, V. Mishra, S.K. Gupta, A physics based analytical model for MgZnO/ZnO HEMT, J.
Circuits, Syst. Comput. (2019)

5.
S. Ghosh, A. Dasgupta, S. Khandelwal, S. Agnihotri, Y.S. Chauhan, Surface-potential-based
compact modeling of gate current in AlGaN/GaN HEMTs. IEEE Trans. Electron Devices 62(2),
443–448 (2015). https:// doi. org/ 10. 1109/ TED. 2014. 2360420

https://doi.org/10.1063/1.5003930
https://doi.org/10.1002/pssa.200824436
https://doi.org/10.1063/1.5025704
https://doi.org/10.1109/TED.2014.2360420


[Crossref]

6. S. Khandelwal, Y.S. Chauhan, T.A. Fjeldly, Analytical modeling of surface-potential and intrinsic
charges in AlGaN/GaN HEMT devices. IEEE Trans. Electron Devices 59(10), 2856–2860
(2012). https:// doi. org/ 10. 1109/ TED. 2012. 2209654
[Crossref]

7. Y.K. Verma, V. Mishra, P.K. Verma, S.K. Gupta, Analytical modelling and electrical
characterisation of ZnO based HEMTs, Int. J. Electron. 106(5), 707–720 (2019)https:// doi. 
org/ 10. 1080/ 00207217. 2018. 1545931

8. S. Krishnamoorthy, Z. Xia, S. Bajaj, M. Brenner, S. Rajan, Delta-doped β-gallium oxide �ield-
effect transistor. Appl. Phys. Express 10(5), 51102 (2017)
[Crossref]

9. J. Zhang, B. Syamal, X. Zhou, S. Arulkumaran, G.I. Ng, A compact model for generic Mis-hemts
based on the uni�ied 2deg density expression. IEEE Trans. Electron Devices 61(2), 314–323
(2014). https:// doi. org/ 10. 1109/ TED. 2013. 2295400
[Crossref]

10. S. Krishnamoorthy et al., Modulation-doped β-(Al0.2Ga0.8)2O3/Ga2O3 �ield-effect transistor,
Appl. Phys. Lett. 111(2), 23502 (2017)

11. B.W. Krueger, C.S. Dandeneau, E.M. Nelson, S.T. Dunham, F.S. Ohuchi, M.A. Olmstead, Variation
of Band Gap and Lattice Parameters of β-(AlxGa1− x)2O3 powder produced by solution
combustion synthesis. J. Am. Ceram. Soc. 99(7), 2467–2473 (2016)
[Crossref]

12. Z. Hu et al., Enhancement-mode Ga2O3 vertical transistors with breakdown voltage >1 kV.
IEEE Electron Device Lett. 39(6), 869–872 (2018)
[Crossref]

13. Z. Xia et al., β-Ga2O3 delta-doped �ield-effect transistors with current gain cutoff frequency of
27 GHz. IEEE Electron Device Lett. 40(7), 1052–1055 (2019)
[Crossref]

14. S.W. Kaun, F. Wu, J.S. Speck, β-(AlxGa1− x)2O3/Ga2O3 (010) heterostructures grown on β-
Ga2O3 (010) substrates by plasma-assisted molecular beam epitaxy, J. Vac. Sci. Technol. A
Vacuum, Surfaces, Film. 33(4), 41508 (2015)

15. S. Kumar, R. Soman, A.S. Pratiyush, R. Muralidharan, D.N. Nath, A performance comparison
between beta-Ga2O3 and GaN HEMTs. IEEE Trans. Electron Devices 66(8), 3310–3317
(2019)
[Crossref]

16. Y.K. Verma, S.K. Gupta, Center potential based analysis of Si and III-V gate all around �ield effect
transistors (GAA-FETs), Silicon, 1–17 (2020)

17.
S.K. Gupta, A.S. Rawat, Y.K. Verma, V. Mishra, Linearity distortion analysis of junctionless
quadruple gate MOSFETs for analog applications, Silicon, 1–9 (2018). https:// doi. org/ 10. 

https://doi.org/10.1109/TED.2014.2360420
https://doi.org/10.1109/TED.2012.2209654
https://doi.org/10.1109/TED.2012.2209654
https://doi.org/10.1080/00207217.2018.1545931
https://doi.org/10.7567/APEX.10.051102
https://doi.org/10.1109/TED.2013.2295400
https://doi.org/10.1109/TED.2013.2295400
https://doi.org/10.1111/jace.14222
https://doi.org/10.1109/LED.2018.2830184
https://doi.org/10.1109/LED.2019.2920366
https://doi.org/10.1109/TED.2019.2924453
https://doi.org/10.1007/s12633-018-9850-z


1007/ s12633-018-9850-z

https://doi.org/10.1007/s12633-018-9850-z


(1)

(2)

 

 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023
T. R. Lenka, H. P. T. Nguyen (eds.), HEMT	Technology	and	Applications, Springer Tracts in Electrical
and Electronics Engineering
https://doi.org/10.1007/978-981-19-2165-0_16

HEMT	for	Biosensing	Applications
Deepak Kumar Panda1   and Trupti Ranjan Lenka2  

Microelectronics and VLSI Design Group, School of Electronics,
VIT-AP University, Amaravati, Andhra Pradesh, 522237, India
Microelectronics and VLSI Design Group, Department of
Electronics & Communication Engineering, National Institute of
Technology Silchar, Silchar, Assam, 788010, India

 
Deepak	Kumar	Panda	(Corresponding	author)
Email:	deepak.panda@vitap.ac.in

Trupti	Ranjan	Lenka
Email:	trlenka@ieee.org

Abstract
Among various types of biological sensors, the semiconductor
biosensors gathered attraction due to their superior advantage in the
process of integration, multifunction, and miniaturization. ISFET’s
based sensor has been processed for the very same as they deliver
faster response, higher sensitivity, higher resolution, and label-free
detection. The major drawback of these types of sensors it lacks
because of its material degradation of the gate insulators and longer-
term drift performance which possess instability in solution. Field-
Effect Transistors (FET) based biosensors provide easy signal read-out
capabilities, lower detection limit, and higher sensitivity. At the same
time, the occurrence of Debye or Charge screening when exposed in
high salt concentration suchlike as physiological �luids restrict in
ground of clinical applications as assay requirements that includes
expansive sample pre-treatment process steps, this technology suffer
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from noise signals which restrict their detection limit. Upon the
introduction of a few external change around surface conditions, i.e.,
linking of biomolecules in the underlap area of gate region results in
signi�icant variation in the piezoelectric-induced carrier density inside
channel region of the device results in variation in drain current.
Henceforth, comparatively HEMT-based biosensor facilitates higher
sensitivity upon immobilization of biomolecules. Therefore these
demerits could be overcome by implementation of GaN HEMT
biosensor that bears the built-in properties like stability in aqueous
solutions, biocompatibility, and are more sensitive to surrounding
surface charge as the 2DEG channel concentration at the
heterointerface layer which changes due to its existing surface charge
variations by capacitive coupling.

Keywords 2DEG – Biosensor – Dielectrics – GaN HEMT – MOSHEMT –
Sensitivity

1	 Introduction
A major advantage of third-generation semiconductor material
depicted by wide-bandgap GaN delivers stable material properties,
higher thermal and chemical stability in solution, superior
biocompatibility, higher sensitivity toward surface charge modi�ies the
2DEG channel which moves closer toward surface, the resulting higher
bond strength of GaN-based semiconductor materials restricts chemical
attack, used for transduction as its highly sensitive, thermally stable,
have good chemical resistivity, high-temperature tolerance, and
excellent electrical properties, allows the detection of a wide range of
molecules, higher bandgap, sensitivity, lower power consumption, and
faster responses. In addition, the use of GaN HEMT-based biosensor
devices permits single microcircuits to operate a whole diagnostic
laboratory, radio-frequency system for delivering data to a stationary
computer [1].

The key factors which limit the performance degradation and
reliability performance of AlGaN/GaN high electron mobility
transistors (HEMT) biosensors in �ield of high-power radio-frequency
(RF) applications is its greater gate leakage current. To eradicate this



problem, the Metal-Insulator-Semiconductor (MIS) structure is
introduced to the GaN HEMT gate region to form the MIS-HEMT. The
previous review literature focuses on a wide category of insulation
dielectrics for semiconductor devices that includes oxides that are
insulated in the form of the metal oxide semiconductor (MOS)
structure, i.e., MOSHEMT [2]. This chapter deals with different types of
HEMTs consisting of oxide and biomolecules forming cavity underlap
gate area are referred to as MOSHEMTs biosensor, with MISHEMTs as a
designation of insulated gate HEMTs biosensors. A list of experiments
conducted predicts that N-polar GaN MOSHEMT biosensor devices can
improve on current, reduce off current, improve sensitivity. A brief
introduction focusing on HEMT as a biosensor with different structures,
different materials, and different characteristics is focused on in this
manuscript.

1.1	 Characteristic	of	Biosensor

Sensitivity: The minimal amount of analyte which could be recognized
by a biosensor determines its detection limit (Figs. 1 and 2).

Fig.	1 Detection limit for different AlGaN-based HEMT



Fig.	2 Sensitivity parameter value variation upon exposure to various biomolecules are
immobilized inside the cavity

Selectivity: It’s stated as a limit to which the method could be used
to analyze particular analytes in a matrix or mixture without its
interference from any other components which are of similar behavior.

Speci�icity: It’s de�ined as capability to examine unequivocally the
analyte presence consisting components which are expected to come
out. Generally the aforementioned include matrix, degradants,
impurities, etc.

Linearity: It’s the attribute that proves the accuracy of the
concerned measured response (for a given set of measurements with
various analyte concentrations) to a given straight line.

1.2	 Working	Principle	of	HEMT	as	Biosensor
Dielectric modulation is used to engrave/etch a part of the gate oxide
under the gate electrode forming a nanocavity region, which is then
�illed up with many types of biomolecules. The biomolecules
permittivity inside the cavity change (i.e., different biomolecules having
various permittivity values) the electrical characteristics of the device
which gets re�lected in the values of transfer curve and sensitivity. Due
to its less cost and easy operation, dielectric modulation is mostly



applied in biosensors. The working principle of dielectric modulation
functions on different biomarkers and immobilization of biomolecules
occurring inside the device. Therefore, the involvement of different
types of biomarkers (aptamer, antibody, molecules, genes, enzymes)
could bind more samples. Once both get to interact with each other
there is a higher increase value in biomolecules concentration leading
to a greater change in terms of the electrical properties of the device,
i.e., threshold voltage, drain current, and electron concentration, etc. At
last, these sensors could predict how speed operating device can
perform its work, i.e., in terms of sensitivity, sensing speed, stability,
and selectivity [3–11] (Fig. 3).

Fig.	3 Cross-sectional view of dielectric modulated HEMT-based biosensor [1]

2	 MOSHEMT	Structure	and	Characteristics
See Fig. 4.



Fig.	4 Cross-sectional view of N-polar GaN MISHEMT-based biosensor [2]

The above schematic picture for GaN MOSHEMT biosensor with
different barrier layers of AlInN, AlGaN, and AlN is shown in �ig depicts
the implemented device for N-polar GaN/In0.9Al0.1 N/InN MISHEMT.
This proposed device structure composed stacked-layer N-polar GaN
layer of 0.6 nm, accompanied through comfortable 1 μm In0.9Al0.1 N
buffer layer/back-barrier which was grown by MOCVD process with an
appropriate experimental performance as given by David et al.,
accompanied by an N-polar GaN layer which was formed upon Si
substrate, followed by a GaN spacer layer of 0.4 nm is formed above this
layer resulting in con�inement of electrons to decrease scattering effect.
Next, the formation of In0.9Al0.1 N back/buffer layer enhances the
conductivity in channel of N-polar GaN HEMT. A gate insulator is
formed using high-k material dielectric layer, i.e., HfO2 (where K = 21)
for decreasing the gate leakage current. To perform a dielectric
modulation technique on N-polar GaN MISHEMT biosensor forming
two separate cavities in the underlap area by the process of etching the
insulator layer. At �irst whole area is covered with the HfO2 insulator
and thereafter later forms corresponding two separate cavities
resulting into region-I&III as presented in below �ig. Finally, these are
formed above GaN cap layer. This corresponding cavity consisting of
biomolecules such as streptavidin, uricase, ChOx, protein results in
subsequent changes into various electric parameters which are



analyzed. The different permittivity values of biomolecules are
represented in Table.1 [2].

Table	1 The permittivity values for various biomolecules [2]

Biomolecules Dielectric	constant

Protein 2.5

Streptavidin 2.1

ChOx 3.5

Uricase 1.5

AlGaN/GaN MOSHEMT biosensor structure comprises of the 2DEG
forming piezoelectric and spontaneous polarization effects in
heterointerface of AlGaN and GaN layer. Upon downscaling device
dimensions gate lengths and oxide thickness are being reduced, where
scaling of barrier thickness comes into effect. AlGaN barrier layer
thickness is reduced to restrict the limitations of SCE’s, the sheet
carrier density reduces because of proximity at the heterointerface
layer as it possesses negatively charged surface. On further increasing
the 2DEG density the breakdown �ield in AlGaN HEMT biosensor
devices higher Aluminium mole fraction is advantageous for raising the
power of polarization, which in turn results in poor transport
properties. To eradicate this issue a thin layer of lattice-matched AlInN
layer is formed on top of GaN layer, which in turn reduces the strain
present in conventional AlGaN-based MOSHEMT biosensor. The
bandgap formed of AlInN is greater than the AlGaN layer which results
in a more spontaneous polarization charge. This higher bandgap
resulting in a greater increase in the electron carrier con�inement value
inside quantum well, to maintain the output resistance to be high.
These huge carriers form accumulation inside the 2DEG layer resulting
in a higher sheet carrier density which corresponds in higher current,
power densities over conventional systems. To recover these problems,
AlN/GaN MOSHEMT biosensor is used to serve as an alternate for next-
generation high-power applications. However, resulting surface
sensitivity and higher leakage current in AlN-based devices may result
in poor device performance [12–14].



Figure 5 depicts the dependence of gate voltage on the drain current
for an identical geometry structure of MOSHEMTs and HEMTs. This
drain current obtained is nearly 150% more in case of MOSHEMTs
device, whereby it reaches a greater value of nearly 0.45 A/mm. Using
this equation Ids = e.ns.vsat.W, one can predict that the maximum sheet
carrier density ns = 6 × 1012/cm2 which is expected for the case of an
undoped AlGaN/GaN two-dimensional channel density where, vsat = 
6 × 106 cm/s.

Fig.	5 Drain-current versus gate bias voltage in saturation region when Vds is given 10 V and here
for the case of MOSHEMT (represented by a solid line), and whereas for the baseline HEMT
(represented by a dashed line) where gate length Lg = 5 µm

Figure 6 depicts variation in the threshold voltage for different
biomolecules. The above �igure states that the threshold voltage rises
upon adding neutrally charged biomolecules inside the cavity as well as
a greater spreading in drain current value. This voltage is a valuable
sensing metric for the device, that states applied gate voltage to attain
its threshold inversion point.



Fig.	6 Variation in Threshold voltage parameter upon immobilization of biomolecules inside the
cavity

Figure 7 depicts shifting in change in threshold voltage is taken as
one of the good sensing parameters in the identi�ication and
optimization of biomolecules inside the device. There are two key
factors that is taken to be considered in change of ΔVt is permittivity.
Greater variation in threshold voltage leads in sensitivity enhancement.

Fig.	7 Change in threshold voltage parameter upon introducing biomolecules inside the cavity



3	 State-Of-Art	Research	of	GaN	MOSHEMT
with	Different	Material	Systems
By introducing a dielectric between the Schottky-gate and the
semiconductor of the GaN HEMT forming an MIS-HEMT which in turn
reduces the gate leakage current, thus resulting in a higher breakdown
voltage and a larger range of gate bias within which the device can
operate. Both the positive as well as negative gate voltage swing of the
MIS-HEMT increases, owing to the negative shift in the threshold
voltage value induced by increasing gate-to-channel spacing and gate
forward turn-on voltage with the introduction of the gate dielectric.
Although there is a decrease in transconductance peak value, it remains
relatively comparing the larger range of gate voltage with greater
improved linearity, behind there as on for which MIS-HEMTs enjoy
good linearity in microwave power applications. The layer of gate
dielectric could act as the layer of surface passivation to stabilize
surface states of the semiconductor material, thus resulting in
suppression of current collapse, improvement of the microwave power
properties, and long-term reliability of the device [2].

First GaN MOSHEMTs were developed by Khan et al. using SiO2
deposited by the method of plasma-enhanced chemical vapor
deposition. The higher gate dielectric constant value can increase the
value of gate capacitance, thereby resulting in both as better control of
the channel charge and a lesser deleterious effect of the gate dielectric
value introduction on transconductance as well as a noticeable
advantage in device scaling [18].

In recent years, there have been ongoing studies on the application
of the MIS structure in N-polar GaNHEMTs. N-polar GaN
heterostructures possess lower ohmic contact resistance and better
quantum con�inement but suffer from substantial point defects in GaN
resulting in a larger gate leakage current value; therefore, the
introduction of the MIS structure can greatly enhance the device
properties. MIS-HEMTs have become one of the important categories of
nitride semiconductor electronic devices. But in comparison to Ga-
polar devices, N-polar based devices offers meritious effects in the �ield
of better electron con�inement in the channel, the increased gate-



channel capacitance value, lower access and contact (source and
drain)resistance, offers enhancement mode of operation, advantages of
reverse polarization direction, and decrease in short channel
effects(SCS’s) due to its back-barrier structure. Also, these devices have
proven an increased RF, noise performance, and DC in comparison
aforementioned Ga polar devices. We can obtain a highly scaled
enhancement mode device by using this n-polar technology with better
properties such as cut-off frequency and transconductance [15–19].

Eickhoff et al. �irstly performed an AlGaN/GaN high electron
mobility transistor (HEMT) biosensor for detection of pH wherein GaN
oxidized surface serves as sensing membrane which contacts available
hydrogen ions. The author Fan et al. utilized gold material for gate
region of AlGaN/GaN HEMT based biosensor that has widened
detection area relating to AlGaN/GaN HEMT based biosensors, which
realized successfully for the detection of ions, DNA, and protein.
Furthermore, these are further implemented for different inorganic
materials which serve as sensing membranes that broadened the range
of application for AlGaN/GaN HEMT biosensors improving its
sensitivity value. Although, higher-energy Au deposition progress, some
inorganic materials activate native oxide which results in lowering
instability of the device decreasing performance response [33].

For prostate-speci�ic antigen detection an AlGaN/GaN HEMTs
biosensor formed using gold-coated gates thioglycolic acid-modi�ied
was implemented. Although, gold deposited layer not only increases
processing cost but also reduces the sensitive detection of the sensors.
In comparison to Au-gated AlGaN/GaN HEMT biosensors, these devices
attain a better lower detection limit. Millimeter-graded biomolecule-
gate AlGaN/GaN HEMT acts as a transducer that offers two main
bene�its which include both a lesser number of steps for the fabrication
process of the sensor as well as potentially attained a lesser detection
limit where the target biomarker moves closer to the 2DEG [20, 21].

To recover these problems, here we have implemented molecular
gated-AlGaN/GaN HEMT-based biosensor tests potentiality in pH
detection, prostate-speci�ic antigen, Hg2+, and TNT. Although it offers
better performance, relatively low sensitivity limited its application in
real detection. Zhiqi et al. have also demonstrated a more effective
surface changing strategy based on HEMT devices, where ethanolamine



(EA) is applied over GaN surface which gave amphoteric amine groups
for the case of immobilization of probe molecular for applying in
bioassay. Another surface modi�ication strategy using ethanolamine
was used to solve the lower sensitivity problem faced by molecular-
gated AlGaN/GaN HEMT biosensors. Although clinical applications gets
limited due to the nature of these sensors that can get easily
contaminated in the biological environment. Therefore to recover this
problem Gate-pulsed AlGaN/GaN HEMT structure was implemented,
but their design makes it more complicated due to the subsequent
modi�ication. The biggest advantage of this device is sensing structures
comprising a different sensitive membrane, which overcomes demerit
for being contaminated around the surrounding biochemical
environment [22].

ZnO nanostructures offer better merits in the �ield of biotechnology,
i.e., electrochemical activity, chemical stability, higher speci�ic surface
area, biocompatibility, and featuring communication of electron. In
addition to that, these materials act as an absolute choice for adsorbing
organic molecules as they possessess a relatively higher isoelectric
point (IEP) value 9.5. The use of Zinc oxide (ZnO) nanostructures in the
HEMT gate areas is the path for the process of biosensors fabrication.
The process of adsorbing enzyme and transfer function, i.e., vary in
electrochemical properties in gate region of the surface, these materials
possessing transport property, higher compatibility are in greater need
[23–31].

The inclusion of doped Silicon GaAs cap layer on AlGaAs layer
improves both the chemical stability of the gate as well as carrier
transport property in cap layer. Additionally, these electrons inside
AlGaAs/GaAs HEMTs could be overactivated easily over AlGaN/GaN
HEMTs due to its lesser energy bandgap of GaAs(=1.42 eV) than
GaN(=3.44 eV). Finally, we have opted for GaAs substrate for the
construction of the HEMT device to increase the sensor sensitivity as
well as also for achieving a lower detection limit [32–34].

4	 List	of	Sensitivity	Parameters
Table 2 represents the important parameters metrics and methods for
detection used which affects the sensitivity parameter of the device



such as channel potential, nanogap cavity, conductance, current gain,
gate length, on current, transconductance, channel conductance, change
in threshold voltage for biomolecules detection, and thin barrier. The
device sensitivity is increased by improving parameters, i.e., length,
gate length, width, and nanogap cavity.

Table	2 Review on various detection method and their performance metrics

Method	of	Detection Sensitivity	parameter

Charge deduction based sensitivity method
[14] Glucose oxidase enzyme is 

MIG from serum is 

KIM-I from urine is 

Ethanolamine surface functionalization
technique [24]

Prostrate-Speci�ic Antigen from serum is 

Charge control based sensor model [35] CerB-2 from saliva is the 

Dielectric Modulation [36] Threshold voltage, change in threshold voltage,
drain current

Aptamer Functionalization technique [37] Change in drain current

Dielectric modulation [38] Change in drain current

MIS structure with extended gate [39] Shift of VR

Electrical double layer gated technique [40] Change in drain current

5	 Advantages	of	MOSHEMT
The compound semiconductor device technologies advances in micro-
wave devices applied in military radar systems and high power
electromagnetic are being altered with semiconductor power
ampli�iers. Wider bandgap semiconductor microwave devices like GaN-
based MOSHEMTs which carry the potential for operating at power
densities more times larger than Si-LDMOS, silicon carbide (SiC), and
GaAsFET devices. MOSHEMTs also have other merits like higher
saturation electron velocity, higher breakdown voltage(>200 V), better
thermal conductivity, low turn-on resistances, lower parasitic
capacitances and, higher cut-off frequencies. Also, these GaN-based
MOSHEMTs have been considered to be the prime choice in order to



realize superior performance in high power ampli�iers (HPAs) designs.
Recently, these HPAs have become essential for wider bandwidth
operation and high linearity operations at lower power consumption.
While LDMOS or HEMT have initially been broadly used as high-power
ampli�ier devices, MOSHEMT provides the following advantages. First,
higher power-added ef�iciency (PAE), which saves electrical power
consumption and reduces the cost and size of HPAs due to the small
amount of heat dissipation. Next, high operating voltage, MOSHEMT
operates at higher supply voltage similar to power feeder voltage range
which is generally used for radar and satellite communication
equipment. Generally, the design of the ampli�ier becomes more critical
as the low device impedances. GaN-based MOSHEMTs show higher
impedance than different devices. Thus, the HPA designers can utilize
the advantages of MOSHEMTs to increase the performance of HPAs with
a wide coverage of frequency bands and higher PAE with respect to the
required HPA performance. In comparison with HEMT, GaN MOSHEMT
devices offer better advantages of higher electron mobility in both
lower as well as higher transverse �ield, high breakdown voltage, and
reduced gate leakage current density.

6	 Conclusion
This chapter deals with many varieties of biosensors focused on
various heterostructures, i.e., AlGaAs/GaAs, AlGaN/GaN, InGaAs,
AlInN/AlN, ZnO based high electron mobility transistors (HEMTs). Also,
the choice of these corresponding materials has gained immense
potential in different �ields because of their widespread properties such
as good selectivity, higher sensitivity, reliability, speci�icity, good
repeatability, chemical and thermal stability, stability, linearity, small
device size, and high electron mobility. This technology offers lesser
cost, easier for integrating into portable systems, time-effective, and
depicts signs for excellence in future in case of point-of-care
diagnostics.
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