
Citation: Lv, B.; Zhang, L.; Mo, J.

Asymmetric GaN High Electron

Mobility Transistors Design with

InAlN Barrier at Source Side and

AlGaN Barrier at Drain Side.

Electronics 2024, 13, 653. https://

doi.org/10.3390/electronics13030653

Academic Editor: Kai Fu

Received: 7 January 2024

Revised: 27 January 2024

Accepted: 29 January 2024

Published: 4 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

electronics

Article

Asymmetric GaN High Electron Mobility Transistors Design
with InAlN Barrier at Source Side and AlGaN Barrier at
Drain Side
Beibei Lv , Lixing Zhang and Jiongjiong Mo *

Institute of Astronautic Electronic Engineering, Zhejiang University, Hangzhou 310027, China;
beibeilv@zju.edu.cn (B.L.); lxzhang@zju.edu.cn (L.Z.)
* Correspondence: jiongjiongmo@zju.edu.cn; Tel.: +86-177-6718-5969

Abstract: The InAlN/GaN HEMT has been identified as a promising alternative to conventional
AlGaN/GaN HEMT due to its enhanced polarization effect contributing to higher 2DEG in the GaN
channel. However, the InAlN barrier usually suffers from high leakage and therefore low breakdown
voltage. In this paper, we propose an asymmetrical GaN HEMT structure which is composed of an
InAlN barrier at the source side and an AlGaN barrier at the drain side. This novel device combines
the advantages of high 2DEG density at the source side and low electrical-field crowding at the
drain side. According to the TCAD simulation, the proposed asymmetric device exhibits better drain
current and transconductance compared to AlGaN/GaN HEMT, and enhanced breakdown voltage
compared to InAlN/GaN HEMT. The current collapse effects have also been evaluated from the
process-related point of view. Possible higher interface traps related to the two-step epitaxial growth
for the asymmetric structure fabrication will not exacerbate the current collapse and reliability.

Keywords: AlGaN/GaN HEMTs; InAlN/GaN HEMTs; asymmetric structure; TACD simulation;
GaN HEMTs

1. Introduction

Over the years, GaN high electron mobility transistors (HEMTs) have been widely
used in high-frequency and high-power applications due to the fascinating physical proper-
ties of GaN, such as a wide bandgap, high critical electric field, high electron mobility and
high saturation velocity [1–3]. These properties make GaN HEMTs ideal for use in power
electronics applications in which a high voltage and current are required. For conventional
materials, the free charges come from the impurity ionization. In GaN HEMTs, the polariza-
tion effects give rise to a high density of electron gas even without intentional doping [4].
The reported power density of GaN HEMTs is already impressive, reaching as high as
51 W/mm [5–8]. However, power density scaling with drain voltage alone becomes
limiting, which negatively impacts the frequency application of these devices, since it is
dominated by the saturation current [9]. To overcome this limitation and increase power
densities at millimeter-wave frequencies, increasing the transistor current density and
operating voltage is required. The challenge is to engineer a device that simultaneously
supports both a high channel charge density and a high breakdown voltage. Engineers
must work to improve GaN HEMTs to meet the needs of high-frequency and high-power
applications. By increasing both the current density and the operating voltage, they can
continue to push the limits of these devices and unlock even more potential for their use in
the future.

The spontaneous polarization of GaN and AlGaN and the piezoelectric polarization
induced by the strain of the lattice mismatch between AlGaN and GaN can induce two-
dimensional electron gas (2DEG) at a volume as high as 1 × 1013 cm−2 with careful Al
composition and thickness engineering. The lattice mismatch refers to the difference in the
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spacing between atoms in the crystal lattices of two materials. When the lattice constants of
two materials are significantly different, the atoms in one material cannot perfectly align
with the atoms in the other material, causing strain in the crystal structure. As Al alloy
fraction increases, so does the lattice mismatch with GaN, resulting in limitations on barrier
thickness to avoid strain-relaxation-related cracking and reliability problems [10,11]. To
avoid such cracking and ensure reliability, there are limits on the thickness of the barrier
layer in GaN-based devices. The barrier layer is designed to separate different layers
within the transistor structure and provide efficient electron confinement. However, due to
the lattice mismatch, there is a maximum thickness beyond which the strain becomes too
significant, increasing the likelihood of cracking.

InAlN, as another barrier material, can be lattice-matched to GaN and therefore avoids
critical thickness issues. This allows the 2DEG channel density to be mainly induced by
spontaneous polarization [12,13]. This polarization effect enhances the device’s perfor-
mance in terms of drain current and transconductance. Figure 1 illustrates the variation of
the 2DEG concentration in AlGaN/GaN and InAlN/GaN HEMTs as a function of barrier
thicknesses [14,15] at different alloy fractions (X). Despite the absence of piezo polarization,
the 2DEG-channel sheet charge density in InAlN/GaN HEMTs is three times that of Al-
GaN/GaN HEMTs, which potentially leads to a higher output current and power density.
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Figure 1. Two-dimensional electron gas (2DEG) density (ns) versus barrier thickness at different alloy
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However, one significant drawback of InAlN/GaN HEMTs is their susceptibility to
large leakage currents, which is primarily caused by the high electric field near the gate
edge towards the drain side. This high electric field intensity at the gate edge leads to
a crowding phenomenon, which can result in premature breakdown and compromise
the device’s reliability. Compared to AlGaN/GaN HEMTs, InAlN/GaN HEMTs typically
exhibit lower breakdown voltages. This limitation poses a challenge for their application in
ultra-high power scenarios in which both a high drain current and high breakdown voltage
are crucial requirements [16].

In order to make up for the shortcomings of low breakdown voltage while using
InAlN’s polarization advantage, this paper proposes an asymmetric GaN HEMT struc-
ture. That is, an In0.17Al0.83N/GaN structure is used in the source-to-gate side while an
Al0.25Ga0.75N/GaN structure is used in the gate-to-drain side. This represents the first
time such a configuration has been proposed, and the aim is to engineer a device that
simultaneously supports both a high current density and a high operating voltage (or
breakdown voltage) for ultra-high-power applications. The influences of the new struc-
ture on the performances of the HEMTs are compared theoretically. The results indicate
that this novel device combines the advantages of AlGaN/GaN HEMTs and InAlN/GaN
HEMTs. According to the TCAD simulation, the proposed asymmetric device exhibits a
better drain current, transconductance and enhanced breakdown voltage compared to the
conventional HEMTs.
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2. Device Description and Physical Models

Two-dimensional physics-based simulation is used to simulate the electrical perfor-
mances of the proposed device, which is compared with the standard symmetric devices.
Figure 2a,b illustrate the schematics of the standard symmetric devices which are composed
of the same GaN buffer and 20 nm Al0.25Ga0.75N barrier and 10 nm In0.17Al0.83N barrier
on top of the GaN layer, respectively. Compared with the conventional structures, the
schematic of the proposed asymmetric GaN device is illustrated in Figure 2c. It is composed
of the GaN buffer on top of the SiC substrate, and a 10 nm thick In0.17Al0.83N barrier layer
at the source–gate side and a 20 nm thick Al0.25Ga0.75N barrier layer at the gate–drain side.
The gate electrode is situated on top of the In0.17Al0.83N barrier. Ohmic contacts are formed
in the source and drain terminals among the above three structures. The distances of
gate–source, gate–drain, and length of the gate are 1 µm, 3.55 µm and 0.45 µm, respectively.
The specific schematic diagram is shown in Figure 2c. The device’s surface is passivated by
using Si3N4 thin film to reduce the current collapse effect in the HEMTs [17].
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The TCAD simulation take consideration of a comprehensive set of physical models,
including Shockley–Read–Hall (SRH), Fermi–Dirac, Polarization (spontaneous polarization
and piezoelectric polarization) as well as ionization for device simulation [18]. The physical
parameters of GaN, AlN and InN during the simulation are shown in Table 1 [19]. To assess
the impact of current collapse and distinguish the effect of source and drain on device
reliability, trap and inttrap models are employed to simulate the consequences of buffer
layer and interface defects on device performance, respectively. Traps and interface traps
are also employed to simulate the consequences of buffer layer and interface defects on
device performance, respectively. The parameters of traps and interface traps are shown in
Table 2 [20,21].

Table 1. Parameters of GaN, AlN, InN in the simulation.

Parameters GaN AlN InN

Bandgap, Eg (eV) 3.4 6.2 0.7
Dielectric constant, ε 9.0 8.5 15.3

Electron mobility (cm2/Vs) 1250 500 3280
Saturation velocity (107 cm/s) 2.50 0.02 4.30

Electron affinity (eV) 1.84 1.45 4.70
Effective electron mass (m0) 0.20 0.48 0.06

Thermal conductivity 1.3 2.0 0.8
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Table 2. Parameters of buffer and interface traps in the simulation.

Parameters Value

Buffer traps density (cm−3) 5 × 1018

Buffer trap type, energy (eV) Acceptor at 0.5 eV
Interface trap density (cm−2) 2 × 1012

Interface type, energy (eV) Acceptor at 0.8 eV

The bandgap of ternary compound depends on composition fraction x, which is
usually approximated by [22,23]:

Eg(x) = xEg(AlN) + (1 − x)Eg(GaN)− bx(1 − x) (1)

Eg(x) = xEg(AlN) + (1 − x)Eg(InN)− bx(1 − x) (2)

where the deviation from a linear behavior is considered through the bowing parameter b.
The electron concentration is given by [24]:

n(x, y) = 2
kBT
πh2 ∑

υ

√
mυ

x(x, y)mυ
z (x, y)

∞

∑
i=0

|ψiυ(x, y)|2ln
[

1 + exp(−Eiυ − EF
kBT

)

]
(3)

where Eiv (x) is the eigen state energy at each electron valley v, φiv (x,) is the wave function
and mυ

x(x, y) is the effective mass subject to spatial variation.
Considering the effect of material component and temperature, the general expression

for the low field mobility that is typically used in drift-diffusion simulations is given
as [24,25]:

µ0(T, N) = µmin(
T

300
)

β1
+

(µmax − µmin)(
T

300 )
β2

1 +
[

N
Nre f (

T
300

β3 )

]α(T/300)β4
(4)

where T is the lattice temperature and N is the doping concentration.
The GANSAT model is adopted considering the unique polarization characteristics

of the GaN device. This model enables the polarization effect; stress caused by lattice
mismatch; carrier recombination; mobility effected by lattice temperature and doping
concentration; and polarization.

The two mobility models have been used to consider various types of scattering
mechanisms. The high field mobility model can be specified as shown below [19,26]:

µn =
µn0(T, N) + vsat

(
En1−1

En1
c

)
1 + a

(
E
Ec

)n2
+

(
E
Ec

)n1
(5)

where µn0(T, N) is the low field mobility, vsat represents the saturation velocities and E is
the electric field. The values of Ec, an, n1 and n2 can refer to [19].

The low field mobility model can be given by [24]:

1
µ
= a

(
NI

1017cm−3

)
ln
(

1 + β2
cw

)( T
300K

)−1.5
+ b

(
T

300K

)−1.5
+

c

exp
(

Θ
T

)
− 1

(6)

where Θ = h̄ωLO
kB

= 1065K, β2
cw = 3

(
T

300K

)2( NI
1017cm−3

)−1.5
, NI = (1 + kc)ND, a = 2.61 ×

10−4 Vscm−2, b = 2.90 × 10−4 Vscm−2 and c = 1.70 × 10−2 Vscm−2. Here, ND is the ion-
ized donor concentration in cm−3, T is the ambient temperature in Kelvin, and
kc = NA/ND is the compensation ratio.
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SRH recombination, also known as Shockley–Read–Hall recombination, is a process
in which electrons and holes recombine through energy states associated with defects in
the semiconductor material. This type of recombination can have a significant impact on
the performance of electronic and optoelectronic devices. To explore the precise physical
mechanism of electron trapping, it is necessary to calculate the electron trapping process as-
sociated with each trap level within the SRH recombination model. The SRH recombination
rate is modeled using the standard expression [27,28]:

RSRH =
pn − n2

i

τp

(
n + niexp

(
Etrap
kT

))
+ τn

(
p + niexp

(
− Etrap

kT

)) (7)

where τn and τp are the carrier lifetimes governed in turn by traps and the doping concen-
tration, Etrap is the difference between the trap energy level and intrinsic Fermi level, ni is
the intrinsic carrier concentration and T is the lattice temperature.

In GaN-based devices, polarization plays a significant role due to the unique properties
of this material. GaN exhibits spontaneous and piezoelectric polarizations, which can
impact the performance of electronic devices. The total polarization-induced polarization
charge density is given by [29]:

Ptotal = [PPE(bottom) + PSP(bottom)]− [PPE(top) + PSP(top)] (8)

where PPE and PSP represent the piezoelectric polarization and spontaneous polarization,
respectively.

Spontaneous polarizations of AlGaN/GaN HEMTs are linearly interpolated with Al
content as follows [30]:

PSP(x) = xPSP(AlN) + (1 − x)PSP(GaN) (9)

Piezoelectric polarization in the c-axis direction can be determined by:

PPE(x) = 2
a − a0(x)

a0(x)

[
e31(x)− e33(x)

C13(x)
C33(x)

]
(10)

where a is the length of the hexagonal edge of a strained AlxGa1−xN and a0(x) is the is
the equilibrium length of the hexagonal edge of a nonstrained AlxGa1−xN, whose length
is linearly interpolated with Al content x together with piezoelectric coefficients eij and
elastic constants Cij in the same way as estimated in (9).

To simply the simulation, diffusivity on the boundary between InAlN and AlGaN is
not taken into account. Combining these models, we simulated the current transport char-
acteristics and performed correlation analysis between the electron transport performance
and device structures.

3. Results and Discussion
3.1. DC Characteristics

The asymmetric and symmetric devices are simulated using the same models and
under the same conditions. The conduction band energy and electron concentration
distribution diagrams for three different structures are presented in Figure 3a,b, extracted
vertically from the gate electrode to GaN buffer cross-section, as shown in the upper part of
the figure. It can be observed that asymmetric and InAlN/GaN HEMTs structures have a
larger conduction band offset and therefore can polarize more carriers in the GaN channel,
as shown in Figure 3b. The log electron concentration of the asymmetric device is similar
to that of InAlN/GaN HEMTs and higher than that of AlGaN/GaN HEMTs (19.8 cm−3 vs.
19.4 cm−3), as shown in the inserted figure in Figure 3a.
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The drain current versus drain voltage (IDVD) output characteristics and transfer char-
acteristics (Gm) are highly related to the electron concentration, as illustrated in Figure 4a,b.
In the IDVD output characteristics, gate voltage is scanned from −4 V to 0 V with a step of
2 V. The threshold voltages for the conventional AlGaN/GaN HEMTs, InAlN/GaN HEMTs,
and asymmetric structures were −5 V, −5.2 V, and −5.2 V, respectively. There is a left shift
of the Vth in InAlN and asymmetric barrier devices, which could be due to the thinner
barrier thickness under the gate electrode and the higher 2DEG density. It is clear from the
simulation results that the highest saturation current and transconductance were obtained
for the InAlN barrier. In comparison, the AlGaN barrier exhibited a peak Gm value of
about 35% lower than that of the InAlN barrier (177 mS/mm vs. 273 mS/mm) due to larger
gate-to-channel distance, and an IDVD output current of about 44% lower than that of the
InAlN devices (1460 mA/mm vs. 2600 mA/mm), which is related to the lower 2DEG in the
GaN channel (19.4 cm−3 vs. 20.1 cm−3) as depicted in Figure 3b. The transconductance of
the asymmetric barrier is close to that of the InAlN barrier due to the same gate-to-channel
distance, while the saturation current is slightly lower than in InAlN/GaN HEMTs but
much higher than in AlGaN/GaN HEMTs due to its 2DEG density, which is in between
that of the AlGaN and InAlN barriers.
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Although the InAlN HEMT structure offers significant benefits in terms of output
drain current and transconductance, it is found through breakdown voltage simulation that
it is most likely to break down (50.2 V vs. 580.5 V). Figure 5 shows the breakdown voltage
(BV) characteristics of GaN HEMTs with different structures. During the simulation, the
gate is biased at the off-state, and the drain voltages gradually increase until they reach
drain current compliance of 1 mA/mm. It can be seen that the breakdown voltages of
AlGaN barrier devices and asymmetric structures are much higher than those of InAlN
barrier devices. The drain current starts to increase straight forward at VD about 50 V for
the InAlN device, while the current starts to increase steeply at about 580 V and 575 V for
the AlGaN and asymmetric devices separately. To investigate the breakdown phenomenon,
electric fields are extracted along the source–drain cutline both in the barrier and in the
channel for three devices to study their impact on the breakdown voltage.
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Figure 6 demonstrates the electrical field distribution at the breakdown point for each
structure (once the devices have reached the compliance current 1 mA/mm). As can be
seen, all the devices have a peak electric field at the gate edge towards the drain side
both in the barrier and in the channel. This observation suggests that there is an electric
field crowding phenomenon at the gate edge, which can have significant implications for
device reliability and breakdown behaviour. And the peak electric field is the highest for
InAlN/GaN HEMTs, which can explain the early breakdown of the device. The magnified
section is shown in Figure 6. The electric field crowding with an electric field peak always
happens at the gate edge closest to the drain, and the breakdown voltage can be improved
if the crowding phenomenon can be mitigated.
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Figure 7a,b illustrate the conduction band energy of three different structures, includ-
ing the conventional Al0.25Ga0.75N/HEMTs, In0.17Al0.83N/GaN HEMTs and the asymmetric
HEMTs. It can be observed that when using the asymmetric HEMTs, the depletion region
is enlarged both in the barrier and in the channel at the gate edge towards the drain side.
This enlarged depletion region has the potential to mitigate the electric field crowding
effect near the gate edge, which is a significant concern. This enlarged depletion region
might be related to the different electron affinity between the In0.17Al0.83N barrier layer and
the Al0.25Ga0.75N barrier layer. The enlarged depletion region in the asymmetric device
also impacts the electron concentration in the channel. Understanding the relationship
between the enlarged depletion region, electron affinity, and channel electron concentration
is essential for optimizing the design and functionality of such devices.
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In Figure 8a,b, the logarithm of the electron concentration in the channel is depicted,
revealing a significant reduction in the electron concentration at the gate edge for the
asymmetric device. This observed decrease in electron concentration is advantageous as it
contributes to the relief of electrical field crowding at the gate edge. By mitigating electrical
field crowding, this effect can help improve the overall performance and reliability of the
device by minimizing the undesirable effects associated with high electrical field strengths.
Furthermore, understanding and controlling the distribution of electron concentration
in the channel is crucial for optimizing the behavior and characteristics of the device in
practical applications.
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The reduced breakdown voltage of the InAlN/GaN HEMTs can also be attributed
to gate leakage. Therefore, investigations of gate leakage have been carried out for three
different structures. As depicted in Figure 9, gate leakage current is extracted at reverse
gate bias from 0 V to −20 V. The results show that the InAlN/GaN HEMTs have signifi-
cantly higher gate leakage compared to the AlGaN/GaN HEMTs (more than one order of
magnitude difference), which on the one hand is due to their thin barrier thickness, and
on the other hand is due to the tunneling probability of InAlN material being significantly
higher than that of AlGaN material. This will cause the gate leakage current to increase
and the device breakdown voltage to decrease. Interestingly, the overall gate leakage of the
asymmetric structure is slightly lower even with the same thin InAlN barrier under the
gate. We speculate that this could be due to mirror force mitigation, which is highly related
to the electron concentration. As discussed in the previous part, the electron concentration
has been highly reduced at the gate edge using asymmetric barrier; therefore the mirror
force is reduced. Hence, the tunneling probability is also reduced.
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Aluminum oxide (Al2O3) is a type of dielectric material that can be utilized as a gate
dielectric layer in MOS (metal-oxide semiconductor) structures to further reduce the gate
leakage current. MOS structures are widely used in integrated circuits and other electronic
devices due to their ability to provide a high degree of control over the flow of current
through the device. When Al2O3 is added as the gate dielectric layer in an MOS structure,
it provides a higher level of insulation than SiO2, thereby minimizing current leakage. This
is because Al2O3 has a higher dielectric constant than SiO2, which means that it can store
more electric charge per unit area.

The cross-sectional diagram of an MOS structure in Figure 10a shows the different
layers that make up the device, including the gate electrode, the Al2O3 dielectric layer,
and the channel region. The simulation results in Figure 10b demonstrate that the gate
leakage of MOS asymmetric structures with Al2O3 decreased significantly compared to
structures without it. Specifically, the insertion of Al2O3 reduced gate leakage by five orders
of magnitude, which is a significant improvement.

Overall, the use of Al2O3 as a gate dielectric layer in MOS structures is an important
development in the field of electronics. It has the potential to enhance the performance of
integrated circuits and other electronic devices by reducing gate leakage and improving
device reliability.
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3.2. Reliability

The novel asymmetric structure has been shown to have a good balance between high
drain current and breakdown voltage from TCAD simulation. To fabricate this structure, a
two-step epitaxial growth process is employed. The first step involves the growth of an
AlGaN barrier layer along with the whole structure. In the second step, InAlN is grown after
the AlGaN layer is selectively etched at the source side. This etching process introduces the
potential for inconsistent source and drain interface defects. Therefore, it is necessary to
evaluate the impact of defect density on the source side and drain side separately.

As shown in Figure 11, three AlGaN/GaN HEMTs are defined with different interface
trap setups, which all have the same concentration of 2 × 1012 cm−2. Structure A has only
source interface traps, which are acceptor-like traps at 0.8 eV. Structure B has only drain
interface traps of the same type. Structure C has interface traps both at the source and
drain. By separately investigating the position where the interface traps have the most
impact, potential current collapse due to second epitaxial growth can be estimated. The
quiescent bias is at VGQ = 0 V and VDQ = 5 V, and the devices are stressed at VG = −8 V
and VD = 25 V for 1 ms, and then return to the quiescent state, as shown in Figure 12a.
According to the simulation results as shown in Figure 12b, after only 1 ms of bias stress,
the drain current is significantly reduced, demonstrating the current collapse phenomenon.
By comparing three different structures, drain interface defects play a dominant role in
current collapse effects. Considering only drain interface defects, the current collapse is
23.1%. Considering only source interface defects, the current collapse is 10.8%. Considering
both source and drain interface defects at the same time, the current collapse is 30.8%. The
current collapse is calculated by the equation below:

Current Collapse(%) =
IPre−Stress − IPost−Stress

IPre−Stress
× 100% (11)
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and asymmetric GaN HEMTs.

Therefore, drain interface quality has a more significant impact on current collapse
effects. For the realization of the asymmetric structure, the drain heterojunction structure
AlGaN/GaN is standardly formed by the first epitaxial growth. The interface defect can be
most effectively improved by in situ SiN passivation or LPCVD SiN passivation. The source
heterojunction structure InAlN/GaN can be formed by etching and epitaxial regrowth.
This additional etching and regrowth process may bring potential extra interface defects
to the source side. However, according to simulations, defect density at the source-side
does not affect current collapse as significantly as defects at the drain side. Through careful
surface treatment before regrowth and the growth condition engineering, it is expected
that we will reduce interface defects at the source side. Besides, further research is still
needed to investigate the reliability and defects of the devices under various bias stress and
temperature conditions [31,32].

4. Conclusions

AlGaN/GaN and InAlN/GaN HEMTs are widely developed for high-frequency
and high-power applications. Device electrical performances can be tuned through bar-
rier layer engineering techniques such as alloy fraction composition and thickness. In-
AlN/GaN HEMTs are expected to exhibit higher drain current and transconductance than
AlGaN/GaN HEMTs due to higher 2DEG induced by InAlN’s effective polarization. How-
ever, high leakage current and low breakdown voltages have limited their application in
ultra-high-power applications.

To solve the contradictory problem between high drain current and high breakdown
voltage, novel asymmetric structures with an InAlN source barrier and an AlGaN drain
barrier have been proposed, which can combine the advantages of traditional InAlN/GaN
HEMTs and AlGaN/GaN HEMTs. This innovative structure offers superior performance
relative to its traditional counterparts, demonstrating not only high-output drain current
and transconductance but also excellent breakdown voltage, which can be potentially
applied to ultra-high-power applications.

On the other hand, we simulate the impact of defect density on the source side
and drain side separately. The simulations indicate that the defect density on the source
side does not have as significant an impact on current collapse as defects on the drain
side. Moreover, by implementing surface treatment before regrowth, it is anticipated that
interface defects on the source side can be reduced. As a result, the asymmetric device can
be realized without compromising the device’s reliability.
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