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ABSTRACT

We report the effect of stress or strain on the electronic characteristics of a normally off AlGaN/GaN high electron mobility transistor
(HEMT) and demonstrate its role as a highly sensitive pressure sensor. We observe that the HEMT drain current exhibits a linear change of
2.5%/bar upon the application of pressure, which is translated to a strain sensitivity of 1250 ppm�1. This is the highest strain sensitivity ever
reported on HEMTs and many other conventional strain sensing configurations. The relative change of drain current is largest when the gate
bias is near-threshold and drain bias is slightly larger than the saturation bias. The electron sheet density and mobility changes in the
AlGaN/GaN heterointerface under the applied pressure or mechanical strain are explained qualitatively. The spontaneous and piezoelectric-
polarization-induced surface and interface charges in the AlGaN/GaN heterojunction can be used to develop very sensitive and robust
pressure sensors. The results demonstrate a considerable potential of normally off AlGaN/GaN HEMTs for highly sensitive and reliable
mechanical sensing applications with low energy consumption.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0053701

In recent years, gallium nitride (GaN) has become a popular
semiconductor material for advanced electronic and power switching
devices. Compared to silicon (Si), GaN has several superior properties
such as widebandgap, high critical breakdown electric field, high ther-
mal conductivity, and high electronic saturation velocity for power
electronics.1,2 Moreover, GaN-based materials possess many advan-
tages such as high biocompatibility,3 high thermal and mechanical
stability,4–6 and excellent irradiation resistance,7 which are critical for
applications in harsh environments.8 Another unique property of
GaN-based materials is the possibility of bandgap engineering by tai-
loring the strain effect in GaN-related alloys and heterostructures. In
particular, a two-dimensional electron gas (2DEG) with a high sheet
carrier density and mobility is generated at the AlGaN/GaN hetero-
junction, owing to the spontaneous and piezoelectric polarization, and
the AlGaN surface state acting as an electron source.9 The spontane-
ous polarization (PSP) is caused by the asymmetry of the wurtzite
crystal structure of III-nitrides, while the piezoelectric polarization
(PPE) originates from the strained AlGaN barrier layer due to lattice
mismatch between AlGaN and GaN.10–12 Thanks to the strong PPE
effects, obvious changes in the conductivity of the 2DEG channel can

be seen when applying external stress onto an AlGaN/GaN hetero-
structure, which promises applications in stress/strain sensors13–16 and
pressure sensors.17–21

AlGaN/GaN pressure sensors based on simple piezoresistors and
gated piezoresistors have been reported earlier, but they suffer from
either low sensitivity or a complex fabrication process.22,23 Recently,
the use of a high electron mobility transistor (HEMT) as the sensing
element has led to a significant increase in sensitivity along with poten-
tial for the integration of sensors with conditioning circuits.12,13

Generally, high electron mobility transistors (HEMTs) are in the
normally on (depletion-mode or d-mode) state, with typical threshold
voltages to switch off devices ranging from �6 to �2V. Compared to
normally on counterparts, normally off (depletion-mode or D-mode)
HEMTs have attracted significant attention due to significant reduc-
tion in power consumption during the standby state and enhanced
reliability. Moreover, the configuration of normally off HEMT devices
allows for simpler power amplifier circuits and high-power switches
by eliminating the requirement for negative-polarity voltage supply,
thus significantly reduces the circuit complexity and system cost.24

Among technologies such as recessed gate and fluorine plasma
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implantation,25–27 the p-GaN gate on AlGaN/GaN is the only com-
mercially available solution for normally off HEMTs with good device
performance and reliability.28

While to date, normally on HEMTs have been investigated for
pressure sensing application,8,29–32 there has been no report on the
dependence of electrical properties of normally off AlGaN/GaN
HEMT on external mechanical stimuli. This paper aims to investigate
the influence of pressure on the characteristics of p-Gan/AlGaN/GaN
HEMT device. The insights achieved in this study are important, not
only for designing micro-electro-mechanical systems’ (MEMS)
mechanical sensors but also significant for understanding the behav-
iors of GaN-based devices, which can be affected by strain due to pack-
aging processes as well as in applications.

In this paper, we implemented a pressure sensor with a p-GaN/
AlGaN/GaN heterojunction as the sensing element with the sensor
configuration shown in Fig. 1. The sensing element was located in the
middle of the diaphragm, and the applied pressure was detected via
the changes in drain current DIDS under optimal magnitudes of the
gate voltage VGS and the drain voltage VDS.

A p-GaN/AlGaN/GaN heterojunction was grown by a metal
organic chemical vapor deposition (MOCVD) technique on a 750lm
thick 6 in. Si (111) wafer. The structure consists of a 100 nm p-GaN
layer with a Mg doping concentration of 3� 1019 cm�3, an 18nm
undoped AlGaN barrier, and a 1.5lm GaN channel layer. In a similar
HEMT structure fabricated without the p-GaN gate, the 2DEG elec-
tron density and electron mobility were measured to be
9.3� 1013 cm�2 and 2150 cm2/V s, respectively, resulting in a sheet
resistance of 310 X/w.

The device fabrication started with patterning of the p-GaN to
form gate areas using inductively coupled plasma (ICP) etching. This
was followed by the source and drain Ohmic contact formation that
consisted of Ni/Ti(20/100nm) sputter deposition, patterning and
rapid thermal annealing at 800 �C for 2 min in N2 ambient. Ni was
then deposited and patterned to create top metal contacts for the gate,
source, and drain. Due to the circular shape of the device with the
grounded source contact as the outer ring, no device-to-device isola-
tion was required. Subsequently, the devices were passivated with
150nm SiN using a plasma enhanced chemical vapor deposition
(PECVD) process. The device has a gate length Lg of 250 and a width

Wg of 2455nm. The spacings of the gate-drain Lgd and gate-source Lgs
were the same at 16 nm. Deep reactive ion etching (DRIE) was
employed to achieve a circular diaphragm by thinning down the sili-
con substrate to 150lm from the back side. The total etching depth
was approximately 600lm, and the diameter of the diaphragm was
300lm. The final step is dicing the wafer into smaller sensor chips.
The detailed fabrication process is shown in supplementary material
Fig. S1. The sensor was then attached to a chip holder with an open
window at the center using an adhesive epoxy, as depicted in Fig.
S2(b). The inset of Fig. S2(b) shows a completed sensor with bonding
wires.

Supplementary material Fig. S2 shows the schematic and experi-
mental setup to investigate the performance of the pressure sensor at
room temperature. Air pressure was applied to the back side of the
diaphragm using an ELVEFLOW OB1 pressure controller combined
with a pneumatic pump. A B1500A semiconductor device analyzer
was used to control the tuning voltages and simultaneously measure
the drain current. The transfer and output characteristics of the nor-
mally off AlGaN/GaN HEMTs were also measured using the B1500A
semiconductor device analyzer. Results and further discussion can be
found in the supplementary material, Sec. II.

The impact of the membrane pressure on the charge transport in
a normally off HEMT device was evaluated using DC electrical mea-
surements, Fig. 2. Figure 2(a) plots the IDS-VDS response of the sensor
under pressures from 0 to 1.6 bar at room temperature with the gate
voltage VGS varying from 0 to 0.9V. Figures 2(b) and 2(c) show the
IDS-VDS characteristics of the sensor in unsaturated and saturated
drain current regions, respectively. In both regions, the drain current
IDS decreases with the increasing pressure. This reduction will be
explained by the energy band diagram in the upcoming section. The
pressure also has a significant impact on both the threshold voltage
and transconductance, as discussed in the supplementary material,
section 3.

The influence of drain voltage VDS on the relative change of the
drain current DIDS/Io was investigated at the specific gate voltage of
VGS¼ 0.7V, Figure 3(a). DIDS/Io undergoes a large increase from 0%
to 1.6% as VDS increases from 0 to 0.4V. With further increase in VDS

to 3V, the relative change plateaus and then varies around the satura-
tion level. For VDS¼ 0.5V, the response DIDS/Io was 1.66 0.01%. At

FIG. 1. Schematic view of the normally off p-GaN/AlGaN/GaN HEMT pressure sensor. (a) 3D schematic of the sensor. (b) Top view of the p-GaN/AlGaN/GaN HEMT sensing
element. (c) Cross-sectional view of the AlGaN/GaN/Si diaphragm with the thickness t¼ 150 lm.
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higher VDS, noise in IDS increased up to 60.1% at VDS¼ 2.5V, i.e.,
approximately ten times larger than that at VDS¼ 0.5V. Possible
explanations for the dispersion in the response at higher VDS include
hot carrier injection into traps in the gate barrier layer, surface states,
and self-heating. Similar trends for AlGaN/GaN HEMTs were previ-
ously reported.33,34 For instance, Le Boulbar et al. reported that the
sensitivity of AlGaN/GaN HEMTs increases with increasing VDS, until
it saturated.33

Figure 3(b) presents the maximum relative change in drain
current (DIDS,sat./IDS,o) as a function of pressure for different gate
voltages. It can be observed that the maximum relative change in
drain current follows a good linear relationship with the applied
pressure from 0 to 1.6 bar at applied gate voltages from 0.3 to
0.9 V. The largest relative change occurs at a gate bias VGS near
VTh¼ 0.3 V and a drain bias VDS near 0.5 V. Along with good line-
arity of the output signal, the device possesses excellent repeatabil-
ity with cyclic pressure, as shown in Fig. S4. The experimental data
exhibit good reproducibility of the output signal with high signal-
to-noise ratio, Fig. S4(b).

Pressure sensitivity SP and strain sensitivity Se are defined as
follows:

SP ¼
DIDS
IDS;o

1
P
; (1)

Se ¼
DIDS
IDS;o

1
e
; (2)

where DIDS¼ IDS –IDS,o is the change in current across the sensing ele-
ment due to applied pressure, IDS,o is the current across the sensing
element under a pressure-free condition, P is the applied pressure, and
e is the strain induced in the HEMT structure. Finite element analysis
using Comsol MultiphysicsTM was employed to estimate the strain
induced in the sensing area where the HEMT is located.

Figure 3(c) plots the pressure sensitivity calculated using linear
regression of the maximum relative change in current against the
applied pressure. The pressure sensitivity was approximately 0.1%/bar
at the gate voltage of VGS¼ 1.5V, and this sensitivity significantly
increases by 25 times, i.e., up to 2.5%/bar at VGS¼ 0.3V. This large
disparity in sensitivity might be due to the pinched-off effect of the
channel. This can be explained by the fact that the current decreases at
lower positive gate voltages; however, the applied piezoelectric polari-
zation from pressure remains the same regardless of the gate voltage.
Thus, a change in gate voltage leads to a higher change in current with
respect to pressure, because of the reduction in the overall current.
The drain current exhibits a linear change of 2.5%/bar upon the appli-
cation of pressure, which is equivalent to a strain sensitivity Se of
1250 ppm�1. This is the highest strain sensitivity ever reported on

FIG. 2. Impact of pressure on the output characteristics of the normally off HEMT sensing device. (a) Drain current IDS vs drain voltage VDS at a pressure range of 0–1.6 bar
under the gate voltage VGS in the range of 0–0.9 V. (b) IDS vs VDS at the pressure range of 0–1.6 bar under VGS¼ 0.9 V and the unsaturated region VDS ranging from 0.1 to
0.15 V. (c) IDS vs VDS at the pressure range of 0–1.6 bar and VGS¼ 0.9 V at the saturated region VDS ranging from 1 to 1.5 V.

FIG. 3. Pressure sensitivity at different drain voltage and gate voltage. (a) Relative change in drain current vs drain voltage for pressures from 0.4 to 1.6 bar. (b) Maximum rela-
tive change in IDS vs pressure at different gate voltages VGS. (c) Device sensitivity as a function of VGS determined by linear regression of maximum DId/Io vs pressure.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 118, 242104 (2021); doi: 10.1063/5.0053701 118, 242104-3

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/apl


HEMT and many other conventional strain sensing configurations.
The detailed comparison can be found in Sec. VI of the supplementary
material.

To further understand the relationship between the electronic
properties of HEMT and the applied pressure/strain, we investigate
the variation of the polarization charges and mobility under applica-
tion of pressure/strain.

Under stress-free conditions, there are spontaneous polarizations
PAlGaN
SP and PGaN

SP due to the non-coincidence of positive and negative
charge centers of AlGaN and GaN, along with piezoelectric polariza-
tion PAlGaN

lm due to the lattice mismatch between AlGaN and GaN
layers.

Lattice-mismatch induced piezoelectric polarization PAlGaN
lm in

AlGaN can be given as10

PAlGaN
lm ¼ 2eAlGaN31 �AlGaN1 þ eAlGaN33 �AlGaN3 ; (3)

in which eAlgaN31 and eAlGaN33 are the piezoelectric constants, and �AlGaN1
and �AlGaN3 are the components of the strain field

�AlGaN1 ¼ aGaN � aAlGaN

aAlGaN
; (4)

�AlGaN3 ¼ �2 c
AlGaN
11

cAlGaN33

; (5)

where aAlGaN and aGaN are the lattice constants of the AlGaN and
GaN, respectively. cAlGaN11 and cAlGaN33 are the elastic stiffness constants
of AlGaN.

The elastic stiffness constants cAlGaN33 and cAlGaN11 and piezoelectric

constants of AlGaN eAlgaN31 and eAlgaN33 can be calculated based on
Vegard’s law and data of AlN and GaN from previous research12,35

eAlGaN31 ¼ xeAlN31 þ 1� xð ÞeGaN31 ; eAlGaN33 ¼ xeAlN33 þ 1� xð ÞeGaN33 ; (6)

cAlGaN11 ¼ xcAlN11 þ 1� xð ÞcGaN11 ; cAlGaN33 ¼ xcAlN33 þ 1� xð ÞcGaN33 : (7)

In the meantime, the spontaneous polarization in AlGaN can
also be estimated from

PAlGaN
sp ¼ xPAlN

sp þ 1� xð ÞPGaN
sp : (8)

Al composition in the AlGaN layer is characterized and esti-
mated to be�25% thus x¼ 0.25. Furthermore, the spontaneous polar-
izations in AlN and GaN have been given in previous report with
PAlN
sp ¼ �0.081 and PGaN

sp ¼ �0.029C/m
2.36

The strain-induced piezoelectric polarization in AlGaN and GaN
can be obtained by22

PAlGaN
pz ¼ � FAlGaN

b

KAlGaN
; (9)

PGaN
pz ¼ � FGaN

b

KGaN
; (10)

in which KAlGaN and KGaN are the dielectric constants of AlGaN and
GaN, respectively.

The strain-induced electric fields at the bottom of AlGaN layer
(FAlGaN

b ) and that at the top of GaN (FGaN
t ) are simulated by FEA soft-

ware COMSOLMultiphysics. The p-GaN/AlGaN/GaN/Si heterostruc-
ture is modeled as a cylinder with a radius of 3000lm and a height of
150lm. The material constants of AlGaN, GaN, and Si, including the
mass density, Young’s modulus, the piezoelectric constants, and the
dielectric constants used in the calculations, are obtained from previ-
ous research.35,37 A boundary displacement is defined by the pressure
applied upward on the Si bottom layer with the side of the cylinder
fixed.

The effective fixed polarization charges at the bottom of AlGaN
and the absolute value of the effective fixed polarization charges at the
top of GaN are12

rAlGaN
b ¼ Plm þ PAlGaN

sp � PAlGaN
pz ; (11)

rGaN
t

�
�

�
� ¼ PAlGaN

sp � PAlGaN
pz

�
�
�

�
�
�: (12)

The net fixed polarization charges at the AlGaN/GaN/GaN heter-
ostructure interface can be obtained as12

rint ¼ rAlGaN
b � rGaN

t

�
�

�
�: (13)

The calculated results under strain-free and tension strains are
shown in Figs. 4(a) and 4(b). Free electrons close to the heterostructure
interface are attracted by the net fixed polarization charges and

FIG. 4. Piezotronic effect and fixed charge distribution in the AlGaN/GaN heterostructure. (a) The fixed polarization charges distributed at the bottom of AlGaN layer and the
absolute value of fixed polarization charges distributed at the top surface of GaN as a function of external pressure/strain applied. (b) The effective net fixed polarization
charges at AlGaN/GaN heterojunctions vs applied pressure.
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confined in the potential well, giving rise to the formation of 2DEG
under a stress-free condition, Fig. 5(b). As shown in Fig. 4(a), the
tensile strain gives rise to the differentiation between AlGaN bottom
surface’s charges and the GaN top surface’s charges, which cause the
decline of net fixed polarization charges rint. The relative change of
rint is determined to be �2.05%/bar, Fig. 4(b). Accordingly, a certain
amount of the confined free electrons is released from the potential
well and thus decreases the sheet density of 2DEG. In addition, the
negative piezoelectric charge accumulates at the heterojunction inter-
face, and raising the energy band on the GaN side and making the tri-
angular potential well at the heterojunction interface become shallow,
as shown in Fig. 5(c). The shallower potential well causes binding car-
riers to be weak, and the 2DEG concentration decreases. As external
tensile stress increases, this modulation is also strengthened. The com-
bination of reduced net fixed charge and shallower potential well leads
to the decrease in 2DEG sheet density under tensile strain. The calcu-
lated result of sheet density shown in Fig. 6(a) agrees well with the

proposed mechanism. The detailed calculation can be found in Sec. VI
of the supplementary material.

To confirm the proposed physical mechanism and theoretical
calculation, a Hall effect measurement was conducted on a four termi-
nals device. The detailed setup can be found in section 6 of the
supplementary material. From Fig. 6(a), we observed a decrease in the
2DEG sheet density in the p-GaN/AlGaN/GaN heterostructure with
an increase in pressure by�2.46%/bar at a gate voltage VGS of 0.3V.

The conductivity of the sensing element also depends on electron
mobility. Electron mobility change is resulted from shifting of
the average conductivity effective mass and intervalley/intravalley
scattering.38 Stress affects electron effective mass through two factors:
band warping and band-splitting induced electron repopulation.
Unlike Si, which has six degenerate conduction band valleys or GaAs,
which has energetically adjacent conduction bands, GaN is a direct
bandgap material with only one conduction band minimum located at
the C-point.39 Consequently, no electron repopulation occurs under

FIG. 5. Band diagrams of the p-GaN/AlGaN/GaN heterojunction under (a) strain free condition with VGS¼ 0 V, (b) strain free condition and with VGS > VTh, and (c) under ten-
sile strain condition.

FIG. 6. (a) Self-consistent calculation result and measurement result of 2DEG sheet density NS and (b) measured mobility l under different pressures.
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stress. The absence of stress-induced conduction band splitting also
results in a negligible change in the intervalley scattering. Therefore,
the band warping is hypothesized as the dominant mechanism for
effective mass change with stress.

The effective massm� can be presented as40

m� ¼ �h2
1
d2E
dk2

; (14)

where �h is the Planck constant, E is the energy, and k is the wave num-
ber. We can see that the effective mass m� is inversely proportional to
the energy band curvature d2E

dk2.
If a tensile stress is applied to the AlGaN/GaN heterostructure,

the conduction band shifts to a lower energy level along with the
reduction in the energy band curvature d2E

dk2 as reported by Jogai41 and
Postorino et al.42

Thus, the effective mass of the 2DEG increases with the application
of tensile stress. This agrees well with the previous result from Chu
et al.43 From the Drude model, it is known that the carrier mobility is
inversely proportional to the charge carrier effective mass (l / 1/m�).44

As a result, tensile strain causes the reduction in 2DEG mobility of the
p-GaN/AlGaN/GaN heterostructure. To confirm the theoretical
assumption and determine the contribution of mobility to the piezo-
tronic effect, mobility of the electron in 2DEG was measured and the
result is shown in Fig. 6(b). The decline trend of the mobility completely
agrees with the hypothesis, and the relative change Dl=lo of the 2DEG
with pressure was determined to be �0.2%/bar, as shown in Fig. 6(b).
This change in mobility is negligible compared with the variation of the
sheet density under application of pressures; hence the polarization
charge variation is the dominant mechanism that is responsible for the
piezotronic effect in the p-GaN/AlGaN/GaN heterostructure.

In conclusion, we report the influence of mechanical pressure on
the electrical properties of normally off AlGaN/GaN HEMTs. Our
experimental data indicate that the drain current of the normally off
AlGaN/GaN HEMT decreases with the increasing pressure or tensile
stress, where the change is most profound near the threshold voltage.
We also observed that the bias and gate voltages play a significant role
in the stress/strain sensitivity of the HEMT device. The sensitivity of
the device has increased by almost 1000% by tuning the drain and gate
voltages into the optimum values. Our findings demonstrated the
potential of normally off AlGaN/GaN HEMTs for highly sensitive
mechanical sensor applications.

See the supplementary material for the fabrication processes,
characterization of piezotronics effect of the HEMT, transfer and out-
put characteristics of the normally off HEMT, repeatability of the pres-
sure sensor, comparison of sensitivities, and sheet density calculation
and mobility measurement.

This project was partially supported by the Foundation for
Australia-Japan Studies under the Rio Tinto Australia-Japan
Collaboration Project and by Australian Research Council Grant
No. LP160101553.
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