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We have studied current versus voltage characteristics of n-GaN /u-AlGaN /n-GaN double
heterostructure devices under hydrostatic pressure up to 500 MPa. Devices were grown on c-plane
sapphire substrates by organometallic vapor phase epitaxy using epitaxial layer overgrowth. The
effect of AlGaN layer thickness and composition on the pressure sensitivity was investigated. For a
fixed applied bias, we found that the current decreases approximately linearly in magnitude with
increasing hydrostatic pressure over the range of voltages and pressures applied. The decrease in
current magnitude can be attributed to piezoelectric effects and is consistent with model
calculations. The polarization charge densities at the GaN /AlGaN interfaces change with
hydrostatic pressure, which in turn modifies the internal potential barrier. Changes in the AlGaN
layer thickness and composition also modify the interfacial polarization, with thicker AlGaN layers
and higher AlN content increasing the effect of pressure on the observed current versus voltage
characteristics. The strain gauge factors obtained for these devices range from �200 to 800. © 2008
American Institute of Physics. �DOI: 10.1063/1.2844484�

I. INTRODUCTION

Group III-nitride semiconductors have demonstrated ex-
cellent performance in high power and high frequency de-
vices, optical emitters, and detectors.1–3 The properties of
these semiconductor materials are ideal for use at high tem-
peratures and in harsh environments. In particular, the large
piezoresistive and piezoelectric constants of III-nitrides are
attractive properties for stress sensing purposes. These par-
ticular properties have been explored in the study of piezore-
sistivity in p-GaN,4 the change of Schottky barrier heights on
n-GaN,5 and n-AlGaN �Ref. 6� with hydrostatic pressure and
the effect of stress on the current-voltage characteristics of
GaN /AlGaN-based heterostructure field effect transistors
�HFETs�.7–9

One of the contributions to polarization in III-nitrides is
due to their wurtzite crystal structure, which allows for spon-
taneous polarization parallel to the hexagonal axis. Epitaxial
films of GaN and AlGaN layers contribute an additional pi-
ezoelectric polarization arising from the lattice mismatches
between the substrate and different III-nitride layers. These
polarizations manifest themselves in a double heterostructure
of GaN /AlGaN /GaN, which has polarization-induced
charge densities at the two GaN /AlGaN interfaces with
equal magnitudes but opposite sign. The polarization at the
interface creates accumulation and depletion layers on either
side of the AlGaN layer if the GaN layers are doped. Hence,
the resulting energy band profile is asymmetric, even though
the structure is compositionally symmetric.10

The induced accumulation layers have been utilized in
GaN /AlGaN field effect transistors.8,9,11 The large values of
polarization sheet charge densities11 of up to 2
�1013 e /cm2 make it possible to achieve a high-density two-
dimensional electron gas �2DEG� close to the GaN /AlGaN
interface. The electron transport is parallel to the
GaN /AlGaN interface in these devices. Under an applied
stress, the amount of polarization charge at the accumulated
interface is changed, modifying the density of charge carriers
in the 2DEG and thus modulating the conductance of the
device.

Electron transport perpendicular to the GaN /AlGaN in-
terface has not received as much attention.12 The primary
difficulty has been that high quality, low defect density ma-
terials are required to study the fundamental current mecha-
nisms. Defects in the AlGaN barrier layer provide current
leakage paths that can easily become the dominant transport
mechanism. Nevertheless, GaN /AlGaN /GaN double hetero-
structure devices have been shown to be promising candi-
dates for stress sensing applications.10 The mechanisms for
transport in the perpendicular direction are primarily limited
by the effective barrier height for electron injection over the
AlGaN barrier layer and the effective barrier width for tun-
neling through the barrier. An applied stress changes both the
effective barrier height as well as the effective barrier width,
which in turn modulates the magnitude of the current.

To explore these structures systematically, we have
grown high quality GaN /AlGaN /GaN devices with varying
AlN content and AlGaN barrier thickness. We have tested the
stress sensing ability of these devices under hydrostatic pres-
sure. In order to describe quantitatively the performance of

a�Author to whom correspondence should be addressed. Electronic Mail:
stei0194@umn.edu.
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the devices as pressure sensors, we define a suitable gauge
factor. Results show comparable performance to III-nitride
HFET-based stress sensors. We compare our results to a de-
vice model and explain the data with the aid of self-
consistently calculated conduction band profiles.

II. EXPERIMENTAL RESULTS

Samples were grown on c-plane sapphire substrates by
organometallic vapor phase epitaxy using epitaxial lateral
overgrowth �ELO�. A 2.5 �m thick n+-GaN layer was grown
on top of the ELO GaN template followed by multiple layers
that make up the n-GaN /u-AlxGa1−xN /n-GaN double het-
erostructure shown in Fig. 1. In this work, we present results
from samples with varying AlGaN barrier thicknesses and
composition, as summarized in Table I. Devices were pat-
terned into circular mesa structures of 200 �m in diameter
and 1.2 �m in height using reactive ion etching. Further de-
tails of the growth and fabrication procedures may be found
in Ref. 12.

For measurement of the current-voltage �I-V� character-
istics under hydrostatic pressure, devices were wire bonded
and mounted into a Unipress LC10 liquid cell provided by
the Polish Academy of Sciences. The pressure transmitting
medium was a 1:1 mixture of hexane and pentane. Pressure
was applied to the devices with the aid of a Unipress LCP20
hydraulic press up to 500 MPa in roughly 100 MPa incre-
ments. The pressure was monitored via the change in resis-
tance of an InSb semiconductor pressure gauge, and I-V
characteristics were taken using an HP 4145B semiconductor
parameter analyzer. Consistent with previously reported

data,10 all I-V characteristics were obtained with the top
�mesa� contact grounded and the bias applied to the bottom
�substrate� contact.

Figure 2�a� shows the atmospheric pressure I-V charac-
teristics obtained from the samples with 15% AlN content
and varying AlGaN thickness. For each of the three samples,
we observed rectifying behavior attributable to the asymmet-
ric internal potential barrier. Moreover, we observe that
samples with small AlGaN barrier thickness have larger cur-
rent magnitudes at most applied voltages, as expected. �The
larger current magnitude observed in the 20 nm AlGaN
sample over the 10 nm AlGaN sample in Fig. 2�a� at large

FIG. 1. GaN /AlGaN /GaN device structure.

TABLE I. AlxGa1−xN layer composition and thickness, maximum pressure
gauge factor �PGF�, and maximum strain gauge factor �SGF� for the
samples tested under hydrostatic pressure.

Sample parameters
Maximum

PGF �GPa−1�
Maximum

SGFx tAlGaN �nm�

0.12 20 −0.628 494
0.15 10 −0.664 522
0.15 20 −0.594 467
0.15 30 −0.365 287
0.30 20 −1.06 832

FIG. 2. �a� I-V characteristics at atmospheric pressure for devices with 15%
AlN content and AlGaN layer thicknesses of 10, 20, and 30 nm. �b� I-V
characteristics at atmospheric pressure with 20 nm AlGaN layer thickness
and AlN contents of 12%, 15%, and 30%.
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forward ��2 V� and reverse biases ��−4 V� is attributed to
differences in series and contact resistances for the two
samples.� Similarly, the I-V characteristics of the three
samples with varying AlGaN composition and 20 nm AlGaN
layer thickness at atmospheric pressure are plotted in Fig.
2�b�. Again, we observed rectifying behavior for all three
samples and larger current magnitude under all applied bi-
ases for structures with lower AlN content in the barrier
layer.

The effects of hydrostatic pressure on the I-V character-
istics obtained for these double heterostructures are illus-
trated in Fig. 3 for the sample with 15% AlN content and an
AlGaN layer thickness of 20 nm. The sample shows a de-
crease in current magnitude that is linear over the range of
pressures tested. Here, we have arbitrarily chosen two values
of applied bias, +2 V and −5 V, to illustrate this decrease.
The decrease in current magnitude is also observed for other
values of applied bias. In Fig. 3, points plotted with open
circles indicate that the data were taken after an increase in
hydrostatic pressure of �100 MPa, while points plotted with
a cross indicate the data taken after a decrease in pressure of
�100 MPa. The relatively low scatter in these data points
indicates that the pressure cycle is retraceable and that no
potentially deleterious effects that lead to persistent changes
in the sample took place during the entire pressure run. We
obtained similar results with all other samples.

Typically, a “gauge factor” is used to characterize the
performance of devices employed as stress sensors or strain
gauges. In order to discuss the sensitivity of our devices, we
define a pressure gauge factor �PGF� as a normalized current
change per unit pressure,

PGF =
I�P� − I�0�

I�0�
·

1

P
, �1�

where I�0� is the current taken at atmospheric pressure and
I�P� is the current at hydrostatic pressure P. The PGF indi-
cates the relative normalized change in current per unit pres-
sure. However, it is also useful to evaluate the performance
on a strain based metric rather than pressure based. Since the
elastic response of these devices is dominated by the thick
substrate,10 we can convert the PGF to a strain gauge factor
�SGF� by dividing the PGF by the pressure induced in-plane
elastic strain of the substrate per unit applied pressure ��� / P�.
Using the elastic constants for sapphire,13 we calculate a
pressure induced in-plane strain of −1.273�10−3 GPa−1. In
Fig. 3, the slope of each sequence of data points is propor-
tional to the PGF at the respective applied voltages. A maxi-
mum PGF of −0.594 GPa−1 is obtained from the data for the
20 nm thick Al0.15Ga0.85N sample; this converts to a maxi-
mum SGF of 467 for that sample. Table I lists the maximum
pressure and SGFs obtained for each sample.

III. THEORETICAL MODEL AND DISCUSSION

We modeled the I-V characteristics for samples pre-
sented in this work. Solution of the model involves solving
the Poisson equation self-consistently with appropriate
boundary conditions at the AlGaN barrier interfaces.14 Elec-
tron transport across the AlGaN barrier is assumed to be due
to thermionic emission and tunneling processes, and regions
outside the barrier are in local thermal equilibrium. The tun-
neling probability is calculated using a one-dimensional
Wentzel–Kramers–Brillouin approximation. Donor levels in
the n-type GaN layers are taken to be 30 meV below the
conduction band edge. Further details of the model and pro-
cedure can be found elsewhere.10

The key parameters of the model include the AlGaN
layer thickness and composition as well as the polarization
charge densities at the AlGaN /GaN interfaces. To calculate
the polarization charge densities, we have followed the pro-
cedure outlined by Ambacher et al.15 We have assumed that
all nitride layers are pseudomorphic to each other and that
the initial n+-GaN layer is strain-free. Under hydrostatic
pressure, the thick substrate dominates the elastic response.
The material constants presented in Ref. 15 have been used
consistently in our calculations.

Figure 4 presents current density versus voltage �J-V�
characteristics obtained from the model for the samples
tested in this work. Again, results are shown for
Al0.15Ga0.85N with varying AlGaN thickness �Fig. 4�a�� and
varying AlGaN composition with 20 nm AlGaN thickness
�Fig. 4�b��. We find that the current density increases with
both decreasing AlGaN layer thickness and decreasing AlN
content, similar to our experimental results. However, there
are quantitative discrepancies between the model results and
the experimental data. In particular, we note the large differ-
ence in current density between the Al0.15Ga0.85N and
Al0.3Ga0.7N samples seen in the model calculations in Fig.
4�b� that is less prominent in the experimental results shown
in Fig. 2�b�. We attribute these differences to additional cur-
rent paths that may exist in the samples, such as defect-

FIG. 3. Dependence of current magnitude on pressure for applied voltages
of 2 and −5 V for the 15% AlN, 20 nm thick AlGaN layer device. Circles
indicate data points taken after an increase in pressure of 100 MPa, while
crosses indicate data points taken after a decrease in pressure of 100 MPa.
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assisted tunneling through the AlGaN layer or surface leak-
age on the etched vertical mesa, plausibly caused by the
reactive ion etching process step. In addition, our calculation
for the polarizations used an uncoupled electromechanical
�EM� formulation rather than a coupled treatment.16 Recent
calculations17 show that the coupled EM formulation reduces
the piezoelectric polarization by up to 6.0% in Al0.30Ga0.70N.
A reduction in the piezoelectric polarization would result in
an increase in the current density and a better fit with experi-
mental data.

In addition to J-V characteristics, we have also plotted
the calculated conduction band profiles. The behavior of
these devices is different in both the forward and reverse

directions. In Fig. 5, the conduction band profiles for a
20 nm thick Al0.15Ga0.85N device are presented. Under low
forward bias ���1 V�, the current consists of a combina-
tion of thermionic emission and tunneling. As a larger for-
ward bias is applied to the device, the effective barrier width
and the effective barrier height both decrease in magnitude,
consequently increasing the contribution from both thermi-
onic emission and tunneling mechanisms. However, the de-
crease in effective barrier width causes the current density to
become primarily dominated by the tunneling mechanism.
Under reverse bias, both mechanisms are again present at
low applied voltages. However, as a larger reverse bias is
applied, the thermionic emission component starts to become
comparable and eventually exceeds the tunneling component
as the effective barrier width increases.

The effects of AlGaN thickness on the conduction band
profiles are presented in Fig. 6�a� for structures with 15%
AlN content in the barrier. The conduction band profiles in
Fig. 6�a� indicate that increasing the thickness primarily in-
creases the effective barrier width. In addition, the effective
barrier height also increases with increasing AlGaN layer
thickness. This is a consequence of the voltage drop associ-
ated with the interface polarization charges that are only par-
tially neutralized by the electron accumulation and depletion
layers. The thicker AlGaN layers suppress the tunneling cur-
rent component, requiring a larger bias to reach a given cur-
rent level, consistent with Fig. 2�a�.

Similarly, we observe that as the AlN content increased
in the AlGaN layer, the voltage required to reach a given
current also increases �Fig. 2�b��. The increase in AlN con-
tent decreases the equilibrium lattice constant for the AlGaN
layer, causing the in-plane tensile strain in the AlGaN layer
to increase. The increase in the in-plane strain correspond-

FIG. 4. �a� Calculated J-V curves for devices with 15% AlN content and
varying AlGaN layer thickness, and �b� calculated J-V curves with 20 nm
AlGaN thickness and varying AlN content.

FIG. 5. Calculated band profiles for a 15% AlN, 20 nm thick AlGaN layer
device under applied biases of −1, 0, and 1 V. Solid lines represent conduc-
tion band edges EC and dashed lines indicate quasi-Fermi energies EF in the
top and bottom GaN layers.
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ingly increases the amount of polarization charge at both
GaN /AlGaN interfaces along with the effective barrier
height, which can be seen in Fig. 6�b�. Since the thermionic
emission mechanism is suppressed by the large energy bar-
rier and the tunneling mechanism is suppressed by the wider
effective barrier that includes the depletion layer, we expect a
rather small current at low voltages. Clearly, “parasitic” cur-
rent paths associated with the surfaces and with defects in the
barrier become more important as the “intrinsic” current
mechanisms considered in the model are weakened.

The total strain response of the sample under hydrostatic

pressure includes an in-plane component ��1=�2=��� and an
out-of-plane component ��3� that both increase in magnitude
and are compressive. Due to the relative stiffness of the sub-
strate, the net effect of these strain components is an increase
in the polarization charge density at the GaN /AlGaN inter-
faces. This, in turn, increases the amount of band bending as
well as the effective barrier height and effective barrier
width, similar to the effect of increasing the AlN content
�Fig. 6�b��. Hence, for a fixed applied bias, the current
should decrease as the hydrostatic pressure increases, as seen
in Fig. 3.

The gauge factors we have presented in Table I compare
favorably to our previously published results.10 There, we
observed SGFs in the range of 240–500 for a sample with a
10 nm Al0.2Ga0.8N barrier. We would expect the pressure
sensitivity of this sample to be slightly better than that of the
sample with a 10 nm thick Al0.15Ga0.85N barrier we tested in
this work. However, the sample tested earlier had thicker
undoped GaN spacer layers, which makes the direct com-
parison questionable. Indeed, the pressure responses of the
two samples were quite similar.

IV. CONCLUSION

We have tested the pressure sensitivity of
GaN /AlGaN /GaN double heterostructure devices under hy-
drostatic pressures up to 500 MPa. We found rectifying be-
havior for the I-V characteristics of all samples. Increasing
the thickness of the AlGaN barrier layer or increasing the
AlN content in the barrier layer lowers the current for a fixed
applied bias. The reasons for this decrease are different for
AlGaN thickness and composition. Thicker AlGaN layers re-
quire a larger bias before the effective barrier width becomes
small enough for significant tunneling to occur. Whereas for
AlGaN layers with larger AlN content, the increase in the
lattice mismatch increases the strain and the piezoelectric
charge at both AlGaN /GaN interfaces, leading to an increase
in both the effective barrier height and effective barrier
width. Similarly, application of hydrostatic pressure to these
devices also increases the magnitudes of the piezoelectric
polarization charge densities at the interfaces, causing the
current to decrease as the pressure is increased. We calcu-
lated SGFs to characterize the performance of these samples
and obtained values in the range of �200–800. This com-
pares favorably with samples previously tested and with
other published results for III-nitride strain sensors.
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