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Influence of AIN barrier thickness on AIN/GaN
heterostructure optical and transport properties
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AIN/GaN heterostructures, with different AIN barrier thicknesses (3 and 6 nm), are characterized using atomic force
microscopy, high-resolution transmission electron microscopy, photoluminescence, and Hall effect measurements. Based
on the measured results, we suggest that with increased AIN barrier thickness, the tensile strain in the AIN barrier layer is
relaxed by crack channels. In addition, the strain-induced cracking also greatly penetrated into the GaN buffer layer, and
resulted in the relaxation of the compressive strain and the increase of the defects in the GaN buffer layer. This caused
AIN/GaN heterostructure quality deterioration and introduced additional scattering.
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1. Introduction

High electron mobility transistors (HEMTS) based on
AlGaN/GaN  heterostructures,  which  contain a
polarization-induced  high-mobility  two-dimensional
electron gas (2DEG) at the AlGaN/GaN interfaces even in
the absence of any doping, have been widely studied for
their potential application in high-frequency and high-
power amplifiers [1-3]. Recently, high-quality AIN/GaN
heterostructures with thin AIN barriers, compared with the
AlGaN/GaN heterostructures, have had improved device
performance due to the increased quantum confinement
and 2DEG density originating from the large conduction
band offset between AIN and GaN and from the increased
polarization-induced electric field in the AIN barrier layer.
In addition, the reduced alloy scattering because of the all-
binary AIN/GaN heterostructures also improved device
performance [4-6]. Therefore, the expected reduction in
gate leakage current, short channel effects, and current
collapse makes the AIN/GaN structure a strong candidate
for high-frequency and high-power applications [7,8]. The
high quality of AIN/GaN HEMTSs typically implies the
combination of a large electron sheet density and high
mobility. It has been reported that the transport properties
of these structures depend strongly on the AIN barrier
thickness [5,6,8-10]. On one hand, increased AIN barrier
thickness provides a high density of carriers and good
confinement of the 2DEG, as mentioned above. On the
other hand, the increased AIN barrier thickness also

simultaneously results in an increased effective total strain
energy present in the system. When the AIN barrier
thickness increased beyond a critical value, the tensile
strain-induced cracking in the AIN barrier layer occurred.
Consequently this may lead to transport property
deterioration in the AIN/GaN structure. Although the
reports showed the atomic force microscopy (AFM)
images of the AIN surfaces to evidence the relaxation of
the tensile strain in the AIN barrier layer by cracking,
further information on the mechanism of the cracks
propagating downward from the AIN barrier layer and the
effect of the cracks on the GaN quality was not given.
Therefore, a further investigation of the influence of the
AIN barrier thickness on the structural quality of the
AIN/GaN heterostructure is deemed necessary to improve
the transport properties of these structures. However, due
to the lattice mismatch problem (2.4% for AIN on GaN),
much less work has been done on the AIN/GaN structure
for HEMT devices mainly due to the difficulty of growing
high-quality AIN barrier layers on GaN [6,11,12].

In this study, to understand the origin and propagation
mechanism of the cracks and the effect of the cracks on
the AIN/GaN heterostructure quality, the influence of the
AIN barrier thickness on the optical and transport
properties of an AIN/GaN heterostructure was investigated
by atomic force microscopy (AFM), high-resolution
transmission electron microscopy (HRTEM),
photoluminescence (PL), and Hall effect measurements. It
is suggested that, with increased AIN barrier thickness, the
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strain-induced cracking results in a relaxation of the tensile
(compressive) strain in the AIN barrier (GaN buffer) layer,
and increased structural and point defects in both layers.
This causes a deterioration in the quality of the AIN/GaN
heterostructure, and introduces additional scattering.

2. Experiment

The AIN/GaN heterostructures used in this study were
epitaxially grown by metal-organic chemical vapor
deposition (MOCVD) on (0001) sapphire substrates. Each
AIN/GaN heterostructure consisted of a 100-nm-thick low-
temperature AIN nucleation layer, followed by a 2-um-
thick unintentionally doped GaN buffer layer, an AIN
barrier layer, and a 2-nm-thick GaN cap. The AIN barrier
thickness was 3 nm for sample A and 6 nm for sample B.

The surface morphologies and material qualities of the

samples were assessed by AFM and HRTEM, respectively.

For PL measurements, the samples were mounted in a
closed-cycle He cryostate and the temperature was held at
6 K. The 325 nm line of a He-Cd laser was used as an
excitation light source with a spot size of approximately
250 pm. The PL signal from the sample was dispersed by
a Jobin-Yvon iHR320 monochromator and detected by a
thermoelectrically cooled Synapse CCD detector. In
addition, Hall effect measurements were performed in Van
der Pauw geometry on 10 mm square sample at room
temperature. Indium was used to form the Ohmic contacts
to the structures under investigation.

3. Results and discussions

Fig. 1. AFM images of the surface morphologies of
samples A (a) and B (b)

Typical AFM images of the surface morphologies of
samples A and B are shown in Fig. 1. The AFM images
for samples A and B display a stepped/terraced structure
with a mean roughness of 0.357 and 0.366 nm over a 5 um
square, respectively. Moreover, the surface of sample A is
filled by a mix of pit-like and micro-crack structures with
a density of about 3.5 x 10 cm™, as shown in Fig. 1(a). In
contrast, surface pits were almost invisible, but higher
density (about 9.8 x 10°® cm™) of cracks with longer crack

lines are observed in sample B (Fig. 1(b)). The pits are
generally thought to be the surface termination of
threading dislocations or the flaws in the material, and can
act as nucleation sites for cracks [13-15], while the cracks
are attributed to the relaxation of the tensile strain in the
AIN barrier layer [5]. To further investigate the origin of
the pits and cracks, typical cross-sectional HRTEM images
of these two samples are shown in Fig. 2. For sample A, in
addition to a few threading dislocations that penetrated the
GaN buffer layer and AIN barrier layer along the c-axis
from the low-temperature AIN nucleation layer and
reached the AIN surface where pits or cracks are formed
[16,17], more cracks that penetrated into the GaN buffer
layer from the AIN barrier layer are observed [11,13], as
shown in Fig. 2(a) and (c). In contrast, sample B showed a
higher density of cracks with greater penetration depths in
the GaN buffer layer (see Fig. 2(b) and (d)). The
evolvement trend of the cracks with increasing AIN barrier
thickness observed in Fig. 2 is consistent with that
observed in Fig. 1. All of the characteristics shown in Figs.
1 and 2 indicate that the majority of the observed cracks
propagated downward from the AIN barrier layer, rather
than upward from the film/substrate interface. Therefore it
is suggested that, in the present study, with increased AIN
barrier thickness the tensile strain in the AIN barrier layer
can be relaxed by crack channels, and the strain-induced
cracking also greatly penetrated into the GaN buffer layer
and resulted in compressive strain relaxation in the GaN
layer.

200 nm

Fig. 2. Cross-sectional TEM image of samples A (a) and
B (b). (c) and (d) display the enlarged view of the
squared regions in (a) and (b), respectively

The PL spectra of these two samples measured at 6
pW and 6 K are shown in Fig. 3. The PL spectra for both
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samples show three main transitions from the GaN
epitaxial layer [18,19]. Namely, a near-band edge (NBE)
emission centered at approximately 3.485 eV, which
originated from the flat-band region of the GaN layer; a
well-known ultraviolet luminescence (UVL) band at
approximately 3.290 eV, which is considered to be related
to the transition between the conduction-band or shallow-
donors and the shallow-acceptors; and a very weak broad
yellow luminescence (YL) band at approximately 2.2 eV
ascribed to the transition between the conduction-band or
shallow-donors and deep acceptors. The intensity
oscillations of the YL emission are due to Fabry—Perot
type interferences [20]. In addition to these main
transitions, phonon replicas of the NBE and UVL peaks,
denoted by NBE-LO and UVL-LO, can be seen in Fig. 3.
The LO phonon energy in GaN was about 91 meV [18,19].
Moreover, it is also noted from Fig. 3 that the position of
the NBE peak in the PL spectra for samples A and B is
shifted by approximately 16 and 12 meV towards higher
energies in comparison with that of strain-free GaN layers,
respectively [18,21]. This can be explained by the thermal
mismatched expansion coefficient between the GaN buffer
layer and the sapphire substrate. There is a compressive
strain in the GaN buffer layer which resulted in a blue-
shift of the NBE peak for both samples relative to the
strain-free GaN layers.

Furthermore, by comparing the PL spectra of these
two samples shown in Fig. 3, it is found that the PL
spectrum is dominated by a strong NBE emission for
sample A (Fig. 3(a)), but by a strong UVL emission with
more phonon replicas, up to UVL-3LO, for sample B (Fig.
3(b)). Also, the NBE peak of sample B exhibited a slight
red-shift of approximately 4 meV relative to that of sample
A. That is, in contrast to sample A, sample B showed a
weaker NBE emission accompanied by the red-shift of its
peak and a stronger defect-related UVL emission. The
results can be explained by the strain-induced cracking
effect produced by the tensile (compressive) strain
relaxation in the AIN barrier (GaN buffer) layer from the
increased AIN barrier thickness, from 3 to 6 nm,, and the
increased structural and point defects in the GaN buffer
layer [5,9-11]. However, in contrast, no obvious change is
observed in the YL band in the PL spectra when the AIN
barrier thickness is increased. This may be because the YL
band is mainly related to native defects and residual
impurities caused during the growth of the GaN buffer
layer, and most of the native defects and residual
impurities exist in the interface region between the GaN
buffer layer and the low-temperature AIN nucleation layer
[22].
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Fig. 3. PL spectra of samples A (a) and B (b) measured
at 6 uWand 6 K

Moreover, to investigate the influence of AIN barrier
thickness on the conduction mechanism, the sheet carrier
density and Hall mobility of both samples, as a function of
temperature from 10 K to room-temperature, were
measured. As shown in Fig. 4, the measured sheet electron
densities for both samples A and B are nearly temperature-
independent constants of about 1.9 x 10** and 3.0 x 10"
cm?, respectively. This indicates an absence of any
significant parallel conduction paths in both samples [10].
The high values of the sheet electron densities for both
samples were caused by spontaneous and piezoelectric
polarization fields in the AIN barrier layers [9,10,23]. In
contrast, the electron mobilities for both samples were
nearly  temperature-independent  constants  below
approximately 90 K, and then showed a significant
decrease with further increased temperature: this is due to
the dominance of optical phonon scattering at higher
temperatures  [5,8,23,24]. The measured electron
mobilities for samples A and B are 7324 and 1521 cm?/V
at 10 K, and 1068 and 390 cm?/V at room-temperature,
respectively. All of these Hall measurement results show
that, in the present study, two nominal AIN/GaN 2DEG
structures have been successfully grown on sapphire
substrates [9].

In addition, by comparing the Hall measurement
results, increasing the AIN barrier thickness from 3 to 6
nm also increased the density of the 2DEG, and decreased
the mobility of the 2DEG, over the whole temperature
range. This behavior indicates that both the density and
mobility of the 2DEG are affected by a small change in
AIN barrier thickness. The increased electron density with
increased AIN barrier thickness can be explained as
follows: the surface donor states residing at the top of the
AIN surface are the primary source of the 2DEG electrons
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present at the AIN/GaN interface [3,24,25]. With increased
AIN barrier thickness, the surface donor energy level will
increase toward the Fermi level due to the existence of the
polarization field in the AIN barrier layer. Once it reaches
the Fermi level, the surface donor states are ionized, and
start donating electrons to form the 2DEG at the AIN/GaN
interface [3,24]. Therefore, sample B has a higher density
of 2DEG electrons than sample A due to its thicker barrier
[5,6,8,10]. On the other hand, the electron mobility
drastically decreased with increased AIN barrier thickness.
It cannot be expected that this will be explicable by either
the scattering from the remote ionized impurities that
might be present in the AIN barrier, or by the scattering
from the residual impurities in the GaN channel, because
increased AIN barrier thickness increased the 2DEG
density, which can improve the screening of impurities in
both cases [24]. This behavior also cannot be attributed to
an alloy disorder scattering due to the all-binary AIN/GaN
heterostructure [4—6]. In contrast, the interface roughness
scattering is expected to increase. The increased interface
roughness scattering with increasing AIN barrier thickness
from 3 to 6 nm, can be mainly attributed to the following
two factors: 1) the 2DEG electrons are pushed closer to the
interface at higher 2DEG electron densities [5,9]; 2)
deterioration of AIN/GaN interface quality due to the
increased surface roughness and to the cracking effect
enhancement [5,9,10], as shown in Figs. 1 and 2.
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Fig. 4. Temperature dependences of the sheet carrier density
and Hall mobility in the samples A (circles) and B (squares)

With the Hall measurement results, the calculated
square resistances for samples A and B are 44 and 138
Q/Y at 10 K, and 311 and 542 Q/Y at room-temperature,
respectively. That is, as the AIN barrier thickness
increased from 3 to 6 nm, although the sheet electron
density increased, the sheet resistance increased both at 10
K and at room-temperature due to the decreased electron
mobility. It has been reported that a critical AIN barrier
thickness around 3.7 nm is observed in similar AIN/GaN
heterostructures [5,8,9]. As described in these reports, with
increased AIN barrier thickness, the sheet resistance
decreased below the critical thickness due to the increased
or almost constant electron mobility in the barrier

thickness range. It then increased with further increased
AIN barrier thickness because of the decreased electron
mobility originating from the marked cracking effect
enhancement. Together with the reported results, we can
infer that the 6 nm-thick AIN barrier should be above
critical thickness since sample B showed a marked
increase in the sheet resistance compared with sample A,
as shown in Fig. 3. However, to obtain some of the key
parameters, such as the critical thickness, maximum
mobility and minimum resistance, more careful
experimental investigation are required to show a clear
trend in defect density and GaN quality, and these remain
to be done in our future work. The experimental results
obtained in the present work, are expected to provide
useful guidance to scientists involved in the fabrication of
high-performance AIN/GaN HEMTSs.

4, Conclusions

In conclusion, the AIN barrier thickness's influence on
the surface morphologies, material qualities, and optical
and transport properties, of an AIN/GaN heterostructure
was investigated by AFM, HRTEM, PL and Hall
measurements. The measurement results showed that
compared with the sample with a thin AIN barrier (3 nm),
the sample with a thicker barrier (6 nm) had a higher
density of cracks with greater penetration depths, and
showed defect-related UVL emission enhancement,
weakened NBE emission accompanied by its peak red-
shift, and significantly decreased electron mobility. The
results can be explained by the fact that, with increased
AIN barrier thickness, the strain-induced cracking effect
resulted in strain relaxation and increased AIN/GaN
heterostructure defects. This caused a deterioration in
heterostructure  quality, and introduced additional
scattering. To obtain high-quality AIN/GaN HEMTSs,
further experimental and theoretical investigation is
required for a complete understanding of the structural,
optical and transport properties of the AIN/GaN
heterostructure.
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