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Characteristics of GaN grown on 6H-SiC with different AlN buffers�
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Abstract: Characteristics of GaN grown on 6H-SiC (0001) substrates using different thicknesses of AlN buffers are
studied. It is found that the surface morphology and crystal quality of GaN film closely depends on the strain state of
the AlN buffer. For a thicker AlN buffer, there are cracks on GaN surface, which make the GaN films unsuitable for
applications. While for a thinner AlN buffer, more dislocations are produced in the GaN film, which deteriorates the
performance of GaN. Possible generation mechanisms of cracks and more dislocations are investigated and a �100 nm
AlN buffer is suggested to be a better choice for high quality GaN on SiC.
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1. Introduction

AlGaN/GaN high-electron mobility transistors (HEMTs)
are very promising for high temperature, high frequency and
high power microwave device applications owing to their su-
perior material propertiesŒ1�. A high quality GaN film is es-
sential for device fabrication. Due to the lack of sufficiently
high quality bulk GaN substrate, the growth of GaN epitaxial
layer has so far been carried out on various foreign substrates
such as sapphire and silicon carbide (SiC). Most commercially
available GaN-based devices are normally grown on sapphire
substrates because of the relatively low cost and general avail-
ability, although their lattice parameter and coefficient of ther-
mal expansion are significantly different from that of GaN. For
power device applications, however, it is desirable for a sub-
strate with higher thermal conductivity, such as SiC. 6H-SiC
has a thermal conductivity coefficient (room temperature) of
4.9 W/(cm�K), which is an order of magnitude higher than sap-
phire (0.5 W/(cm�K))Œ2�. Meanwhile, SiC also has a lower lat-
tice mismatch to GaN (�3.5%) and AlN (�1%) compared to
sapphireŒ3�. However, the thermal expansion coefficient of 6H-
SiC (4.2 � 10�6 K�1/ is lower than that of GaN (5:59 � 10�6

K�1/, which produces a strain of �0.1% for a growth temper-
ature of 1000 ıCŒ4�. As a result, GaN layers grown directly on
SiC (0001) are usually under tensile strain at room temperature
and there are high amounts of dislocations and even cracks in
the GaN films caused by strain. To resolve the problems, an
AlN buffer layer has been widely used to reduce this tensile
strain and even producing compressively strained GaN layers
grown on SiCŒ5�8� andAlN buffer has been repeatedly found to
be necessary to achieve a GaN layer with a smooth surface and
a reasonably low density of threading dislocations via themetal
organic chemical vapor deposition technique (MOCVD)Œ2; 9�.

Although remarkable progress on the research of Al-

GaN/GaN HEMT structures grown on SiC substrate has been
made, few studies are focused on the influence of AlN buffer
layers on GaN features, especially on the residual stress in GaN
film and the accompanying effects that produced serious char-
acteristics in the GaN layer. In this paper, we study the growth
of GaN films by MOCVD on (0001) 6H-SiC substrates with
different AlN buffers in thickness and focus on the residual
strain in the thick GaN epilayers and the effects on its mor-
phology and crystal quality.

2. Experiment

Substrates used in this study are on-axis 6H-SiC (0001).
The GaN/AlGaN heterostructures were grown on 6H-SiC sub-
strates sandwiched with different thickness of AlN buffer lay-
ers. Trimethylgallium (TMGa), trimethylaluminum (TMAl)
and ammonia (NH3/ were used as Ga, Al and N precursors,
respectively. Before the growth initiation, the substrates were
subjected to an in situ H2 atmosphere at 1100 ıC for 10 min.
Then, the AlN buffer layers of different thickness were de-
posited respectively, on which the GaN/AlGaN heterostruc-
ture structures were grown in sequence of a �2-�m-thick
GaN buffer layer and a �25-nm-thick AlGaN (28% Al) bar-
rier layer. During the growth of AlN and AlGaN, reactor pres-
sure was maintained at 70 mbar to reduce parasitic reaction and
increase the incorporation efficiency of Al into AlGaN films.
All layers were grown with unintentional doping. Here, three
samples of A, B and C were prepared with AlN buffer in thick-
nesses of 250, 100, and 32 nm respectively. Except the thick-
ness of AlN buffers, all of the other growth conditions were
kept the same for the three samples.

After growth, high-resolution X-ray diffraction (HRXRD)
was performed to characterize the structural quality and strain
state of the samples by the Bede D1 system. Cross-sectional
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Fig. 1. 200 times magnified optical microscope images of (a) sample A, (b) sample B, and (c) sample C.

Table 1. Detailed characteristics of the three samples: AlN buffer thickness, FWHMs of XRD peaks, surface roughness and E2 phonon modes
of GaN and AlN layers.

Sample Thickness of AlN
buffer (nm)

Crack FWHM (0002)
(arcsec)

FWHM (10N12)
(arcsec)

Roughness 10 �

10 �m2 (nm)
E2 phonon mode (cm�1/

AlN GaN
A 250 yes 370 375 0.73 661.3 567.8
B 100 no 184 275 0.31 662.1 565.8
C 32 no 257 342 0.74 – 567.8

transmission electron microscopy measurement (TEM) was
performed with a JEOL 2010 system operated at 200 keV to
study dislocations in selected samples. The process of prepar-
ing TEM specimens was described elsewhereŒ10�. Surface mor-
phology was characterized using contrast enhanced optical
microscopy (OLMPUS-BHM) and atomic force microscopy
(AFM). Raman scattering measurements were carried out at
room temperature to assess the mean strain state of the sam-
ples, where the used wavelength of the excited light source is
532 nm produced by a frequency-doubled Nd:YAG laser and
scattered light was analyzed by a triple JY-HR800 (France)
spectrometer connected to computer-controlled systems for
scanning and data acquisition.

3. Results and discussion

In our early experiments, it was found that GaN films
grown on SiC with low temperature (～ 650 ıC) AlN buffer
layers show cracks on the surface. According toWarrenWeeks
et al.Œ2� a high temperature (�1100 ıC) is essential for an AlN
buffer layer to promote the growth of monocrystalline AlN for
a high quality GaN film. Therefore, the samples discussed here
were all grown on high temperature AlN buffer layers to satisfy
requirements for high quality GaN growth. The optical micro-
scope images of the samples show a crack-free smooth surface
for samples B and C, and cracks for sample A. Figures 1(a),
1(b) and 1(c) show the 200 times magnified surface images of
samples A, B and C respectively. It can be seen that there exist
cracks on the surface of sample A and the cracks are all along
the h11N20i direction with average spaces about ten to twenty
micrometers. No regrowth of GaN was seen on the cracks, in-
dicating that the cracks were generated after the epitaxy, prob-
ably while cooling.

For GaN layers grown directly on SiC (0001), the strain
state of GaN can be thought of as a superposition of com-
pression from the lattice mismatch and tension from the ther-

mal mismatch relative to the SiC substrate. Both the lattice
constant and the thermal expansion coefficient of SiC in the
basal plane are smaller than those of GaNŒ11�13�. GaN layer
was compressively strained at a typical growth temperature of
�1000 ıC because of the lattice mismatch until the layer thick-
ness reached the critical thickness, while a 33.1% mismatch in
the thermal expansion coefficient between GaN and SiC pro-
duced a trend of tensile strainŒ2�. For a thicker GaN layer, the
adjustment of compressive strain caused by lattice mismatch
happened at growth temperature. Then after growth, tensile
strain introduced by the mismatch of the thermal expansion
coefficient was generated during cooling process. As a result,
cracks are often observed in GaN films whose thickness is over
1 �m grown on SiC (0001). The use of an AlN buffer layer
may reduce this tensile strain and even compressively strained
GaN layers on SiC have been reportedŒ5�8�. In the case of GaN
grown on AlN/SiC, according to Einfeldt et al.Œ14� part of the
compressive strain in GaN remains even when its thickness is
over the critical thickness. The stress relief is not abrupt but
happens gradually in a wide thickness range. Even if GaN film
thickness is over 1 �m, its residual strain is about one tenth of
the 3.4% lattice mismatch in the film remainedŒ8�. During the
postgrowth cooling, the residual compressive strain in the film
will compensate the tensile strain resulted from the mismatch
in thermal expansion coefficients betweenGaN and SiC, which
will be beneficial to obtaining crack-free GaN films. The rea-
sons for generating cracks in the sample A will be discussed
after the analysis on the strain state of the samples based on
XRD diffraction.

Crystal quality and strain states of the GaN films in three
samples are studied by XRD and Raman scattering experi-
ments. The details of the crystal quality of the three samples
represented by full width at half maximum (FWHM) of XRD
symmetry (0002) and asymmetry (10N12) diffraction, and sur-
face roughness measured by AFM under scan area of 10 � 10
�m2 are listed in Table 1. It is noted that samples B and C
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Fig. 2. (0002) diffraction of XRD profiles for the three samples with
250 nm (sample A), 100 nm (sample B) and 32 nm (sample C) AlN
buffer layers.

without cracks show relatively small FWHMs for both (0002)
and (10N12) plane diffractions, and sample B has the narrow-
est FWHMs and the flattest surface. As is well known, FWHM
of XRD symmetric and asymmetric diffraction indirectly re-
flects threading dislocation (TD) density of a different type.
The FWHM of symmetric (0002) is sensitive to the density of
pure screw and mixed TD, while the FWHM of asymmetric
(10N12) is sensitive to the pure edge and mixed TDŒ15�. The re-
sults suggest that the sample B possesses the best crystal qual-
ity, and also hints that the 100 nm AlN buffer layer is a better
choice for GaN growth on SiC, that has been widely adopted
in fabricating GaN based microwave device materialsŒ3�.

Strain states of these three GaN films were measured using
(0002) plane XRD profiles as shown in Fig. 2. For completely
relaxed GaN and AlN on SiC, separation of the diffraction
peaks between SiC (0006) and GaN (0002) is �.�0/SiC�GaN =
1849.32 arcsec, and that between SiC (0006) and AlN (0002)
is�.�0/AlN�SiC = 771.3 arcsec. For samples A and C, the sepa-
rations of �.�/SiC�GaN are 1835 and 1836 arcsec, respectively,
which means very little tensile strain existed in these two GaN
layers, or in other words, the GaN layers are nearly completely
relaxed. While a separation of �.�/GaN�SiC = 1817 arcsec for
sample B means a relatively large tensile strain of the GaN
layer. Furthermore, the separations of �.�/AlN�SiC are 733,
643 and 535 arcsec for samples A, B and C, respectively, that
correspond to their relaxation degrees relative to SiC substrates
that are 92.3%, 68.5% and 34.2% respectively. This means that
all the AlN layers in these three samples suffer from more or
less compressive strain on basal plane. Among these three sam-
ples, AlN in sample A is nearly completely relaxed and pro-
vides a relative small compressive stress on GaN grown on it
compared with that in the other two samples. In the case, the
resultant tensile strain in the GaN layer during cooling after
growth is so large that cracks are generated in the film, which
is clearly observed on its surface as shown in Fig. 1(a).

A quantitative discussion on stress is given for sample B.
Taking the SiC substrate (0006) diffraction peak as a standard,
the out-of-plane lattice constants Cex of GaN and AlN of sam-
ple B can be deduced from the separations of the peaks rela-

Fig. 3. Raman spectra near the E2 phonon modes from GaN and AlN
layers of samples A, B and C. The asterisks mark the Raman peaks of
SiC substrate.

tive to SiC (0006) peak. The deduced CGaN ex and CAlN ex are
about 0.5181 nm and 0.4990 nm, respectively. So the strain in
GaN and AlN layer can be deduced from the relations "c D

.Cex � C0/=C0, and "c="a D �2C13=C33, where "a and "c
are strains on basal plane and along growth direction, C0 is
the fully relaxed lattice constant and stress is deduced from the
equation:Œ16�

�a D

�
C13 �

C11C33

2C 13
�

C12C33

2C 13

�
"c: (1)

By using the bulk lattice constants of GaN (C0GaN D 0:5185

nm) and AlN (C0AlN = 0.4982 nm), and the elastic constants
Cij of GaN (C11 D 390 GPa, C12 D 145 GPa, C13 D 106

GPa, and C33 D 398 GPa) and AlN (C11 D 345 GPa, C12 D

125 GPa, C13 D 120 GPa, and C33 D 395 GPa)Œ17�, biaxial
stresses on the basal plane are obtained as 0.62 GPa and �1:04

GPa for GaN and AlN in sample B, respectively.
Furthermore, the strain in GaN and AlN layers is also ana-

lyzed based on the shift of E2 phonon mode in Raman scatter-
ing measurements. As is well known, E2 mode is sensitive to
biaxial stressŒ18�. Figure 3 displays the Raman spectra of GaN
and AlN layers near E2 mode for samples A, B and C. The as-
terisks mark Raman peaks of 6H-SiC substrate, which is used
as a standard to calibrate errors produced during Raman mea-
surements. It is noted that the E2 phonon modes for GaN in
samples A and C are nearly all located at 567.8 cm�1, which
is nearly the same to bulk GaN E2 mode of 567.6 cm�1Œ19�.
The results sufficiently support the conclusion that GaN are
nearly completely relaxed deduced from Fig. 2. However, E2

phonon mode of GaN in sample B is located at 565.8 cm�1, a
2 cm�1 shift exists towards low frequency. The result suggests
a relatively large strain remained in GaN layer in sample B,
consisting with the result deduced from Fig. 2. The E2 phonon
modes of AlN layers are 661.3 cm�1 and 662.1 cm�1 respec-
tively for samples A and B, and it is not easy to determine for
sample C due to its E2 mode is too weak to identify. The shift
to high frequency of the E2 phonon modes for samples A and
B compared with bulk AlN phonon mode of 657.4 cm�1 in-
dicates that compressive strain existed in the AlN layers con-
sisted with the results deduced from XRD.
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Fig. 4. Two-beam bright field cross-sectional TEM images of sample B with diffraction vectors along (a) g D 002 and (b) g D 110.

A quantitative discussion on stress based on the Raman
shift is given and comparedwith the results deduced fromXRD
data given above. According to a relation between stress and
strain �! D k�a

Œ20�, stress on basal plane is deduced, where
�! is Raman shift in phonon energy due to biaxial stress. Ten-
sile or compressive stress corresponds to a �a > 0 or �a < 0.
Here Raman-stress factor k for E2 phonon is �3:4 ˙ 0:3

cm�1/GPa for GaNŒ21� and �6:3 ˙ 1:4 cm�1/GPa for AlNŒ20�,
respectively. The stress is calculated as 0.58 GPa for GaN as
taking k as �3:1 cm�1/GPa and �0:96 GPa for AlN as k is
�4:9 cm�1/GPa in sample B. The stress values deduced here
are consistent with the results based on XRD data considering
the errors of measurement and calculation.

Analyzing the results presented above, it is noted that the
strain relaxation degree of the GaN layer in sample B is less
sufficient compared with that in samples A and C. Usually
stress is released by cracks or generating dislocations. For sam-
ple A, cracks and dislocations release its stress, while forming
more dislocations releases stress for samples B and C. How-
ever, the stress is not sufficiently released in sample B com-
pared with that in sample C. Therefore, dislocation density in
sample B is lower than that in sample C, which is supported
by the narrower XRD FWHMs of (0002) and (10N12) diffrac-
tions for sample B compared with sample C as listed in Ta-
ble 1. According to MoranŒ3�, AlN is grown on SiC nucleates
via the islands coarsening method, and tends to coalesce gradu-
ally and reaches completely coalescence after growing to�100
nm thickness. For sample C, a 32-nm-thick AlN layer proba-
bly is partially coalesced islands with an accident surface. As
GaN growth is beginning on the surface, GaN prefer to nucle-
ate at the undulations and pits of the AlN surface as observed
by Nishida et al.Œ22�. Therefore, higher GaN nucleation islands
formed on the AlN surface of sample C than that of sample B,
leading to a higher TD density in sample C, as is known that
the majority of TDs tend to generate at coalescent boundaries
of the islands.

The dislocation in sample B was further studied by TEM.
Figure 4 presents two-beam bright field cross-sectional TEM
images of sample B with diffraction vectors of g D 002 and
g D 110. A sharp and smooth GaN/AlN interface is observed
because of GaN and AlN having a similar crystal structure and
electronic configuration, as opposed to AlN and SiC. Mean-
while, it is noted that there exists a high density of TDs in

the AlN buffer layer. However, both the screw dislocations
and the edge dislocations decrease sharply in the GaN layer. A
lower TD density in the GaN layer means a high crystal quality,
which is consistent with the narrower XRD FWHM values of
GaN in sample B. A high crystalline quality and smooth hetero-
junction interface will be beneficial to a better performance of
theGaN/AlGaN heterostructure. Hall measurements on sample
B at room temperature showed a mobility of 1800 cm2/(V�s)
with a sheet carrier density of 1.3 � 1013 cm�2, which further
confirms that the �100-nm-thick AlN buffer is a better choice
for GaN grown on SiC.

4. Conclusion

In conclusion, characteristics of GaN grown on 6H-SiC
(0001) substrates using different thicknesses of AlN buffer
are studied. The close relationships of AlN buffer layer thick-
ness, strain states of GaN and AlN, and stress release ways
and related surface morphology are revealed. For a thicker
AlN buffer, there are cracks on the GaN surface that make the
GaN films unsuitable for application. While, for a thinner AlN
buffer, more dislocations produced in the GaN films deterio-
rates the performance of the GaN. It is found that a �100-nm-
thick AlN buffer, whose strains are relaxed near 70%, is an
optimizing choice for GaN grown on 6H-SiC substrate for ap-
plication in microwave devices.
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