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Abstract In this study, 1.5-lm-thick GaN films with AlN
buffer were prepared on 6H-SiC substrates by metal-organic chemical vapor deposition. To determine the effects
of growth conditions of AlN buffer on crystalline quality
and stress state of GaN films, two series of experiments
were carried out. By optimizing growth conditions of AlN
buffer, the full width at half maximum values of (0002) and
 rocking curves of GaN films were improved to 136
ð1012Þ
and 225 arcsec, respectively. A smooth surface was
obtained with a small root-mean-squared roughness of
0.332 nm and the excellent optical property was observed.
Simultaneously, threading dislocation density and tensile
stress in GaN films were reduced by increasing AlN buffer
growth temperature and its thickness in some extent.
Besides, stress values in GaN films were confirmed by
Raman and low-temperature photoluminescence spectra,
which indicated that the lower tensile stress in GaN film,
the higher the film crystallinity.
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1 Introduction
In recent years, research interests in III-nitride semiconductors have increased rapidly [1–3]. GaN-based highspeed, high-power electronic applications, especially for
optoelectronic devices, such as blue and green light emitting diodes and laser diodes, have attracted considerable
attentions due to their superior physical properties including wide direct energy band gap, strong chemical bonds,
high breakdown electric field strength, and high thermal
stability [4–6]. As we all known, high-quality GaN template is an important prerequisite for the fabrication of
GaN-based electronic or optoelectronic devices. Meanwhile, the stress state in GaN films is a crucial influencing
factor for device performance. Thus finding an effective
method to improve the crystalline quality and the stress
state in GaN films is especially important. Due to the lack
of large-area GaN homogeneous epitaxial substrates,
Al2O3, Si and 6H-SiC substrates are commonly used for the
epitaxial growth of nitrides [7–9]. Among them, 6H-SiC
has been proven as an appropriate substrate, due to its high
thermal conductivity [4.9 W/(cm K)] and its small lattice
mismatch with nitrides (for GaN about 3.3 %, and for AlN
about 1 %) [10]. However, GaN films grow directly on 6HSiC substrates, due to the large difference (about 33.1 %)
of thermal expansion coefficients, produce substantial
tensile stress during the cooling process [11]. Then, high
density of cracks can be generated, especially when the
films are thick. Consequently, in order to improve crystalline quality and reduce tensile stress in GaN films, AlN
buffer is proposed due to the small lattice mismatch with
6H-SiC [12–14]. Meanwhile, the lattice constant a of AlN
is larger than that of 6H-SiC, which means a compressive
stress would be brought to neutralize the tensile stress
generated during the cooling-down process. Therefore, the
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growth conditions of AlN buffer affect the properties of
GaN films greatly. Koleske et al. [15] found that the
electrical properties of GaN films were improved by
increasing AlN growth temperature. Green et al. [16]
showed that for the fabrication of high-performance
AlGaN/GaN high electron mobility transistors, threading
dislocations (TDs) in the upper GaN films were reduced by
decreasing AlN buffer thickness, as a result leakage currents, trapping effects, and device reliability were significantly improved. Moe et al. [17] reported that AlN buffer
grown at a high V/III ratio could improve the crystalline
quality of subsequent GaN films. In above these literatures,
the growth parameters of AlN buffer have been studied the
effects on the crystalline quality and electrical properties of
GaN films. However, there are few reports about the effects
of AlN buffer on the stress state of GaN films, as well as
the relationship between stress state and crystalline quality
of GaN films. In this work, we investigate the effects of
growth temperature and its thickness of AlN buffer on
stress state of GaN films grown on 6H–SiC substrates.
Meanwhile, the crystalline quality and optical properties of
GaN films are also discussed.
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temperature photoluminescence (LT-PL) spectra were
recorded at 13 K. Surface morphology of GaN film was
examined by Veeco atomic force microscopy (AFM)
equipment.

3 Results and discussions
During the growth process, EpiTT and EpiCurve in situ
sensor systems are used to monitor and analyze the
reflectance and curvature of the sample, respectively, as
shown in Fig. 1. The surface flatness and the growth mode
of the film are both evaluated based on the oscillation
amplitude of the reflectance curve. Meanwhile, the combined effects of lattice and thermal expansion coefficient
mismatch between the film and the substrate lead to individual wafer curvature. Figure 1a shows four distinct
growth processes of GaN film grown on 6H-SiC substrate:
heat treatment for 6H-SiC substrate, the growth of AlN
buffer, the growth of GaN film, and cooling down the
reactor. Reflectivity decreases rapidly during AlN growth
due to the formation of AlN islands on 6H-SiC substrate.
Moreover, reflectivity sinks to a rather low value during the
initial stage of GaN growth, due to the production of GaN

2 Experimental procedures
GaN films were grown on 6H-SiC (0001) substrates by
using AIXTRON CCS 3 9 200 FT metal-organic chemical
vapor deposition (MOCVD). Trimethylgallium (TMGa),
trimethylaluminum (TMAl), and ammonia (NH3) were
used as Ga, Al, and N source precursors, respectively. Prior
to the deposition, 6H-SiC substrates were heat-treated in an
H2 environment for 5 min at 1150 °C. Two series of
samples, series I and II, were directly grown on 6H-SiC
substrates. In series I, 100-nm-thick AlN buffer layers were
deposited at different growth temperatures ranging from
1020 to 1140 °C with a TMAl flow rate of 19 lmol/min,
and an NH3 flow rate of 12 mmol/min. Then, 1.5-lm-thick
GaN films were deposited at 1050 °C with a TMGa flow
rate of 85 lmol/min, and an NH3 flow rate of 134 mmol/
min. In series II, AlN buffer layers with different growth
thicknesses ranging from 60 to 200 nm were deposited
using the optimized growth temperature, which was identified in series I, and then GaN films were deposited under
the same growth conditions with series I.
The crystalline quality of GaN films was characterized
by Rigaku X-ray diffraction (XRD). Optical properties
were investigated by room-temperature photoluminescence
(RT-PL) measurements, with a 325 nm He–Cd laser as the
excitation source. In order to check the stress states of GaN
films, Raman spectroscopy was measured by Renishaw
Raman Microscope at room-temperature, with a 532 nm
solid laser as the excitation source. Meanwhile, low-

Fig. 1 In-situ test spectra of GaN film grown on SiC substrate at the
optimized growth conditions of AlN buffer. a Optical reflectance
curve using 950 nm by EpiTT measurement and b wafer curvature by
Epicurve measurement
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islands above the AlN buffer. As the growth continues,
GaN film enters a two-dimensional (2D) growth mode,
which is manifested by the stable oscillation amplitude of
the reflectance curve. New uncoated wafers right out of the
box usually have some curvature due to production tolerance. During the growth process, the curvature of wafer
might be further changed. As shown in Fig. 1b, the initial
curvature value is positive, which means the wafer is
concave. As the growth continues, the curvature value
gradually decreases, due to the existence of compressive
stress in AlN buffer and GaN film. During the coolingdown process, tensile stress in GaN film increases gradually with the increase of the concave curvature, which
could be attributed to the large thermal mismatch between
GaN film and 6H-SiC substrate.
Figure 2 shows the dependences of the full width at half
maximum (FWHM) values of X-ray omega-scan and dislocation densities of GaN films on AlN growth temperature
(a) and buffer thickness (b). Furthermore, the FWHM
values of (0002) rocking curve are associated with the
 are related
density of screw dislocation, and that of ð1012Þ
to the density of edge dislocation [18]. The dislocation
density can be determined by the following equations [19]:
qscrew ¼

b2 ð0002Þ
2p ln 2  b2screw

ð1Þ

Fig. 2 Dependences of the FWHM values of X-ray omega-scan and
dislocation densities of GaN films on AlN a growth temperatures and
b its thicknesses
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qedge ¼

b2 ð10 1 2Þ
2p ln 2  b2edge

ð2Þ

where qscrew and qedge are the densities of screw and edge
dislocations, b(0002) and bð1012Þ
 are the FWHM values of

(0002) and ð1012Þ rocking curves, bscrew and bedge are the
Burgers vector of screw and edge dislocations, respectively. In series I, AlN growth temperatures were varied
from 1020 to 1140 °C under the same thickness of 100 nm,
as shown in Fig. 2a. The FWHM values of (0002) and
 rocking curves reduce significantly to 136 and
ð1012Þ
225 arcsec from 284 and 402 arcsec, respectively, with
increasing AlN growth temperatures from 1020 to
1080 °C. However, as the growth temperature further
increases, it is found that the FWHM values of (0002) and
 rocking curves both increase substantially to 245
ð1012Þ
and 325 arcsec, respectively. Therefore, the optimized AlN
growth temperature of 1080 °C is obtained for the growth
of GaN film. Meanwhile, the densities of both screw and
edge dislocations reach a minimum of 3.7 9 107 cm-2 and
2.7 9 108 cm-2, respectively. In series II, AlN thicknesses
were changed from 60 to 200 nm under the optimal growth
temperature of 1080 °C, as shown in Fig. 2b. As the AlN
growth thicknesses increase from 60 to 100 nm, the
 rocking curves reduce
FWHM values of (0002) and ð1012Þ
substantially to 136 and 225 arcsec from 209 and

Fig. 3 Two-dimensional AFM surface morphology of GaN film
prepared at the optimized growth conditions of AlN buffer with a
scanning area of 5 9 5 lm2
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Fig. 4 RT-PL spectra of GaN
films with different AlN
a growth temperatures and b its
thicknesses. The insets are the
NBE FWHM values and the
ratios of INBE/IYL for GaN films

292 arcsec, respectively. However, as the thickness more
 rocking
increases, the FWHM values of (0002) and ð1012Þ
curves increase significantly to 268 and 396 arcsec,
respectively. Therefore, the optimized AlN thickness of
100 nm is determined for the growth of GaN film. In
conclusion, the above results indicate that the densities of
both screw and edge dislocations can be reduced by
changing AlN growth temperature and thickness in some
extent. Figure 3 shows the AFM image of GaN film, with
100-nm-thick AlN buffer grown at 1080 °C, which indicates that the film was deposited in a step-flow growth
mode. The roots mean-square value of the sample is
0.332 nm in 5 9 5 lm2 scanning area, which demonstrates
a very smooth surface is obtained.
Figure 4 shows the RT-PL spectra of GaN films in series
I (with different AlN buffer growth temperatures) and
series II (with different AlN buffer thicknesses). For

comparison, the spectra are normalized by the intensity of
near-band-edge (NBE) emission peak. All GaN samples
present excellent optical quality with dominant NBE
emission at 365 nm and fairly weak yellow luminescence
(YL) band emission around 550 nm. As shown in the inset
of Fig. 4a, for the samples in series I, the ratio of INBE/IYL
increases regularly with the increase of AlN growth temperature from 1020 to 1080 °C, and then it begins to
decrease gradually at buffer temperature higher than
1080 °C. While, for the FWHM values of NBE emissions,
the opposite case is observed with the change of AlN
growth temperature. The largest ratio and the smallest
FWHM value are obtained for the GaN film with AlN
buffer grown at 1080 °C, which means that film has the
best optical quality in series I. Similarly, for the samples in
series II shown in the inset of Fig. 4b, the ratios and the
FWHM values show the same change tendency with series
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Fig. 5 Raman spectroscopy of
GaN films with different AlN
a growth temperatures and b its
thicknesses

I, with the increase of AlN buffer thickness from 60 to
200 nm. For the GaN film with 100-nm-thick AlN buffer,
the largest ratio and the smallest FWHM value are
obtained, which indicates that the sample has a relatively
good optical property in series II. Based on above discussions, it can be obtained that the GaN film with 100-nmthick AlN buffer grown at 1080 °C has an optimal optical
property. Optical properties of GaN films are well in
accordance with the results of XRD performance in Fig. 2.
Furthermore, the stress states of GaN films are investigated by Raman spectroscopy and LT-PL spectra. The
stress can be determined by the peak shift of E2 (high)
mode of GaN film in Raman spectroscopy [20]. Figure 5
shows Raman spectra near E2 (high) modes of GaN films.
In Fig. 5a, the peak positions of E2 (high) modes for GaN
films with different AlN growth temperatures are 565.65,
565.71, 566.23, 565.91, and 565.75 cm-1, respectively. In
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Fig. 5b, the positions of E2 modes for GaN films with
different AlN thicknesses are 565.74, 566.09, 566.23,
565.66, and 565.16 cm-1, respectively. In order to determine the stress state in GaN film, a reference peak position
of 568.0 cm-1 is used for the stress-free GaN [21]. In
comparison to the reference peak, an increase in E2 (high)
mode is due to compressive stress, whereas a decrease in
E2 (high) mode is ascribed to tensile stress. The stress r is
usually expressed in the following form [22]:
Dx ¼ kr

ð3Þ

where Dx is the peak shift (cm-1), and k is the Raman
stress factor. In series I, the calculated stress values in GaN
films are 0.69, 0.67, 0.52, 0.62, and 0.66 GPa, respectively,
as shown in Fig. 5a. In series II, the calculated stress values
in GaN films are 0.65, 0.56, 0.52, 0.69, and 0.84 GPa,
respectively, as shown in Fig. 5b. The results indicate the
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Fig. 6 LT-PL spectra of GaN
films with different AlN
a growth temperatures and b its
thicknesses

presence of tensile stresses in all GaN films. Moreover,
Taniyasu et al. [23] have confirmed that TDs can induce
tensile stress, which increases with increasing TDs densities. It is in accordance with our results. The lower TDs
densities exist in GaN films in Fig. 2, the lesser tensile
stresses are obtained in Fig. 5.
Figure 6 shows the LT-PL spectra of GaN films at
13 K, the dominant emission peaks in which are related
to the donor bound excitons (D0X). The bandgap of a
semiconductor may be affected by residual stress in the
film. Tensile stress decreases the bandgap, while compressive stress increases the bandgap [24]. As shown in
Fig. 6a, the D0X peak positions of GaN films with different AlN growth temperatures are 3.450, 3.453, 3.456,
3.454, and 3.453 eV, respectively. As shown in Fig. 6b,
the D0X peak positions of GaN films with different AlN
growth thickness are 3.454, 3.455, 3.456, 3.453, and
3.448 eV, respectively. The D0X peak position for
relaxed GaN is determined to be 3.472 eV [25]. The

stress r can be calculated using the following equation
[26]:
r ¼ DE=ðkÞ

ð4Þ

where DE is the D0X emission peak shift, and k is the stress
factor. In series I, the calculated stress values in GaN films
are 0.81, 0.70, 0.59, 0.67, and 0.70 GPa, respectively, as
shown in Fig. 6a. In series II, the calculated stress values in
GaN films are 0.67, 0.63, 0.59, 0.70, and 0.89 GPa,
respectively, as shown in Fig. 6b. The change trend of
stress values is same with that of Raman results shown in
Fig. 5, which confirms our conclusions further.

4 Conclusions
In summary, two series experiments have been carried out
to optimize the physical properties of GaN films with AlN
buffer on 6H-SiC substrates. At the optimized AlN growth
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temperature of 1080 °C and its thickness of 100 nm, the
crystallinity, the optical property, and the stress state of the
upper GaN film could be tuned to achieve the best results.
 rocking
The typical FWHM values of (0002) and ð1012Þ
curves of GaN films were 136 and 225 arcsec, respectively.
The optical property of GaN film was remarkable in terms
of a rather large INBE/IYL and reduced FWHM value of
NBE emission. By analysing Raman and LT-PL spectra,
we found that all GaN samples were at the status of tensile
stress and the residual strains in the films could be effectively suppressed by increasing AlN buffer growth temperature and its thickness in some extent. The same
changing trend of physical properties of GaN films in two
series of experiments demonstrated that the lower tensile
stress in GaN film, the higher the film’s crystalline quality.
It is reasonably believed that our results presented here will
aid design and development of reliable GaN-based electronic or optoelectronic devices.
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