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Improved crystal quality of GaN film with the in-plane
lattice-matched In0.17Al0.83N interlayer grown on sapphire

substrate using pulsed metal organic chemical vapor deposition∗
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We report on an improvement in the crystal quality of GaN film with an In0.17Al0.83N interlayer grown by pulsed
metal–organic chemical vapor deposition, which is in-plane lattice-matched to GaN films. The indium composition of
about 17% and the reductions of both screw and edge threading dislocations (TDs) in GaN film with the InAlN interlayer
are estimated by high resolution X-ray diffraction. Transmission electron microscopy (TEM) measurements are employed
to understand the mechanism of reduction in TD density. Raman and photoluminescence measurements indicate that the
InAlN interlayer can improve the crystal quality of GaN film, and verify that there is no additional residual stress induced
into the GaN film with InAlN interlayer. Atomic force microscopy measurement shows that the InAlN interlayer brings in
a smooth surface morphology of GaN film. All the results show that the insertion of the InAlN interlayer is a convenient
method to achieve excellent crystal quality in GaN epitaxy.
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1. Introduction

Gallium nitride (GaN)-based material has attracted con-
siderable research attention for its large breakdown voltage,
high electron mobility, and high stability of temperature and
chemistry.[1,2] Despite these advantages, it is well known that
GaN grown on sapphire contains a high density of thread-
ing dislocations (TDs) in the range 1010 cm−2∼1011 cm−2

due to the large discrepancies in the lattice constant and
the thermal expansion coefficient between GaN and sapphire
substrate,[3,4] especially for the edge component TDs, which
have been found to act as electron acceptors, becoming nega-
tively charged and thus introducing scattering centers in elec-
tron transport of device.[5,6]

In order to reduce the TD densities throughout the GaN
film, previous researches indicated that the AlN interlayer and
the epitaxial-lateral-overgrowth (ELOG) technologies can be
employed in GaN growth. However, there exists a large lattice-
mismatch between AlN and GaN layers, leading to the gener-
ation of misfit TDs at the AlN/GaN heterointerface.[7,8] In ad-
dition, ELOG technology involves several photolithographic
and etching steps in order to create a patterned template for the
subsequent overgrowth process, which are cumbersome and
costly to achieve.[9,10] In order to improve the crystal quality
of GaN film, one should explore the novel and efficient ap-
proaches to suppressing the formation of high TDs density in

GaN epitaxials. In this paper, we propose an efficient method
to suppress the TD densities in GaN film by introducing an In-
AlN interlayer which is nearly lattice-matched to GaN film. It
not only avoids the misfit TD generation at the heterointerface,
but also shows convenient growth processing.

Recently, InxAl1−xN has attracted more and more atten-
tion for its especial characteristics.[11–15] One of the most at-
tractive characteristics is that it can be in-plane lattice-matched
to GaN with an In composition around x = 0.17, which makes
it a promising candidate for use in optical devices and high
electron mobility transistors. Fortunately, our group has suc-
cessfully employed pulsed metal–organic chemical vapor de-
position (PMOCVD)[16–19] to facilitate the InAlN material-
related applications.

Oh et al.[20] reported on the effect of the InAlN interlayer
on reducing the TD density in GaN film. However, we employ
an improved growth method to obtain a high crystal quality In-
AlN interlayer, additionally, and a low temperature grown (LT)
GaN protective layer to prevent the InAlN interlayer from risk-
ing indium cluster formation and indium redistribution during
the subsequent high temperature top GaN growth. Further-
more, we present a different mechanism of TD reduction. In
the following, we present the effect of InAlN interlayer on
the suppression of TD density and the improvement of crystal
quality in GaN film by using high resolution X-ray diffraction
(HRXRD), transmission electron microscopy (TEM), Raman
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spectroscopy, atomic force microscopy (AFM), and photolu-
minescence (PL) measurements.

2. Experimental procedure

Figure 1 shows a schematic diagram of the structure
of GaN film with an InAlN interlayer, which was grown
on a 2-in (1 in = 2.54 cm) c-plane sapphire substrate
by PMOCVD. Trimethylauminum (TMAl), trimethylgallium
(TMGa), trimethylindium (TMIn), and ammonia (NH3) were
used as precursors of Al, Ga, In, and N, respectively. Puri-
fied hydrogen was used as the carrier gas. Prior to growth, a
nitridation was performed at 1060 ◦C for 3 min in the NH3 am-
bient after having annealed the substrate in hydrogen for 7 min
at 1060 ◦C. The growth was initiated with a 20-nm-thick AlN
nucleation layer growth at 620 ◦C followed by a 60-nm-thick
AlN layer at 1075 ◦C. Subsequently, a 1.5-µm-thick nominally
undoped GaN buffer was grown at 940 ◦C.

Then, the growth temperature was ramped down to
720 ◦C and the carrier gas was switched from hydrogen to
nitrogen for the growth of a 13-nm-thick In0.17Al0.83N layer.
Figure 2(a) shows the growth temperature, layer structures,
and carrier gas for the growth of InAlN/LT-GaN. Being dif-
ferent from the GaN growth using conventional continual
MOCVD, PMOCVD was employed to grow the InAlN inter-
layer, in which process the groups III and V precursors were

separately introduced into the growth chamber in an alternat-
ing sequence to enhance the surface adatom migration and to
improve growth efficacy. As shown in Fig. 2(b), a unit cell in-
cludes 6-s pulses of TMAl, NH3, and a 24-s pulse of TMIn,
and an NH3 pulse always follows the metalorganic pulses.
PMOCVD enables the improvement of material composition
uniformity, thus obtaining a high quality InAlN interlayer. De-
tails of InAlN epitaxy growth have been reported in our previ-
ous publications.[16–19]

 

LT-GaN protective layer

InAlN layer      

GaN top layer

GaN buffer on substrate

Fig. 1. Schematic diagram of GaN structure with InAlN interlayer and
LT-GaN protective layer.
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Fig. 2. (a) Schematics of the growth temperature, layer structures, and carrier gas for the growth of InAlN/LT-GaN and (b) the growth sequence of InAlN
layer by PMOCVD.
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It was reported that the phase separation associated
with indium loss occurs during InAlN growth at high
temperature.[13] To prevent the surface morphology from de-
grading and to avoid the risk of indium cluster formation and
indium redistribution during the subsequent high temperature
of the top GaN growth, a 10-nm LT-GaN protective layer was
deposited on the InAlN interlayer under the same temperature
(720 ◦C), and using hydrogen as the carrier gas. Afterward, the
temperature was ramped up from 720 ◦C to 940 ◦C by tp under
hydrogen atmosphere to grow the top GaN layer. The growth
times for the InAlN interlayer and LT-GaN protective layer are
t1 = 72 min and t2 = 1 min, respectively, with the ramp up and
ramp down times of tp = 10 min. After that, a 1-µm-thick
GaN top layer was grown at 940 ◦C behind the LT-GaN pro-
tective layer. In comparison, a 2.5-µm-thick GaN film with-
out InAlN interlayer and LT-GaN protective layer was grown
under the same condition. The whole layer thickness was es-
timated from the growth rate and confirmed by spectroscopy
ellipsometry.[21]

3. Results and discussion

Figures 3(a) and 3(b) show the (0004) HRXRD ω–2θ

scan for the GaN film without and with InAlN interlayer, re-
spectively. Figure 3(a) indicates two peaks in the spectrum,
the dominated peak located at about 72.9◦ is attributed to the
GaN layer, and another peak seen at about 76.8◦ is attributed
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Fig. 3. HRXRD (0 0 0 4) ω–2θ scan of structures (a) without InAlN
interlayer and (b) with InAlN interlayer.

to the AlN nucleation layer. Besides these two peaks, fig-
ure 3(b) shows an additional InAlN peak observed at about
74.6◦, therefore, the indium composition in the InAlN inter-
layer was estimated to be 17± 1% according to the reported
calculation method.[22] It is noted that there is no indication
of phase separation for the InAlN layer between InN and AlN
peaks from HRXRD analysis. It reveals that the use of the
LT-GaN protective layer makes it feasible to obtain single
crystalline InxAl1−xN (x∼17%) film nearly lattice-matched to
GaN without phase separation.

In order to investigate the crystal qualities of GaN films,
figures 4(a) and 4(b) show typical X-ray rocking curves of
(0002) and (101̄2) diffractions of two GaN films, respectively.
The values of full width at half maximum (FWHM) of (0002)
rocking curves for GaN films without and with an InAlN in-
terlayer are 248 arcsec and 116 arcsec, and the values of the
full width at half maximum (FWHM) of (101̄2) rocking curve
are 524 arcsec and 380 arcsec, respectively. It indicates that
the insertion of InAlN interlayer can significantly improve the
crystal quality of GaN film.
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Fig. 4. Comparison of rocking curves of (a) (0002) and (b) (101̄2)
diffractions of GaN films between without and with an InAlN interlayer.

It was reported that the densities of screw and edge
component TDs for GaN films can be estimated by the
FWHM of the HRXRD rocking curves on different symmet-
ric (0002) and asymmetric (101̄2) planes, respectively.[23]

As shown in Table 1, the calculated screw TD densities
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for GaN films without and with an InAlN interlayer are
1.24 × 108 cm−2 and 2.70 × 107 cm−2, and the edge TD
densities are 1.46 × 109 cm−2 and 7.67 × 108 cm−2, re-
spectively, showing significant reduction of both screw and
edge TD density. Insertion of interlayer in GaN film is of-
ten used to improve the film quality by reducing the TD
density.[7,8,24,25] Our InAlN interlayer also appears to filter
out the screw and edge component TDs. To investigate the
effect of the InAlN interlayer on the TD microstructure of the
GaN sample, figures 5(a) and 5(b) show TEM images of GaN
film with an InAlN interlayer, where the values of diffrac-
tion vector g = 0002 and the 112̄0 weak-beam cross sec-
tion represent the screw-component TDs and edge-component
TDs,[26] respectively. When the TDs originating from the
buffer layer approach to the InAlN interlayer, some TDs are
directly blocked by the InAlN interlayer, and the other TDs
are forced to bend into the basal plane so as to minimize the

(a) g=0002 screw-component 

(b) g=1122 screw-component 
-

T T

L

L
B

L
L L B

L B

0.5 mm

0.5 mm

T

Fig. 5. Weak-beam TEM images showing (a) the screw-component and
(b) the edge-component of the TDs distribution in the GaN film with an
InAlN interlayer. ‘B’ and ‘L’ correspond to bending and half-loop of
TDs, and ‘T’ corresponds to the TDs generated at the interface.

Table 1. FWHM values of GaN (0002) and (101̄2) rocking curves and
corresponding TD densities for GaN films without and with an InAlN
interlayer.

Structure
FWHM/arcsec TD density/cm−2

(0002) (101̄2) Screw Edge

Without interlayer 248 524 1.24×108 1.46×109

With interlayer 116 380 2.70×107 7.67×108

energy.[27] Subsequently, a half loop is formed as one bended
TD line encounters another one with opposite Burgers vector,
resulting in the TD annihilation within the heterointerface. It
is reported that the low temperature grown (LT) GaN inter-
layer can be considered as a TD filter.[28–32] Therefore, when
the rest of the TDs thread through the heterointerface and pen-
etrate into the LT-GaN layer, the effect of the LT-GaN layer
continues to force the TDs to bend into the basal plane, and the
encounter of two bended TDs lines with opposite Burgers vec-
tor brings about further TD annihilation at the heterointerface.
Although there are still a few TDs generated from the surface
of the InAlN layer due to the tough crystal quality of alloy
expitaxy, the overall number of TDs is significantly reduced
around the InAlN interlayer, bringing about the improvement
in the crystal quality of the top GaN. In Figs. 5(a) and 5(b), the
TD bending is marked as “B”, the half loop is denoted as “L”,
and TD generated at the interface is referred to as “T”.

Meanwhile, in order to verify the residual stress in GaN
film induced by the InAlN interlayer, Z(XX)-Z scattering
mode of the Raman spectrum was measured on GaN film.
Figures 6(a) and 6(b) show the Raman spectra of GaN films
without and with an InAlN interlayer measured at 300 K, re-
spectively. In the Raman spectra, the peak located at about
418 cm−1 is caused by the phonon from the sapphire. Other
two dominated peaks are referred to as the E2 (high) and A1

(LO) peaks of GaN film. Among these peaks, the E2 (high)
peak is not only sensitive to the residual stress but also as-
sociated with the quality information of GaN structure.[33,34]

Figure 6(c) shows the comparison of the expanded spectrum of
E2 (high) peak between the two structures. The Raman shifts
of E2 (high) peaks of GaN films without and with the InAlN
interlayer are 571.2 cm−1 and 571.3 cm−1, respectively.

The residual stress σ∆ω can be estimated by σ∆ω =

∆ω/k,[33] where ∆ω is the measured Raman shift of the E2

(high) peak with respect to unstressed GaN, and k is a linear
stress-shift coefficient (4.5 GPa−1·cm−1). The compressive
stresses of GaN films without and with the InAlN interlayer
are estimated to be 0.489 GPa and 0.511 GPa, respectively.
The discrepancy of the residual stress between two structures
(0.022 GPa) is too small to need to be taken into account,
which can be neglected. Therefore, we conclude that the In-
AlN interlayer does not introduce additional residual stress
into the GaN film, which is mainly responsible for in-plane
lattice match between the InAlN interlayer and the GaN film,
leading to no generation of misfit TDs at the InAlN/GaN het-
erointerface. Additionally, the FWHM values of E2 (high)
peaks of Raman spectra can also be employed to evaluate the
crystal quality. Figure 6(c) shows that FWHM values of GaN
films without and with an InAlN interlayer are 5.1 cm−1 and
3.5 cm−1, i.e., the InAlN interlayer can significantly improve
the crystal quality of GaN film.
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Fig. 6. Raman spectra of GaN films (a) without InAlN interlayer and (b)
with InAlN interlayer, and (c) comparison between expanded spectra of
the E2 (high) peak area.

To study the effect of the InAlN interlayer on surface
morphology, figures 7(a) and 7(b) show the AFM images of
the top surfaces of two GaN structures, each with a scan area
of 5 µm×5 µm. The root-mean-square (rms) roughness val-
ues for GaN films without and with the InAlN interlayer are
0.310 nm and 0.225 nm, respectively. Compared with the GaN
film surface without InAlN interlayer, the surface with an In-
AlN interlayer shows highly smooth step flow patterns and less
pit density associated with the TDs. Therefore, it implies that
the InAlN interlayer can bring about a smoother surface mor-
phology of epitaxial layer for GaN film.

The improvement in crystal quality for GaN film with In-
AlN interlayer is also evaluated by the PL spectra measured
at 300 K. Figure 8(a) shows the comparison of PL spectrum
between two structures without and with InAlN interlayer. As

is well known, the yellow luminescence (YL) band is an im-
portant deep-level phenomenon in GaN characteristics, where
the intensity ratio of YL band to band edge (BE) emission
(IYL/IBE) corresponds to the density of the deep-acceptor point
defects.[35] The IYL/IBE value of 0.62 for the structure without
the InAlN interlayer is much higher than that of 0.34 for the
structure with InAlN interlayer. It was reported that the point
defects, such as gallium vacancies, can be trapped by the edge
TDs,[36] which proves that there is a low density of deep-level
point defects accompanied with the low density of edge TDs
in GaN film with InAlN interlayer.

 
(a) (b)

Fig. 7. (color online) AFM images of the top surface of GaN films (a)
without and (b) with InAlN interlayer on a scan area of 5 µm×5 µm.

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6
10

1

10
2

10
3

10
4

(a)

 

 without InAlN interlayer
 with InAlN interlayer

P
L
 i
n
te

n
si

ty
/
a
rb

. 
u
n
it
s

10
1

10
2

10
3

10
4

P
L
 i
n
te

n
si

ty
/
a
rb

. 
u
n
it
s

Energy/eV

Energy/eV

3.30 3.35 3.40 3.45 3.50 3.55 3.60

 without InAlN interlayer
 with InAlN interlayer

 

(b)

Fig. 8. Comparison of (a) PL spectrum between two GaN structures
measured at 300 K, and (b) the amplified BE emission peak area.

Figure 8(b) show the expanded spectra of BE emission
for two GaN films measured at 300 K, the FWHM values of
BE emissions for GaN films without and with an InAlN inter-
layer are estimated to be 45.7 meV and 39.1 meV, respectively.
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The lower value of the FWHM of BE emission means a bet-
ter crystal quality, associated with the improvement of crystal
quality and surface morphology in GaN film with an InAlN
interlayer. In addition, the BE emission energies of GaN films
without and with an InAlN interlayer are located at 3.432 eV
and 3.434 eV, respectively. There is almost no shift of BE
emission energy between the two structures, i.e., the InAlN
interlayer does not introduce additional residual stress into the
GaN film, which is consistent with the analyses of Raman re-
sults.

4. Conclusions
In this paper, we report on the improvement on the crys-

tal quality in GaN film with an InAlN interlayer grown by
PMOCVD. In order to avoid the phase separation associated
with indium loss, a protective LT-GaN layer is grown at 720 ◦C
placed behind the InAlN layer. Single crystalline In0.17Al0.83N
in GaN film is verified by HRXRD measurement. TEM mea-
surement has demonstrated that the insertion of an InAlN in-
terlayer in GaN film can cause the significant blocking of both
screw and edge TDs. From the measurements and analyses of
Raman and PL spectra, it follows that the InAlN interlayer in-
deed improves the crystal quality of GaN film, and introduces
no additional residual stress into the GaN film. In addition,
the InAlN interlayer also brings about smooth surface mor-
phology accompanied with the reduction of TDs. Therefore,
the insertion of an in-plane lattice-matched InAlN interlayer
into GaN can efficiently improve crystal quality, which is of
benefit to and needed for GaN epitaxy in order to obtain high
power and high frequency device structures.
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