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Polarized in-plane and cross-sectional Raman spectra have been used to determine the crystal
orientation of m-plane GaN grown on ␥-LiAlO2共100兲 共LAO兲 using a three-step metalorganic vapor
phase epitaxy process. The epitaxial relationship is found to be GaN共11̄00兲 储 LAO共100兲 and
GaN关112̄0兴 储 LAO关001兴. However, the stripes on the GaN surface are oriented parallel to 关0001兴, i.e.,
perpendicular to the one found on striated m-plane GaN surfaces in previous studies. This unusual
orientation is attributed to the changes in the Ga adatom kinetics due to the presence of a 2-nm-thick
interlayer observed at the GaN/LAO interface in transmission electron microscopy. © 2010
American Institute of Physics. 关doi:10.1063/1.3449133兴
M-plane 共11̄00兲 hexagonal GaN grown on tetragonal
␥-LiAlO2共100兲 共LAO兲 has attracted much attention since related heterostructures are free of spontaneous and piezoelectric polarizations.1 The absence of the quantum-confined
Stark effect and its consequences are prerequisites for the
production of brighter light emitters.2,3
The surface morphology of heteroepitaxially deposited
m-plane GaN exhibits elongated stripe features.4–8 Both
molecular-beam epitaxy 共MBE兲 and hydride vapor phase epitaxy 共HVPE兲 grown m-plane GaN films on LAO substrates
show similar striated surfaces with slates orientated parallel
to 关112̄0兴.4–8 The possible origins of this anisotropic surface
are 共i兲 the replication of the substrate morphology,5 共ii兲 the
Ga adatom kinetics,7,9 and 共iii兲 extended defects, which are
present mainly in the form of basal-plane stacking faults
共BPSFs兲.6,8,10 Recent theoretical work using the densityfunctional theory 共DFT兲 indicates that the anisotropic slatelike surface morphology is influenced by the Ga adatom
kinetics.9 The calculated diffusion barrier oriented along
关112̄0兴 equals 0.21 eV, which is much smaller than the value
of 0.93 eV along 关0001兴.9 As a consequence, the stripes oriented parallel to 关112̄0兴 can be explained in a reasonable
manner.9 In contrast, the existence of another growth mechanism has been reported for Ta on Ta共001兲, which leads to the
formation of stripes along the direction of the larger diffusion
barrier.11
In the present study, we investigate the surface morphology of m-plane GaN samples grown on LAO using metalorganic vapor phase epitaxy 共MOVPE兲 and find that the GaN
surfaces exhibit the typical striated morphology but with a
stripe orientation that is different compared to the one commonly observed.4–8
Nonpolar m-plane GaN thin films are grown on
LAO共100兲 by MOVPE using a three-step technique.12 Prior
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to growth, the LAO is exposed to flowing ammonia at
900 ° C for 2 min 共step 1兲. Subsequently, a 60 nm GaN is
grown at 900 ° C under a 300 mbar N2 ambient 共step 2兲.
Finally, 1 m GaN is deposited under the same growth conditions using H2 as the carrier gas 共step 3兲. The molar V/III
ratio is kept at 1,010 during the second and third steps of
growth. Micro-Raman spectroscopy is employed to determine the crystal orientation of the m-plane GaN film. Using
a spectrograph 共800 mm focal length兲 with a single grating
共600 lines/mm兲 monochromator, a spectral resolution of
4.5 cm−1 is achieved. The spectra are excited by a He–Ne
laser 共632.8 nm兲 with the stray light suppressed by a notch
filter. The surface morphology of the aligned sample is recorded using an optical microscope 共OM兲 with contrast enhancement and atomic force microscopy 共AFM兲 operated in
tapping mode. Electron microscopy investigations are carried
out using a JEOL 3010 transmission electron microscope
共TEM兲 with conventional sandwiched specimens.
Figure 1共a兲 displays the OM image of the studied
m-plane GaN film. The anisotropic surface morphology exhibits many pyramidal hillocks13 elongated and aligned
along the x-direction like the ones observed in thin films
grown on low-defect-density m-plane GaN substrates.13 In
addition, a careful inspection of the micrograph in Fig. 1共a兲
reveals a high density of fine lines 共stripelike features兲 parallel to the y-direction, i.e., orthogonal to these elongated
pyramidal hillocks.13
A detailed topography of the m-plane GaN film is obtained by AFM as shown in Fig. 1共b兲. The fine lines oriented
along the y-direction in the OM image 关Fig. 1共a兲兴 are now
clearly visible. This kind of surface morphology is found in
most reports in the literature,4–8 in which the surface stripes
are taken to be oriented along 关112̄0兴. For a comparison with
the surface morphology of our sample, it remains to be clarified whether or not the y-direction in Fig. 1 is parallel to
关112̄0兴. Furthermore, the surface morphology of the LAO
substrate does not show any preferred stripe features indicat-
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FIG. 1. 共Color online兲 共a兲 Optical micrograph of the m-plane GaN film
grown on LAO. 共b兲 AFM image of the same m-plane GaN film together
with the corresponding coordinate system, where the stripelike features are
parallel to the y-direction. Raman spectra acquired from 共c兲 the sample
surface as well as 共d兲 and 共e兲 different cleaved edges. The scattering geometries are indicated by the notation u共v , w兲s, where u共s兲 denotes the direction
and v共w兲 the linear polarization of the incident 共scattered兲 light. The asterisks refer to Raman peaks originating from the LAO substrate.

ing that the surface observed here is not a replicate of the
substrate.
Raman scattering is widely used to investigate hexagonal wurtzite GaN films grown on sapphire substrates.14 According to the polarization selection rules, the scattering configurations, for which the EH
2 , A1共TO兲, and A1共LO兲 phonon
modes can be observed, are listed in Table I. TO and LO
refer to the transverse and longitudinal optical phonon
modes, respectively. Using a reference frequency of
568 cm−1 with a value of 2.7 cm−1 / GPa as the linear proportionality factor between the shift in the EH
2 phonon mode
and the in-plain biaxial stress,15 we determine an average
compressive stress of 1.85 GPa in our sample.
Figure 1共c兲 displays Raman spectra acquired in the backscattering geometry from the sample surface for the configurations z共y , y兲z̄ and z共x , x兲z̄, whereas spectra recorded from
two cleaved edges are shown in Fig. 1共d兲 for certain scattering configurations. All spectra clearly exhibit either the EH
2 or

the A1共TO兲 phonon line 共or both兲 from the GaN film. The
A1共LO兲 phonon mode is detected in the configurations
y共x , x兲ȳ and y共z , z兲ȳ but with rather small intensity. Considering the appearance of the phonon lines for different scattering geometries, the selection rules given in Table I are
exactly fulfilled only for the following assignments: x = a
= 关112̄0兴, y = c = 关0001兴, and z = m = 关11̄00兴. The Raman spectra of the LAO phonon modes 共marked by asterisks兲 for the
configurations x共y , y兲x̄ and x共z , z兲x̄ are nearly identical as
shown in Fig. 1共e兲. This condition is only fulfilled for backscattering along the c-axis of LAO with a four-fold symmetry of the P41212 tetragonal crystal.4,16 Thus, our observation
reveals that the c-axis of the LAO substrate corresponds to
the x-direction in Fig. 1. Therefore, we identify the epitaxial
relationship in our sample as GaN共11̄00兲 储 LAO共100兲 and
GaN关112̄0兴 储 LAO关001兴, as already found in previous
reports.1,4,5,17
The most important finding of our Raman data is the fact
that the stripes observed in the AFM images 关cf. Fig. 1共b兲兴
are oriented along the c-axis of the epitaxial m-plane GaN
film 关y = c in Fig. 1共b兲兴. This orientation relationship is also
in agreement with our TEM analysis 共not shown here兲.
Recently, the physical picture of the adatom kinetics that
deals with anisotropic crystal growth has been obtained using DFT 共Ref. 9兲 after nearly a decade of heteroepitaxial
growth of m-plane GaN on LAO.1 However, the predicted
surface morphology of the m-plane GaN film based on the
adatom kinetics does not support our findings. In addition,
BPSFs are planar defects, which are often observed in
m-plane GaN films and might be the cause of the stripelike
features parallel to 关112̄0兴 as discussed in many reports.6,8,10
However, stripes along the c-axis 关0001兴, as observed in our
case, cannot be explained by the presence of BPSFs.5,6,8,10
The cross-sectional high-resolution TEM image of the
GaN/LAO interface that is taken along the 关112̄0兴 zone axis
共Fig. 2兲 clearly reveals an additional 2-nm-thick single crystalline interlayer at the GaN/LAO interface. Both x-ray reflectivity and TEM investigations indicate that the interlayer
consists of AlN, where the two heterointerfaces AlN/LAO
and GaN/AlN are formed. Therefore, the reason for the different surface morphology of our m-plane GaN films might
be connected to the formation of the interlayer. This result is
important because the barriers for the Ga adatom diffusion
on c-plane GaN and AlN are known to be different,18 which
may greatly affect the adatom kinetics during the nucleation
and coalescence processes that lead to the formation of an
anisotropic surface.
In general, the in-plane strain may also play a role in the
solid diffusion processes.11,19 The theoretical in-plane lattice

TABLE I. Raman geometries, for which the optical phonon modes EH2 , A1共TO兲, and A1共LO兲 are observable 共O兲 or missing 共X兲 in the corresponding spectra
based on the selection rules 共Ref. 14兲. The orientation of the c-axis and the two orthogonal directions are denoted by c = 关0001兴, m = 关11̄00兴, and a = 关112̄0兴.
For the sample studied here, the measured 共strain free兲 EH2 , A1共TO兲, and A1共LO兲 phonon lines are 573 共567.6兲 cm−1, 536 共531.8兲 cm−1, and 740 共734兲 cm−1,
respectively. The strain-free values are taken from Ref. 14.
Phonon mode
EH2
A1共TO兲
A1共LO兲

c共a , a兲c̄
y共x , x兲ȳ

c共m , m兲c̄
y共z , z兲ȳ

m共a , a兲m̄
z共x , x兲z̄

m共c , c兲m̄
z共y , y兲z̄

a共c , c兲ā
x共y , y兲x̄

a共m , m兲ā
x共z , z兲x̄
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X
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fusion on nonpolar AlN are unknown. Therefore, further
work is necessary to fully understand the formation mechanism for the specific surface morphology observed in our
case.
In conclusion, an unusual orientation of the surface
stripes parallel to the c-axis is observed for m-plane GaN
films grown on LAO by a three-step MOVPE technique.
These stripes are neither 共i兲 a replication of the substrate
morphology nor 共ii兲 caused by BPSFs. Instead, the stripe
formation along 关0001兴 is attributed to the change in the Ga
adatom kinetics due to the presence of a 2-nm-thick AlN
interlayer observed at the GaN/LAO interface. Our results
demonstrate that the striated surface of m-plane GaN is
highly dependent on the technique and conditions of growth.
Therefore, our investigation may give a better understanding
of the strain-induced adatom kinetics during the anisotropic
growth of m-plane GaN.
FIG. 2. 共Color online兲 Cross-sectional HRTEM image of the GaN/LAO
interface 共关112̄0兴 zone axis兲, where the AlN interlayer is indicated by the
dashed lines. A magnified image of the interface marked by the dashed box
is shown in the inset.

mismatch values 共ƒ兲 of GaN/LAO are ƒa = −1.6% and
ƒc = −0.3%, while for AlN/LAO and GaN/AlN these values
are ƒa = +0.9% and ƒc = +3.7% as well as ƒa = −2.5% and ƒc
= −4.2%, respectively. The lattice mismatch ƒ is defined as
共asub − aepi兲 / asub where asub and aepi are the lattice constants
of the substrate and the epitaxial layer, respectively. In other
words, when the strain 共兲 is defined as  = 共aepi − a0兲 / a0 with
a0 denoting the theoretical unstrained lattice constant, the
strain components of GaN grown on LAO are expected to be
compressive along both the c- and a-axis 共a-GaN ⬍ 0 and
c-GaN ⬍ 0兲.
In contrast, m-plane AlN films have been grown on SiC
substrates using MBE 共Ref. 20兲 and HVPE 共Ref. 21兲 where
the stripes are parallel to 关112̄0兴.20,21 Using the data provided
in these publications,20,21 we find that the in-plane lattice
mismatch values for the MBE-grown AlN on SiC substrates
are ƒa = −0.8% and ƒc = +0.6%,20 while for the ideal case of
HVPE-grown films the components are ƒa = −1.01%, and ƒc
= +1.13%.21 These data imply that the strain parallel to the
a-axis 共关112̄0兴兲 is compressive 共a-AlN ⬍ 0兲, while the strain
along the c-axis 共关0001兴兲 is tensile 共c-AlN ⬎ 0兲. This may
lead to the formation of stripes parallel to the a-axis 关112̄0兴
共Refs. 20 and 21兲 due to the anisotropic component of this
mixed strain state, which affects the nucleation coalescence
during growth. Nevertheless, the AlN grown on SiC is quite
different compared to AlN on LAO, where both a- and c-axis
exhibit tensile strains 共i.e., a-AlN ⬎ 0 , c-AlN ⬎ 0兲. Note that
this AlN interlayer is only 2 nm thick. Therefore, it is difficult to observe any changes in the AFM surface scan. However, the difference of the strain state between AlN on SiC
and AlN on LAO may result in different surface morphologies, when a thick GaN film is grown on it.
In the case of Ga adatom diffusion on m-plane GaN, it is
unclear whether or not strain-induced changes in the diffusion barriers can overcome the existing difference between
the energy barriers 共0.72 eV兲 along the two different crystal
orientations.9 In addition, the barriers for the Ga adatom dif-
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