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Abstract
We report the roles of island coalescence rate and strain relaxation in the development of
anisotropic in-plane strains, striation feature, and subsequent degree of polarization in
NH3-flow-rate-dependent m-plane GaN. In the high-NH3-flow-rate samples, the results of
cathodoluminescence, polarized Raman and in situ optical reflectance measurements reveal
that a slower coalescence and unrelieved lattice misfit strain lead to larger anisotropic in-plane
strains, striated surface and luminescence patterns, and a lower density of basal-plane stacking
fault (BSF) and prismatic stacking fault (PSF). In contrast, a lower NH3 flow rate leads to
more rapid island coalescence and fully relaxed lattice misfit strain such that relaxed in-plane
strains, a reduced striation surface, and a higher density of BSF and PSF are observed. It is
suggested that the anisotropic in-plane strains, striation feature, and BSF and PSF density are
consequences of how rapidly coalescence occurs and the degree of relaxation of lattice misfit
strain. In addition, the simulation results of the k · p perturbation approach confirm a larger
anisotropic strain results in a smaller degree of polarization. The research results provide
important information for optimized growth of nonpolar III-nitrides.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

III-nitride semiconductors have become the key technological
material for light-emitting diodes and laser diodes. These
devices are generally fabricated along the c-axis, where
piezoelectric and spontaneous polarizations lead to quantum-
confined Stark effect (QCSE) [1, 2]. Nonpolar devices grown
along the m- and a-axes have been demonstrated to be
polarization-free, so can be used to reduce the QCSE [3].
The striation morphology, related to the island coalescence,
has been commonly observed in nonpolar GaN [4–11].
During the initial m-GaN growth on AlN buffer, nucleation
islands develop (1 0 1̄ 0), (1 0 1̄ 1) and (0 0 0 1̄) facets with
various densities, sizes and heights [4, 5]. As the growth

proceeds, coalescence islands along the c-axis go through
a concave growth with a triangular gap. The filling up
of the triangular gap leads to a striation feature along the
a-axis. After the deposition of a thick m-GaN layer, the
fully covered surface exhibits typical striation morphology.
Also, other arguments have been proposed to explain this
feature: incomplete nucleation coalescence during the initial
growth [6], asymmetric growth rate along the in-plane axes [7],
anisotropic in-plane strain between the substrate and epitaxial
layer [8, 9], and high basal-plane stacking fault (BSF) density
[10, 11].

In addition, due to lattice mismatch and different thermal
expansion coefficients between the epilayer and substrate,
the III-nitride epilayers usually show strain [12]. Because
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strain can modify the band structure and phonon mode,
it is important to understand the strain distribution in the
films. The six-fold symmetry of the hexagonal polar c-GaN
epilayers dictates the isotropy in the basal plane, leading to
isotropic basal-plane strain [12]. Stress evolution in c-GaN
can be monitored by in situ optical reflectance measurement
at different growth stages: nucleation, grain growth, grain
coalescence and film smoothing [13]. It has been reported
that island coalescence during growth and the density of edge
threading dislocation can determine the development of stress
in c-GaN epilayers [13]. On the other hand, the nonpolar
GaN epilayers are under anisotropic bi-axial strain due to the
anisotropic growth surface [3, 12]. Anisotropic in-plane strains
of nonpolar GaN cannot be determined separately by in situ
optical reflectance measurement. Instead, ex situ polarized
Raman and x-ray diffraction measurements after growth can
be used to determine the in-plane strain distribution of nonpolar
GaN. Distortion of GaN hexagonal unit cell with anisotropic
in-plane strain was observed in a-plane GaN grown on r-plane
sapphire substrates [14, 15]. In contrast to polar c-GaN, the
effects of island coalescence rate and strain relaxation of
m-plane GaN on the striation feature and anisotropic in-plane
strains were not well discussed.

Furthermore, m-plane GaN has been shown to
exhibit polarized emission, absorption, reflectance and
photoreflectance [3, 16, 17]. The c-axis of the m-plane GaN
lies in the growth plane, breaking the crystal symmetry and
leading to anisotropic in-plane strains. Polarization anisotropy
occurs even without in-plane strains. Electronic band structure
(EBS) of m-plane GaN under anisotropic in-plane strains has
been theoretically simulated by k · p perturbation approach
[12]. The results show that transition energies from the
conduction band (CB) to the highest (E1), second highest
(E2) and third highest (E3) valence band (VB) transitions are
polarized in the x, z and y directions, respectively. However,
the subsequent effect of the anisotropic in-plane strains on the
degree of polarization was not well discussed.

This study report that the anisotropic in-plane strains,
striation feature, and BSF and prismatic stacking fault (PSF)
density are consequences of how rapidly coalescence occurs
and the degree of relaxation of lattice misfit strain. In addition,
the simulation results of the k ·p perturbation approach confirm
a larger anisotropic strain results in a smaller anisotropic
polarization.

2. Sample structures and experimental procedures

m-plane GaN films were grown in a metal-organic chemical
vapour deposition reactor. A 220 nm thick AlN buffer
layer on m-plane 6H-SiC was deposited at 1150 ◦C with a
V/III ratio of 780. The growth condition for m-plane GaN
includes a pressure at 300 mbar and a temperature of 1070 ◦C.
Trimethylgallium (TMG) and NH3 were used as the precursors
for the Ga and N, respectively. Four samples with NH3 flow
rates of 0.5, 1.0, 2.0 and 4.0 slm were prepared. The TMG
flow rate was kept at 230 µmol min−1 for the four samples.
The thickness of the GaN epilayer is approximately 1 µm for
all samples. The details of growth procedure were described

Figure 1. SEM images of (a) 0.5, (b) 1.0, (c) 2.0 and (d) 4.0 slm
samples and the panchromatic CL images (e), (f ), (g) and (h) over
the same regions, respectively, with 10 kV excitation electron
voltage at RT.

in a previous study [5]. In addition, scanning electron
microscope (SEM) and cathodoluminescence (CL) images
were acquired with a Gatan monoCL3 spectrometer in a JEOL
SEM system (model JSM 7000F) at room temperature (RT).
Polarized Raman spectra were recorded in the backscattering
configuration using a Jobin Yvon-Horiba micro-Raman system
(model T64000) with a 532 nm laser. PL measurements were
carried out with the 325 nm line of a 55 mW He–Cd laser
for excitation. The PL polarization was analysed using an
ultraviolet polarizer in front of the spectrometer. The samples
were placed in a cryostat for low-temperature (10 K) PL
measurement.

3. Results and discussions

3.1. SEM Image, CL Image, and CL Spectroscopy

Figures 1(a)–(d) show the SEM images. In the low-NH3-
flow-rate samples (figures 1(a) and (b)), a relatively smooth
and slightly striated surface was observed. As the NH3 flow
rate increases, the striation microstructure and rougher surface
become apparent. This implies that the growth mode can
influence the surface morphology and striation microstructure.
It was reported that V/III ratio is one of the most important
growth parameters affecting island coalescence and striation

2



J. Phys. D: Appl. Phys. 44 (2011) 375103 S-W Feng et al

0

300

600

0

1000

0

1000

340 360 380 400 420 440 460
0

1000

2000

3.6 3.4 3.2 3 2.8

 20 kV
 15 kV
 10 kV
   5 kV

 Photon Energy (eV)

(a) 
0.5 slm

In
te

ns
ity

 (
ar

b.
un

it) (b) 
1.0 slm

(c) 
2.0 slm

Wavelength (nm)

(d) 
4.0 slm

 

 

Figure 2. CL spectra of (a) 0.5, (b) 1.0, (c) 2.0 and (d) 4.0 slm
samples with the excitations of 5, 10, 15 and 20 kV electron
voltage at RT.

morphology of nonpolar m-GaN heteroepitaxy [5]. A high
V/III ratio enhances coalescence islands’ preferential growth
along the striation direction (a-axis) while it slows the lateral
growth along the c-axis, leading to striation morphology. It
has been suggested that nucleation density and coalescence
islands influence the striation feature. In addition, figures 1(e)–
(h) show the panchromatic CL images observed at the
corresponding SEM regions. The CL images reveal striated
light spots along the striation direction. This is in contrast
to the case of InGaN/GaN QWs in which In-rich InGaN
clusters result in dotted light spots a few hundred nm in size
[18, 19]. The 0.5 slm sample shows a low contrast and weak
intensity image (figure 1(e)), while the high-NH3-flow-rate
samples show a higher contrast, a stronger intensity, and a more
apparent striated luminescence pattern. This result shows that
striation microstructures can modify the surface morphology
and lead to the striated luminescence pattern.

Figure 2 shows the CL spectra taken over the same
SEM regions at RT. Except for the CL spectra of the 4.0 slm
sample under higher electron voltages, all the spectra show a
main peak around 375 nm (3.307 eV) together with a lower-
energy shoulder around 385 nm (3.220 eV). The main peak is
associated with the partial dislocation (PD) terminating the
BSF, while the lower-energy shoulder is correlated with the
PSF and/or stair-rod dislocations at the intersection between
the BSF and PSF [20, 21]. The CL spectra provide the evidence
that the striated light pattern in the CL image originates from
the PD-, BSF- and PSF-related emissions. During the initial
growth of nonpolar GaN, atomic steps and/or impurities on the
rough surface of the AlN buffer layer trigger nucleation errors
and disorder basal-plane stacking sequences, leading to the

formation of BSF and PD [22]. Our previous transmission
electron microscopy observations show that more BSF are
generated at the m-GaN/AlN interface in the low-NH3-flow-
rate samples [5]. The less striated surface of the 0.5 slm
sample implies a higher defect density and a poorer sample
quality. In addition, BSF and PSF are non-radiative traps in
nonpolar III-nitrides. The higher the SF density, the weaker the
luminescence. In the 0.5 slm sample, the weak CL intensities
for the two emission bands reveal a high SF density and a
poorer sample quality. This result is consistent with fewer
striated light spots in the CL image. As the NH3 flow rate
increases, the CL spectra show a stronger main peak and a
more prominent lower-energy shoulder. This enhances the
striated light pattern in the CL image. In particular, for the
4.0 slm sample, the lower-energy shoulder becomes a strong
and broad emission under a high excitation electron voltage,
which implies a better sample quality and less contribution of
non-radiative processes. The SEM and CL results show that
the striation microstructure and SF density were considerably
influenced by the growth mode.

3.2. Estimation of anisotropic in-plane strains by polarized
Raman measurement

The striated feature and nucleation islands are expected to
correlate with the strain distribution of the epilayers. To
estimate the in-plane strain in the samples, polarized Raman
measurements were taken. Figures 3(a) and (b) show
the polarized Raman scattering spectra under y(xx)ȳ and
y(zz)ȳ configurations, respectively. The y(xx)ȳ spectra
clearly display A1(TO) and E2-high modes for GaN while
the y(zz)ȳ spectra show A1(TO) mode. The A1(TO) mode
(609 cm−1), originating from the buffer layer AlN, was also
observed in both configurations. The agreement of our
data with the polarization selection rules shows the phase
purity of our samples [12, 23]. In addition, the two dotted
lines (531.8 and 568.0 cm−1) show the phonon frequencies
ω

A1(TO)
0 and ω

E2(high)

0 , respectively, for strain-free GaN. As the
NH3 flow rate increases, the decreasing phonon frequency
of the E2(high) mode implies a larger tensile strain along
the a-direction [24]. Based on the deformation potential
approximation, the frequency shifts �ω = (ω − ω0) can be
described as a function of in-plane strain �εxx and �εzz [25]

�ω(E2-high) = a[1 − C12/C11]�εxx + [b − (C13/C11)]

×�εzz = −533.8�εxx − 688.8�εzz (1)

�ω(A1(TO)) = −395.82�εxx − 1461�εzz (2)

where a = −850 and −920 cm−1 and b = −920 and
−1290 cm−1 are the deformation potential constants for GaN
E2(high) and A1(TO) modes, respectively [23]. C11 = 390,
C12 = 145 and C13 = 106 GPa are the elastic stiffness
constants [25]. To clearly identify the peak position, GaN
E2(high) mode in the y(xx)ȳ configuration and GaN A1(TO)
mode in the y(zz)ȳ configuration were chosen to estimate the
in-plane strains by calculating equations (1) and (2).

As shown in figure 4, as NH3 flow rate increases, a
compressive strain along the c-axis increases by two orders
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Figure 3. Polarized Raman scattering spectra for the four samples
under (a) y(xx)ȳ and (b) y(zz)ȳ configurations. The Cartesian axes
x, y, and z correspond to the [1 1 2̄ 0], [1 1̄ 0 0] and [0 0 0 1]
directions of GaN, respectively. Conventional Porto’s notation was
used to describe the scattering geometry: the letters outside the
parentheses represent the direction of the incident and scattered
light, while the letters inside the parentheses represent the incident
and scattered polarizations [13].

Figure 4. Estimated in-plane strains �εxx and �εzz determined by
Raman measurement for the four samples. Inset shows the strain
distribution.

of magnitude, while a tensile strain along the a-axis increases
only about five fold. Anisotropic in-plane strain also exists
in nonpolar ZnO and the mechanism for anisotropic in-plane
strain relaxation was discussed [26, 27]. The estimated
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Figure 5. (a) Polarized PL spectra with detected polarizations along
the a- and c-axes for the 0.5 slm sample at 10 K. (b) The degree of
polarization of the four samples.

in-plane strain observed at RT is the residual strain in the
films, which consists of three components: (i) the intrinsic
strain (εintrinsic) due to lattice misfit between the film and
the substrate, (ii) the extrinsic strain (εextrinsic) due to thermal
misfit between the film and the substrate, and (iii) defect strain
(εdefect) [26, 27]. For GaN, the thermal misfit (∼0.085%)
strain and defect strain are relatively small and the lattice
misfit strain is the dominant factor in determining the residual
strain [28]. Because of the same growth temperature, the
thermal misfit strain is assumed to be the same for the four
samples. In addition, the estimated �εxx and �εzz seem
to be correlated with the lattice misfit strain distribution
(�a/aAlN = 2.5% and �c/cAlN = 4.1%) between the
GaN and AlN buffer layer [29]. The smaller in-plane
strains in the low-NH3-flow-rate samples imply that lattice
misfit strain is fully relaxed during growth and only thermal
misfit and defect strains remain on cooling. Because BSF
have Burger’s vector of 1/6〈2 2̄ 0 3〉 along the c-axis, strain
relaxation along the c-axis results in the formation of BSF
and PD such that a higher density of BSF and PD and fewer
striation microstructures are observed [22, 30]. In contrast,
for the high-NH3-flow-rate samples, the large anisotropic
in-plane strains reveal an unrelieved lattice strain during
growth. Because the lattice strain is not effectively relaxed,
the high-NH3-flow-rate samples exhibit a lower density of
BSF and PD and apparent striation microstructures. The
high compressive strain along the c-axis may induce a higher
tensile strain along the a-axis. This argument is consistent
with the large anisotropic in-strain observed in Raman
measurement.

The in situ optical reflectance measurement shows that
the m-plane GaN coalescence occurs faster at lower NH3 flow
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Figure 6. The degree of polarization for (a) E1, (b) E2, (c) E3 and (d) E1 + E2 + E3 transitions as a function of in-plane strains εxx and εzz.
Arrow indicates an increasing anisotropic in-plane strains for εxx � 0 and εzz � 0.

rate than at higher NH3 flow rate [5]. This suggests the
higher nucleation density and more rapid island coalescence
of the low-NH3-flow-rate samples achieve strain relaxation,
a reduced striation surface, and a higher density of BSF. In
contrast, a higher NH3 flow rate results in a lower nucleation
density and slower coalescence such that unrelieved lattice
misfit strain, apparent striation surface, and a lower density of
BSF are observed. Therefore, it is suggested that anisotropic
in-plane strains, striation feature, and BSF and PSF density
are consequences of how rapidly coalescence occurs and the
degree of relaxation of lattice misfit strain.

3.3. Polarized PL measurement and degree of polarization

Anisotropic in-plane strain should have an impact on the
polarization anisotropy and degree of polarization. Figure 5(a)
shows the polarized PL spectra with detected polarizations
along the a- and c-axes for the 0.5 slm sample at 10 K. The
PL spectra show a large polarization anisotropy. A BSF-
related emission around 365 nm (3.397 eV) and a PSF-related
emission around 378 nm (3.280 eV) were observed [20, 21]. In
addition, the PL spectra show a high polarization anisotropy.
The degree of polarization, ρ, is defined as [17]

ρ = I⊥C − I‖C
I⊥C + I‖C

(3)

where I⊥C and I‖C are the PL intensities polarized
perpendicular and parallel to the c-axis, respectively. As shown
in figure 5(b), it was found that the larger the anisotropic in-
plane strain, the lower the degree of polarization. This trend
should be related to the in-plane strain inside the epilayer.

4. EBS of m-plane GaN under anisotropic in-plane
strain

4.1. Theoretical simulation: k · p perturbation approach

To understand the relation between in-plane strain and degree
of polarization, the k · p perturbation approach is used to
simulate the EBS of m-plane GaN under anisotropic in-plane
strains to analyse our experimental results. The excitonic
transition energies, Ej , are expressed as [12]

Ej = E∗ + Ec − E
v
j −Eb

ex (4)

where E∗ = Eg + �1 + �2 = 3.532 eV. Ec is the eigenvalue
of the strain-dependent Hamiltonian for the CB. Ev

j are the
three maximum eigenvalues of strain-dependent Hamiltonian
for the VB. The exciton binding energy, Eb

ex, is assumed to be
26 meV for all three transitions.

The components of the oscillator strengths for the
transitions are determined from momentum matrix elements
|〈�CB|pl|�VB〉|2 with l = x, y, z [12]. px , py and pz are the
orbital functions in the x-, y- and z-directions, respectively.
〈�CB| and 〈�VB| are the orbital parts of the CB and VB basis
functions, respectively. The details of the calculations were
described in [12]. Simulations were performed using in-house
code written for Matlab software.

4.2. Simulation result of degree of polarization as a function
of in-plane strains

Our simulation results of transition energies and oscillator
strengths from the CB to the highest (E1), second highest
(E2) and third highest (E3) VB in m-plane GaN strongly
depend on the in-plane strains εxx and εzz. The simulation
results of transition energy and oscillator strength in this study

5



J. Phys. D: Appl. Phys. 44 (2011) 375103 S-W Feng et al

are consistent with the reported results [12]. Except for the
E3 transition, as the anisotropic in-plane strains increase for
εxx � 0 and εzz � 0, the transition energies of E1 and
E2 decrease. This implies larger anisotropic in-plane strains
decrease the transition energies. In addition, the luminescence
intensity is shown to be proportional to the oscillator strength
[31]. The degree of polarization ρ can be expressed as

ρ = I⊥ − I‖
I⊥ + I‖

= [x-component Oscillator strength

−z-component Oscillator strength][x-component

Oscillator strength + z-component Oscillator strength]−1.

(5)

Figure 6 shows the simulation results of the degree of
polarization for E1, E2, E3 and E1 + E2 + E3 transitions
as a function of in-plane strains. It can be seen that the
degree of polarization strongly depends on the in-plane strains.
Except for E3 transitions, as the anisotropic in-plane strains
increase for εxx � 0 and εzz � 0 (indicated by arrows), the
degree of polarization for E1, E2 and E1 + E2 + E3 transitions
decreases. Although we do not have the necessary data to
analyse defect-related transitions in terms of polarization, the
simulation results of the degree of polarization for the E1, E2,
and E1+E2+E3 transitions agree with the experimental results.

5. Conclusions

In summary, we have suggested that the anisotropic in-plane
strains, striation feature, and SF density are consequences of
how rapidly coalescence occurs and the degree of relaxation
of lattice misfit strain. In addition, a larger anisotropic strain
results in a smaller degree of polarization. This trend is
consistent with the simulation results of the k · p perturbation
approach. The research results provide important information
for optimized growth of nonpolar III-nitrides.
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