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This study reports the role of growth-pressure on the determination of anisotropy properties in nonpolar m-plane GaN. In the
high-pressure-growth samples, unrelieved lattice misfit strain lead to larger anisotropic in-plane strains, a striated surface, lower
densities of basal-plane stacking faults (BSF) and prismatic stacking faults (PSF), and a smaller anisotropic polarization. In contrast,
the low-pressure-growth sample shows the opposite trend. It is suggested that the growth pressure determines the degree of relaxation
of lattice misfit strain, which in turn affects the anisotropic in-plane strains, striation feature, densities of BSF and PSF, and degree
of polarization. The research results can be used to optimize the growth of nonpolar m-plane GaN.
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Wurtzite III-nitrides are the key materials for the application of
light emitting diodes, laser diodes, and solar cells.1–4 Nonpolar III-
nitrides grown along the m- and a-axes have attracted much attention
due to the potential to be free from piezoelectric and spontaneous
polarizations and weaker quantum confined Stark effects (QCSE).5–9

Significant progress of nonpolar III-nitrides has been achieved. Non-
polar light emitting diodes (LEDs) and laser diodes (LDs) have been
demonstrated to show good performance.10,11 Due to anisotropy prop-
erties of nonpolar GaN, striation morphology, anisotropic in-plane
strains, and polarization anisotropy have been commonly observed.5–9

Our previous study reported the roles of island coalescence rate and
strain relaxation in the development of anisotropic in-plane strains,
the striation feature, and the degree of polarization in NH3-flow-
rate-dependent m-plane GaN.5 In the high-NH3-flow-rate samples,
a slower coalescence and unrelieved lattice misfit strain led to larger
anisotropic in-plane strains, a striated surface, and lower densities of
basal-plane stacking faults (BSF) and prismatic stacking faults (PSF).
In the low-NH3-flow-rate samples, more rapid island coalescence and
fully relaxed lattice misfit strain resulted in a reduced striation surface
and higher densities of BSF and PSF. The anisotropic in-plane strains,
striation feature, and BSF and PSF densities were consequences of
how rapidly coalescence occurred and the degree of relaxation of
lattice misfit strain.

It has been reported that the growth mode of nonpolar GaN depends
on the growth pressure.12,13 Growth-pressure-dependent (67, 101, 200,
and 400 mbar) m-plane GaN epilayers grown on m-plane 6H-SiC
substrate have been investigated.12 As the growth pressure increased,
the growth rate of the AlN nucleation layer decreased and the surface
roughness (Rms) increased up to 200 mbar and then dropped down
to half at 400 mbar. For the following deposition of the m-plane GaN
epilayer, as growth pressure increased to 200 mbar, the Rms increased
only from 5 to 8 nm. At a higher growth pressure of 400 mbar, surface
undulation along the c-axis and rougher surface morphology became
prominent. In addition, the growth-pressure-dependent a-plane GaN
grown on r-plane sapphire was also discussed.13 Low-pressure-growth
a-plane GaN film showed large pits on the surface and a greater
tendency for lateral growth. In the high-pressure-growth sample, a
lateral growth rate smaller than the vertical growth rate led to an
incompletely-coalesced area. However, the effect of growth-pressure
on the growth of nonpolar m-plane GaN is not well studied. The growth
of nonpolar m-plane GaN remains challenging due to the anisotropy
properties and higher densities of BSF and PSF.

This study reports the role of growth-pressure on the formation of
surface striation, anisotropic in-plane strain, and degree of polarization
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in nonpolar m-plane GaN. It is suggested that the growth pressure
determines the degree of relaxation of lattice misfit strain, which in
turn affects the anisotropic in-plane strains, striation feature, densities
of BSF and PSF, and degree of polarization.

Sample Structures and Experimental Procedures

To study the effect of growth pressure on the material and optical
properties of m-GaN, three m-GaN samples with growth pressures
200, 300, and 400 mbar were prepared. m-plane GaN films were grown
in a metal-organic chemical vapor deposition (MOCVD) reactor. A
220 nm thick AlN buffer layer was deposited on an m-6H-SiC substrate
at 1150◦C with a V/III ratio of 780. The growth condition for m-
plane GaN was modified based on the c-plane procedure from 200 to
400 mbar and a temperature of 1070◦C to achieve an optically smooth
surface. Triethylgallium (TMGa) and ammonia (NH3) were used as
the precursors for the Ga and N, respectively. The TMGa and NH3

flow rates were kept at 230 μmol/min and 1 slm, respectively, for the
three samples. The thickness of m-plane GaN is approximately 1 μm
for all three samples.

In addition, scanning electron microscope (SEM) and cathodo-
luminescence (CL) images were generated with a Gatan monoCL3
spectrometer in a JEOL SEM system (model JSM 7000F) at room tem-
perature (RT). Polarized Raman spectra were recorded in the backscat-
tering configuration using a Jobin Yvon-Horiba micro-Raman system
(model T64000) with a 532 nm laser. The lattice constants and in-
plane strains of the samples were studied by a high-resolution X-ray
diffraction (HR-XRD) system (Bede D1). Photoluminescence (PL)
measurements were carried out with the 325 nm line of a 55 mW
He-Cd laser for excitation. The PL polarization was analyzed using
an ultraviolet polarizer in front of the spectrometer. The samples were
placed in a cryostat for low-temperature (10 K) PL measurement.

Results and Discussion

SEM Images, CL Images, and CL Spectroscopy.— Fig. 1a, 1b,
and 1c shows the SEM images for the 200, 300, and 400 mbar sam-
ples, respectively. In the 200 mbar sample, there are striated droplets
in the upper and lower parts, while the middle part shows smooth mor-
phology. As the growth pressure increases, the striation microstructure
and rougher surface become apparent. Similar to the NH3 flow rate of
m-plane GaN,5 growth pressure is also an important growth parame-
ter affecting island coalescence and striation morphology of m-GaN
heteroepitaxy. It is suggested that high-growth-pressure preferen-
tially enhances coalescence island growth along the striation direction
(a-axis) while it slows the lateral growth along the c-axis, leading
to striation morphology. On the other hand, Fig. 1d–1f shows the
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Fig. 1. SEM images of (a) 200, (b) 300, and (c) 400 mbar samples and
the panchromatic CL images (d), (e), and (f) taken over the same regions,
respectively, with 10 kV excitation electron voltage at RT.

panchromatic CL images for the corresponding SEM images with 10
kV excitation electron voltage at RT. Each CL image reveals striated
light spots along the striation direction correlated with the striation
microstructures in the corresponding SEM image.

Fig. 2 shows the CL spectra taken over the same SEM regions
as in Fig. 1 at RT. The main peak (∼375 nm; ∼3.307 eV) is associ-
ated with the partial dislocation (PD) terminating the BSF, while the
lower-energy shoulder (∼385 nm; ∼3.220 eV) is due to the PSF and/or
stair-rod dislocations at the intersection between the BSF and PSF.14,15

The formation of BSF and PD is due to nucleation errors and disorder

Fig. 2. CL spectra of (a) 200, (b) 300, and (c) 400 mbar samples with the
excitations of 5, 10, 15, and 20 kV electron voltages at RT.

basal-plane stacking sequences at the m-GaN/AlN interface during
the initial growth of m-GaN.16 The main peak intensity of PD- and
BSF-related emissions for the 300 mbar sample is stronger than that
for the 200 mbar sample, which in turn is stronger than that for the 400
mbar sample. Because surface roughness can affect the light extrac-
tion, the smoother surface of the 200 mbar sample further reduces the
light extraction from the wafer. Hence, the main peak intensity of the
200 mbar sample may be stronger than that of the 300 mbar sam-
ple. BSF and PSF are nonradiative traps in nonpolar III-nitrides. The
higher the SF density, the weaker the luminescence. This implies that
the combined density of PD and BSF of the 400 mbar sample is larger
than that of the 300 mbar sample, which in turn is larger than that of
the 200 mbar sample. Also, the side peak intensities of PSF-related
emissions for the 300 mbar and 400 mbar samples are nearly equal,
and are stronger than that for the 200 mbar sample. By considering
the effect of surface roughness on the light extraction, the side peak
intensity of PSF-related emissions for the 200 mbar sample may be
stronger than that for the 300 mbar sample, which in turn is stronger
than that for the 400 mbar sample. This implies that the density of
PSF for the 400 mbar sample is larger than that for the 300 mbar,
which in turn is larger than that of the 200 mbar sample. For the
400 mbar sample, the large low-energy shoulder under a higher exci-
tation electron voltage reveals a high density of dislocations beneath
the surface morphology.

Estimation of Anisotropic In-plane Strains by Polarized Raman
Measurement.— Fig. 3a and 3b shows the polarized Raman scattering
spectra under y(xx)ȳ and y(zz)ȳ configurations, respectively. With the
polarization selection rules, the phonon modes in both configurations
for GaN and AlN can be identified.5,17,18 The dotted lines represent
the strain-free GaN phonon frequencies ω

A1(T O)
0 (531.8 cm−1) and

ω
E2(high)
0 (568.0 cm−1) for reference. Based on the deformation po-

tential approximation, the frequency shifts �ω = (ω − ω0) of GaN
for E2(high) mode in the y(xx)ȳ configuration and A1(TO) mode in

Fig. 3. Polarized Raman scattering spectra for the three samples under (a)
y(xx)ȳ and (b) y(zz)ȳ configurations. The x, y, and z represent the [112̄0],
[11̄00], and [0001] directions of m-GaN, respectively. Conventional Porto’s
notation was used to describe the scattering geometry: the letters outside
the parentheses represent the directions of the incident and scattered light,
while the letters inside the parentheses represent the incident and scattered
polarizations.13

www.esltbd.org address. Redistribution subject to ECS license or copyright; see 140.127.200.72Downloaded on 2012-07-17 to IP 



R52 ECS Journal of Solid State Science and Technology, 1 (1) R50-R53 (2012)

Fig. 4. Estimated in-plane strains �εxx and �εzz determined by Raman and
XRD measurements for the three samples.

the y(zz)ȳ configuration were chosen to estimate the in-plane strains
�εxx and �εzz

5,19:

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

= −533.8�εxx − 688.8�εzz (1)

�ω(A1(T O)) = −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 of E2(high) and A1(TO) modes,
respectively.18 C11 = 390, C12 = 145, and C13 = 106 GPa are the
elastic stiffness constants.5,19

As shown in Fig. 4, as growth pressure increases, a larger com-
pressive strain along the c-axis and a tensile strain along the a-axis are
observed. The estimated in-plane strain consists of the lattice misfit
strain between the film and the substrate, the thermal misfit strain be-
tween the film and the substrate, and the defect strain.20,21 The smaller
in-plane strains in the low-pressure-growth samples imply that lattice
misfit strain is fully relaxed during growth and only thermal misfit and
defect strains remain on cooling. Hence, fewer striation microstruc-
tures are observed. In contrast, the large anisotropic in-plane strains
suggest that high-pressure-growth is not beneficial to lattice strain re-
laxation. Due to the unrelieved large anisotropic in-plane strains, large
anisotropic in-plane strains in the 400 mbar sample distort lattice unit
cells and may trigger the formation of BSF and PSF. Hence, apparent
striation microstructures and weaker CL intensity are observed. Sim-
ilar to the arguments for the NH3-flow-rate-dependent m-plane GaN,5

it is suggested that anisotropic in-plane strains, the striation feature,
and the densities of BSF and PSF in the growth-pressure-dependent
m-plane GaN are consequences of the degree of relaxation of lattice
misfit strain.

Estimation of Anisotropic In-plane Strains by XRD
Measurement.— Anisotropic in-plane strains can also be esti-
mated by XRD measurement. Fig. 5a–5c shows the XRD patterns for
the 200, 300, and 400 mbar samples, respectively. According to the
XRD database, the three dotted lines (32.388◦, 33.216◦ and 33.505◦)
correspond to the (100) diffraction peaks for the strain-free GaN,
AlN, and SiC, respectively. The m-SiC (100) peak at 33.505◦ is taken
as a calibration peak. As shown in Table 1, as the pressure increases,
the decreasing m-GaN (100) and m-AlN (100) peaks imply a larger
lattice constant a. The larger width of diffraction peak m-GaN (100)
for the 400 mbar sample implies a poor sample quality. The lattice
constants a of the m-GaN and m-AlN are calculated by the Bragg
equation (Eq. (3)) and the hexagonal lattice relation of XRD theorem

Fig. 5. XRD patterns of (a) 200, (b) 300, and (c) 400 mbar samples.

(Eq. (4))22:

λ = 2dhkl sin θ (3)

1

d2
hkl

= 4(h2 + hk + k2)

3a2
+ l2

c2
(4)

where λ is the Cu Kα1 ray with wavelength of 1.54056 Å; dhkl is the
crystallographic lattice plane distances; h, k, and l are Miller indexes;
and a and c are lattice constants of the III-Nitride wurtzite cell. As
shown in Table 1, as the pressure increases, the lattice constants a of
m-GaN and m-AlN both increase. This implies a larger tensile strain
along the a-axis as the growth pressure increases.

The in-plane strain �εxx along the x-axis is calculated by compar-
ing the measured lattice constant with the strain-free one in Eq. (5)22:

�εxx = anonpolar − a0

a0
(5)

where anonpolar is the lattice constant of the m-GaN epilayer and a0 is
that of strain-free bulk GaN. m-plane GaN is assumed to suffer biaxial
strain. In-plane strain �εzz along the z-axis can be calculated by using
Eq. (6)22:

�εzz = −2C13

C33
�εxx (6)

Table 1. Diffraction peaks and the lattice constants a of m-GaN and
m-AlN and in-plane strains �εxx and �εzz for the 200, 300, and
400 mbar samples. In-plane strain �εxx is determined by lattice
constant a while in-plane strain �εzz is calculated via the biaxial
strain formula. The diffraction peaks and the lattice constants a of
strain-free bulk GaN and AlN are shown for reference.

Sample a of m-GaN (Å) a of m-AlN (Å) �εxx (%) �εzz(%)

Strain-free Bulk 3.189 3.112 0 0
200 mbar 3.195 3.113 0.1881 −0.0957
300 mbar 3.196 3.114 0.2195 −0.1116
400 mbar 3.200 3.117 0.3449 −0.1754
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Fig. 6. PL spectra with polarizations along a- and c-axes for (a) 200, (b) 300,
and (c) 400 mbar samples at 10 K (left coordinate). The degrees of polarization
for the three samples are shown by right coordinate.

where C13 (106 GPa) and C33 (398 GPa) are the elastic constants of
bulk GaN.23 As shown in Table 1, a tensile in-plane strain �εxx and
a compressive in-plane strain �εzz become larger as the growth pres-
sure increases. In Fig. 4, although the in-plane strains �εxx and �εzz

obtained from Raman and XRD measurements show slight difference,
the trends are the same. This result confirms the anisotropic in-plane
strain distribution inside the samples.

Polarization Anisotropy and Degree of Polarization.—
Anisotropic in-plane strain should have an impact on the po-
larization anisotropy and degree of polarization. Fig. 6a–6c shows
the polarized PL spectra with detected polarizations along the
a- and c-axes for the 200, 300, and 400 mbar samples, respectively,
at 10 K. The PL spectra show a large polarization anisotropy. A
BSF-related band (∼365 nm; ∼3.397 eV) and a PSF-related band
(∼378 nm; ∼3.280 eV) are observed.14,15 The degree of polarization,
ρ, is defined as17:

ρ = I⊥C − I//C

I⊥C + I//C
(7)

where I⊥C and I//C are the PL intensities polarized perpendicular
and parallel to the c-axis, respectively. It is found that the higher the
growth pressure, the lower the degree of polarization.

In our previous simulation results, the degree of polarization of
the transition energies from the conduction band to the highest (E1),
second highest (E2), and third highest (E3) energy states in the valence

band in m-plane GaN was found to strongly depend on the in-plane
strains εxx and εzz .5 Except for E3 transitions, the larger the anisotropic
in-plane strains for εxx ≥ 0 and εzz ≤ 0, the lower the degree of
polarization for E1, E2, and E1 + E2 + E3 transitions. Hence, a high-
growth-pressure leads to larger anisotropic in-plane strains, which in
turn result in a lower degree of polarization.

Conclusions

In summary, we have suggested that the growth pressure deter-
mines the degree of relaxation of lattice misfit strain, which in turn
determines the anisotropic in-plane strains, striation feature, densities
of BSF and PSF, and degree of polarization. The research results can
be used to optimize the growth of nonpolar m-plane GaN.
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