
Chin. Phys. B Vol. 23, No. 2 (2014) 026801

RAPID COMMUNICATION

Effects of V/III ratio on a-plane GaN epilayers with
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The effects of V/III growth flux ratio on a-plane GaN films grown on r-plane sapphire substrates with an InGaN
interlayer are investigated. The surface morphology, crystalline quality, strain states, and density of basal stacking faults
were found to depend heavily upon the V/III ratio. With decreasing V/III ratio, the surface morphology and crystal quality
first improved and then deteriorated, and the density of the basal-plane stacking faults also first decreased and then increased.
The optimal V/III ratio growth condition for the best surface morphology and crystalline quality and the smallest basal-
plane stacking fault density of a-GaN films are found. We also found that the formation of basal-plane stacking faults is an
effective way to release strain.
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1. Introduction
Currently, III-nitrides have been widely used in the fields

of optoelectronics and microelectronics, such as blue/green
light-emitting diodes (LEDs), laser diodes, and solar cells.
Most of the commercial GaN-based devices are grown along
the polar c axis. However, the efficiency of these devices
is greatly limited by the existence of built-in electric fields
along the c-axis direction, which are caused by spontaneous
and piezoelectric polarizations in wurtzite nitride materials.[1]

The non-polar a-plane GaN (a-GaN) films, which can be free
of the built-in electric fields, are thus expected to have a dis-
tinct advantage over conventional c-plane films in the fabri-
cation of high-efficiency LEDs. However, the internal quan-
tum efficiency of LEDs based on non-polar GaN grown on
foreign substrates (such as r-sapphire) is still lower than that
of films based on c-plane sapphire substrates. The main rea-
sons lie in two characteristics of the surface morphology —
triangular/pentagonal surface pits[2,3] and a high density of
structural defects (including threading dislocations (TDs) and
basal-plane stacking faults (BSFs) bounded by partial disloca-
tions (PDs)[4–7] that arise from the planar anisotropic nature
of the growing surface). Hence, the improvement of the crys-
tal quality of non-polar nitrides still needs more effort. In this
paper, we report how the V/III ratio of a-GaN growth was op-

timized.
Due to the anisotropic nature of the growing surface, the

vertical and lateral growth rates of non-polar a-GaN surfaces
depend heavily on the V/III ratio and the growth pressure: high
V/III ratio and high pressure promote predominantly vertical
growth and result in three-dimensional (3D) island growth,
while low V/III ratio and low reactor pressure give rise to pre-
dominantly lateral growth.[8,9] We grew a-GaN films under
low reactor pressure with different V/III ratios and system-
atically investigated the films’ surface properties, crystalline
quality, and strain states, as well as the density of basal-plane
stacking faults. A key InGaN interlayer, which was proven
in our previous work to improve the surface morphology and
crystal quality,[10,11] was deposited on the substrate before the
deposition of a-GaN film. Upon testing the samples, it was
found that the characteristics of the a-GaN films change non-
monotonically with changing V/III ratio.

2. Experiments
All the a-plane (112̄0) GaN films were grown on

r-plane (11̄02) sapphire substrates in a specially crafted
horizontal low-pressure metal–organic chemical vapor de-
position (MOCVD) system using trimethylgallium (TMG),
trimethylindium (TMI), and ammonia as precursors. Prior to
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the epitaxial growth, the r-plane sapphire substrates were ni-
tridized for 3 min under NH3 with a flow of 3 SLM (stan-
dard liter per minute). Then, the thin InGaN interlayer was
deposited on the r-plane sapphire substrate at 750 ◦C and
200 Torr (1 Torr = 1.33322×102 Pa), the flow rates of the
TMG, TMI, and ammonia were 10 µmol/min, 20 µmol/min,
and 3 SLM, respectively; the InGaN thickness was approx-
imately 115 nm and the In fraction was about 41%. After
which, a conventional LT-GaN buffer layer of ∼ 30-nm thick-
ness was deposited above the InGaN layer with flow rates of
TMG and NH3 of 35.7 µmol/min and 3 SLM, respectively,
and the V/III ratio was approximately 4500. Subsequently, the
LT-GaN/InGaN/r-sapphire structures were annealed in-situ at
1100 ◦C for 3 min, obtaining reticular stripe templates, which
improve compliance. Finally, a high temperature GaN re-
growth under different V/III ratio was performed on the tem-
plate at 1100 ◦C and 50 Torr, the flow rate of TMG during
the GaN regrowth was fixed at 35.7 µmol/min. Different V/III
ratios from 500 to 2000, yielding samples which are succes-
sively named samples A–F, were achieved by modulating the
flow rate of NH3 from 0.4 SLM to 1.6 SLM. The growth pa-
rameters of the samples are all the same except for the NH3

flow of the a-GaN epilayers. The total flow was constant. The
growth time was fixed at 1 hour. Details of the samples are
shown in the Table 1.

Table 1. Growth parameters and BSF density results of samples A–F.

Sample No. NH3 flow/SLM V/III ratio LCL/nm BSF density/105 cm−1

A 0.4 500 22.90 4.85
B 0.6 750 27.68 4.01
C 0.8 1000 27.45 4.05
D 1.0 1250 28.72 3.86
E 1.2 1500 18.10 6.14
F 1.6 2000 17.46 6.36

The surface morphology of these a-GaN films were char-
acterized by atomic force microscopy (AFM), and the tap-
ping mode was employed. The structural properties of the
films were investigated by high-resolution X-ray diffraction
(HRXRD). The HRXRD data were obtained at 1W1A, Beijing
Synchrotron Radiation Facility (BSRF). The radiation energy
of the light was 8.05 keV, the spot size was 0.7 mm×0.4 mm
(H×V ), and the wavelength used was 1.5493 Å; a Huber five-
circle diffractometer was used.

3. Results and discussion
Figure 1(a) shows the schematic growth model of the a-

GaN growth; figure 1(b) shows the SEM micrograph of the LT-
GaN/InGaN/sapphire template after in-situ high temperature
annealing, which results in reticular stripes along the [0001]
orientation. The template with reticular stripes is able to elasti-
cally accommodate any lattice mismatch between the substrate

and the film, and then release the strain in the a-GaN epilayer.
The remarkable improvement of the surface morphology and
crystal quality due to the InGaN interlayer has been proved.[11]

(a)

a GaN
LT GaN/InGaNweak bonded layerr sapphire

0.5 mm

(b)

Fig. 1. (color online) (a) Schematic growth model of a-GaN/LT-
GaN/InGaN/r-sapphire structure; panel (b) SEM micrograph of LT-
GaN/InGaN/sapphire after in-situ high temperature annealing.

Aiming to obtain the information of the crystalline qual-
ity of the samples, a HRXRD analysis of the (112̄0) ω scans
as a function of V/III ratio was performed. Figure 2 shows
the V/III ratio dependence of the full widths at half maximum
(FWHM) of the rocking curves for φ = 0◦, 30◦, 60◦, and 90◦,
respectively. φ = 0◦ is the c [0001] axis and φ = 90◦ corre-
sponds to the m [11̄00] axis. High-V/III-ratio samples E and F
exhibit large FWHMs; for lower V/III ratios (samples A–D),
the FWHMs were much smaller. But with decreasing V/III
ratio, the FWHM values along the four axes all first decrease
and then increase in a roughly similar progression. The lower
FWHM values of rocking curves indicate a lower density of
defects. Sample D, having the smallest FWHM values, shows
the best crystalline quality. This evidence of the dependence
of crystal quality on the V/III ratio is quite consistent with the
surface morphology analysis by AFM, shown in Fig. 3.
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Fig. 2. (color online) Full width at half maximum values as functions
of the V/III ratio.

026801-2



Chin. Phys. B Vol. 23, No. 2 (2014) 026801

15.0 nm

0 nm

2.0 mm
2.0 mm1.5

1.5
1.0 1.0

0.5 0.5

(a)
30.0 nm

0 nm

2.0 mm
2.0 mm1.5

1.5
1.0 1.0

0.5 0.5

(b)

10.0 nm

0 nm

2.0 mm
2.0 mm1.5

1.5
1.0 1.0

0.5 0.5

(d)
20.0 nm

0 nm

2.0 mm
2.0 mm1.5

1.5
1.0 1.0

0.5 0.5

(c)

15.0 nm

0 nm

2.0 mm
2.0 mm

1.5
1.5

1.0 1.0
0.5 0.5

(e)
40.0 nm

0 nm

2.0 mm
2.0 mm1.5

1.5
1.0 1.0

0.5 0.5

(f)

pits
pits

Fig. 3. (color online) AFM images of the six samples. Panels (a)–(f) correspond to samples A–F.

The 2 µm×2 µm AFM images of the samples are shown
in Fig. 3. At a relatively high V/III ratio (1500, 2000), sam-
ples E and F present small surface pits, which originate from
island growth and coalescence during the initial growth of the
a-GaN. With lower V/III ratios, samples A–D exhibit pit-free
but striped surfaces. A lower V/III ratio enhances 2D growth
as well as eliminates pits. These results correspond with the
findings of others[12–14] who reported that surface morphol-
ogy can be improved by growing a-GaN with a low V/III ratio
and a low reactor pressure, conditions which also facilitate 2D
growth. The values of root mean square (RMS) roughness of
the surfaces for samples A–F are 0.732, 2.99, 1.12, 0.501, 1.4,
and 2.4 nm, respectively. The RMS roughness changes non-
monotonously with decreasing V/III ratio, mainly decreasing
and then increasing. Sample D (V/III = 1250) presents the
smallest RMS roughness. The pitted surface morphology of
samples E and F can be attributed to the fact that an excess
of hydrogen atoms, inherent in the high V/III ratio, facili-
tates the surface dissociation rate and damages the surface
morphology.[15] With lower V/III ratios, the pits were com-
pletely eliminated, due to the reduction of hydrogen atoms,
although with some stripes along the [0001] direction. The
possible reason for the stripes forming is the faster growth rate
along the c direction than along the m direction. Although the
low V/III ratio benefits 2D growth, some Ga atoms do not re-
act, due to an insufficiency of N atoms, thereby causing a wavy
surface. The AFM results indicate that the surface morphol-
ogy of the as-grown a-GaN film is greatly affected by the V/III

ratio. The same reasons apply in explaining the dependence of
crystal quality on the V/III ratio. In this study, the surface
morphology and crystalline quality of a-GaN films presented
the same properties with decreasing V/III ratio: first improv-
ing and then deteriorating. It is crucial to grow a-GaN under
an appropriate V/III ratio in order to achieve a fine surface
morphology and better crystal quality. The optimal V/III ra-
tio (1250) for the best surface morphology and crystal quality
was obtained. The a-GaN crystal quality can still be improved
further by optimizing other conditions of the growth process.
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Fig. 4. (color online) Modified WH plots. The straight lines are the
linear fits to the (101̄0) and (202̄0) data-points of each sample.

McLaurin et al.[16] proposed a model treating BSFs as
boundaries between incoherently scattering domains, and de-
termined the lateral coherence length (LCL) of m-GaN film
through a modified Williamson–Hall (WH) analysis. The
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same concept was applied here to determine the c-axis LCL
and estimate the BSF density in the a-GaN films. Because a-
plane (112̄0) diffraction is insensitive to the presence of BSFs,
a modified WH analysis was carried out with the inclined
(101̄0) and (202̄0) reflections in a skew symmetric geome-
try with the X-ray rocking along the c axis (Fig. 4).[17] The
growth parameters, reduced LCL along c axis, and the BSF
density in a-GaN film are also shown in Table 1. We found
that the BSF density also roughly first decreases and then in-
creases; the lowest BSF density was also obtained in sample
D (V/III = 1250). Such a dependence of BSF density on the
V/III ratio is also very consistent with the FWHM values of
XRC shown in Fig. 2 and the surface morphology analysis by
AFM shown in Fig. 3. In addition, samples E and F with some
pits have the highest BSF density, so it can be concluded that
the pits are related to the BSF density.
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Fig. 5. (color online) (a) Schematic illustration of the epitaxial rela-
tionship between a-GaN and the r-plane sapphire. (b) Distortion of
the basal hexagon of the GaN unit cell under anisotropic strain for a-
GaN film (the undistorted hexagon is shown by the dashed line). Here
d1 = 2d112̄0, d2 = d11̄00, as is the sidewall lattice parameter, at is the top
lattice parameter, and γ is the distortion angle.[18]

Masihhur R. Laskar reported a method of determining

the lattice parameters and strain values of a-plane nitrides,[19]

which was used here to estimate the lattice constants and strain
values εxx, εyy, and εzz along the [112̄0], [101̄0], [0001] orienta-
tions, respectively. The 2θ values of the six reflections (112̄0),
(101̄0), (202̄0), (101̄1), (101̄2), and (112̄2) for all samples
were measured (but are not given here).

The epitaxial relationship between a-GaN and r-sapphire
is shown schematically in Fig. 5(a). For simplicity, we de-
fine the x, y, and z axes parallel to the [112̄0], [101̄0], [0001]
orientations of a-GaN, respectively. The epitaxial relationship
between a-GaN and r-sapphire is given by

y
∥∥[1̄100]Al2O3

∥∥ [112̄0]GaN, z
∥∥[1̄101]Al2O3

∥∥ [0001]GaN.

The strain in the basal plane is not isotropic. Since the
basal plane of the GaN is distorted, the hexagonal symmetry
of the unit cell is broken, and the GaN turns into an orthorhom-
bic crystal with three independent lattice parameters as, c, and
γ (Fig. 5(b)).

For an a-plane epilayer, the strain values in each direction
can be expressed by

εxx=
(d1−d10)

d10
, εyy=

(d2−d20)

d20
, εzz=

(c−c0)

c0
,

where d1 = 2d112̄0 = (2at sinγ)/
√

2(1− cosγ), d2 = d11̄00 =

(asinγ)/
√

2(1+ cosγ) for the distorted epilayers, whereas
d10 and d20 are the corresponding values for the fully relaxed
(undistorted) epilayer as indicated schematically in Fig. 5(b).
The calculated lattice constants and strain values for the sam-
ples are shown in Table 2. We can see that the strain εxx along
the x orientation is tensile, and εyy and εzz are compressive
for all the samples, which is consistent with theoretical pre-
dictions and experiments conducted by other researchers.[20]

It can also be seen that nearly all the strain along the three ori-
entations decreases with increasing V/III ratio. Especially for
samples E and F, the strains εyy and εzz are much less than those
for the other samples. Some groups reported that the strain re-
laxation in non-polar a-GaN can be attributed to the formation
of the BSFs.[21,22] So for samples E and F, with high density
BSFs, the strain is greatly released.

Table 2. Sidewall lattice parameters as, top lattice parameters at, c, angle of distortion of the basal plane γ of a set of a-GaN epilayers,
and the strains εxx, εyy, and εzz, along the [112̄0], [101̄0], [0001] orientations obtained from HRXRD are listed.

Sample at c as γ εxx εyy εzz

A 3.1866 5.1798 3.1947839 119.831 0.0018137 –0.00160 –0.00101
B 3.1872 5.1806 3.1947842 119.842 0.0018138 –0.00138 –0.00085
C 3.1878 5.1804 3.1947856 119.856 0.0018142 –0.00108 –0.00090
D 3.1871 5.1809 3.1945606 119.844 0.0017437 –0.00142 –0.00078
E 3.1888 5.1811 3.1941153 119.889 0.0016041 –0.00063 –0.00076
F 3.1897 5.1813 3.1940431 119.911 0.0015814 –0.00022 –0.00071
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4. Conclusion
In summary, a strong dependence of surface morphol-

ogy properties, crystal quality, BSF density, and strain of the
a-GaN films on V/III ratio has been demonstrated. Unlike
other reported studies, we found that with decreasing V/III ra-
tio, crystal quality first improved and then deteriorated, the
BSFs density and the RMS of the surface of the samples
also roughly first decreased and then increased. The sample
D (V/III = 1250) possesses the best surface morphology and
crystal quality, and the smallest BSF density. The strain of
samples E and F, which possess a high density of BSFs, is
largely released compared to samples A–D, from which it can
be concluded that the formation of the BSFs is very effective
to release the strain in a-GaN epilayer.
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