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The influence of GaCl carrier gas flow rate on GaN films grown by hydride vapor-phase epitaxy (HVPE)
was investigated. The symmetric (0 0 0 2) and asymmetric (10–12) ω scans were detected to estimate the
eceived in revised form 28 February 2011
ccepted 28 February 2011
vailable online 8 March 2011

eywords:
aN

quality of GaN films. Optical properties were studied by room temperature photoluminescence spectra.
Raman spectroscopy was employed to analyze the residual stress in the samples. The surface morphology
of the GaN films was investigated by atomic force microscopy (AFM). On the basis of process optimization
the optimal GaCl carrier gas flow rate for growth of high quality GaN films in our system was obtained
as 1.3 L/min.
ydride vapor-phase epitaxy
emiconductors

. Introduction

For the advanced performance as a semiconductor material of
ptical and electrical devices [1–3] and high-power high-frequency
lectronic devices [4], gallium nitride (GaN) has been studied by
any groups in recent years. In order to get bulk crystal sev-

ral methods, such as high-pressure solution (HPS) technique [5],
mmonothermal growth technology [6], and Na-flux method [7]
ere employed to get GaN substrate with high crystalline qual-

ty. Stringent growth condition and anisotropy of growth rate in
ifferent directions were the disadvantage of these methods. The
ydride vapor-phase epitaxy (HVPE) method was first used to grow
aN single-crystal about forty years ago [8]. It was demonstrated

hat the HVPE technique was a suitable and effective method for
rowth of bulk GaN crystals [9]. Crystals as thick as 5.8 mm can be
rown at growth rates of 100–500 �m/h along the crystallographic
0 0 0 1〉 direction [10].

However, the lack of native substrates lead to the HVPE growth
f GaN was mainly on foreign substrates [11,12]. There is high dis-
ocation density in GaN because of the large lattice mismatch and
hermal expansion coefficient mismatch between GaN and the sub-

trate [13,14]. Some methods were used to enhance the crystalline
uality of the heteroepitaxy GaN layer, such as epitaxial lateral
vergrowth (ELOG) [15], overgrown on etch pits [16] and fabri-
ation of nanostructure on substrate [17]. On the other hand, in
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the HVPE system many conditions, such as growth temperature,
pressure, the flow rate of various source and carrier gases, the dis-
tance between gases outlet and substrate and other, influence the
growth process and the properties of GaN films. Complete HVPE
experimental investigations were done to research the influence
of growth temperature and the V/III ratio on the GaN grown with
selective area substrates [18]. Influence of the partial pressure of
GaCl3 [19] and reactor pressure [20] in the growth process were
researched to improve qualities of GaN layers grown by HVPE. The
effects of shower head orientation and substrate position on the
uniformity of GaN growth in a HVPE reactor were studied by com-
puter simulation and geometric limitation of real experiments [21].
It is necessary to carefully investigate the growth condition of the
initial stage of the HVPE process.

In this study the impact of one condition, GaCl carrier gas flow
rate, on the properties of HVPE grown GaN films was investi-
gated. In the present work the GaCl carrier gas flow rate was
optimized to obtain heteroepitaxy GaN film with low dislocation
density.

2. Experimental details

The growth process was carried out in a vertical HVPE system. The substrates for
HVPE were 3–5 �m GaN layers fabricated by metal-organic chemical vapor depo-
sition (MOCVD) on 2-in c-plane sapphire substrates. The substrate was faced down
in the holder to the gases outlet and placed at the top of the reactor which was

rotated at 20 rpm. Nitrogen (N2) serving as the carrier gas blew in the whole reactor
and delivered the source gases in the gases supply system fed from the bottom of
the reactor. Ammonia (NH3) was directly supplied with the N2 carrier gas to the
substrate as the nitrogen source. The GaCl was generated by passing a HCl/N2 mix-
ture through a tube into a boat with liquid gallium (in accordance with the reaction
2HCl + 2Ga(liquid) = 2GaCl + H2). The generated GaCl associated with N2 was injected

dx.doi.org/10.1016/j.jallcom.2011.02.168
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ig. 1. Schematic diagram of the gases supply system and the gallium boat in the
ertical-tube single-wafer reactor for GaN HVPE.

nto the GaCl delivery tube and the mixed gas was sent to the substrate as the gallium
ource (see Fig. 1 for detail).

The HCl flow rate was set as 50 mL/min into the gallium boat which was heated
o 820 ◦C. The NH3 was at a V/III of 20 for growth of GaN films with a temperature
f 1030 ◦C in the deposition zone. In the initial stage of the HVPE process the HCl
ow rate was lower with a V/III of 80 to limit the growth rate which was beneficial
o the crystal quality. A wide-range variation of GaCl carrier gas flow rates from
.1 L/min to 2.3 L/min, 1.1 L/min, 1.3 L/min, 1.5 L/min, 1.8 L/min and 2.3 L/min, were

mployed in the HVPE growth. The experiments were done at atmospheric pressure.
n this study all the other growth conditions were kept constant and the thickness
f this series of HVPE GaN films was around 20 �m to exclude the influence of these
onditions on the properties of the films.
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ig. 3. Room temperature photoluminescence spectra of GaN films with different GaCl ca
YL) peak at 2.26–2.29 eV (b) and the FWHM of NBE peak in different samples (c) are show
GaCl carrier gas flow (L/min)

Fig. 2. The symmetric (0 0 0 2) and asymmetric (10–12) ω scan FWHM of HVPE GaN
films with different GaCl carrier gas flow rates.

The crystalline quality of the HVPE GaN films was confirmed by high-resolution
X-ray diffraction (HR-XRD, PANalytical X’PERT PRO). The full width at half maxi-
mum (FWHM) of symmetric (0 0 0 2) and asymmetric (10–12) ω scans were detected
to compare the quality of GaN films grown by variation of GaCl carrier gas flow
rates. Optical properties were determined by room temperature photoluminescence
spectra which used a 325 nm He–Cd laser for excitation. Raman spectroscopy was
employed to analyze the residual stress of the samples. The surface morphology of
the grown GaN films was investigated by atomic force microscopy (AFM).
3. Results and discussion

The ω scans peak widths showed the same spread for the films
exhibited a mosaic structure. The mosaic structure is described
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ig. 4. Atomic force microscopy (AFM) images of the HVPE grown GaN films with
.3 L/min (e). The surface roughness (root mean square, RMS) of the HVPE grown Ga

y two crystallographic parameters: the range of tilt between
he sub-grains and their range of twist. The sub-grain boundary
s formed by three types of dislocations in GaN: a-type, c-type
nd a + c-type. Burgers vectors of the three types of dislocations
ere:

�
a = 1/3 < 1 1 2̄ 0 > �bc =< 0 0 0 1 > �ba+c = 1/3 < 1 1 2̄ 3 >

he edge dislocation represented the pure a-type and a compo-
ent of (a + c)-type dislocation, meanwhile, the screw dislocation
eferred to the pure c-type and c component of (a + c)-type dis-
ocations. The FWHM of the symmetric ω scan of a GaN (0 0 0 2)
eflection is often applied to evaluate the tilt between sub-grains
nd the screw dislocation density. The twist of sub-grains, which is
nduced by edge dislocations, was difficult to obtain by direct mea-
urement. The twist was obtained by the FWHM of asymmetric
eflection combined with some mathematical methods, while the

dge dislocation density was reflected by the FWHM of some asym-
etric ω scans, in this study it was (10–12) ω scan [22,23]. Fig. 2

emonstrates the symmetric (0 0 0 2) and asymmetric (10–12) ω
can XRD FWHM of HVPE GaN films with different GaCl carrier
as flow rates. For the (0 0 0 2) reflection the FWHM was small
carrier gas flow rate of 1.1 L/min (a), 1.3 L/min (b), 1.5 L/min (c), 1.8 L/min (d) and
s with different GaCl carrier gas flow rates (f). The measured area was 5 �m × 5 �m.

under the low GaCl carrier gas flow rates (1.1 and 1.3 L/min), while
under high flow rates (1.8 and 2.3 L/min) the FWHM was large.
But for the (10–12) reflection the lowest FWHM corresponded to
1.3 L/min. The FWHM of (0 0 0 2) reflection is often applied to eval-
uate the screw dislocation density and the edge dislocation density
is reflected by the FWHM of (10–12) reflection. The total disloca-
tion density was the sum of screw and edge dislocation densities.
So the 1.3 L/min GaCl carrier gas flow rate sample with low FWHM
of both (0 0 0 2) and (10–12) reflection was demonstrated to have
high crystalline quality and low dislocation density. The low GaCl
carrier gas flow rate increased the concentration of GaCl, so the
growth rate was also increased. In the high GaCl carrier gas flow
condition the concentration of GaCl was low, but the total flow rate
was high for the high gas velocity caused by the high GaCl carrier
gas flow rate, in this case, the growth rate was also high. The total
GaCl gas is almost the same in different GaCl carrier gas flow rate
condition. So the thickness of these GaN film is the same. However,

from our results the low GaCl carrier gas flow rate was beneficial
to enhance the HVPE GaN film quality. The best crystalline quality
GaN film was demonstrated to be grown under the medium GaCl
carrier gas flow rate condition, and in the present configuration the
optimal value was around 1.3 L/min.
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ig. 5. Room temperature Raman spectra of HVPE GaN films grown at different
aCl carrier gas flow rate (a) as well as the residual stress and corresponding wave
umber of the high E2 (high) mode (b).

The optical properties of HVPE GaN films obtained at different
rowth conditions were investigated by room temperature photo-
uminescence (PL) measurements (Fig. 3(a)). Strong near band-edge
mission (NBE) with a peak position of 3.41–3.42 eV (363–364 nm)
as observed from all samples (Fig. 3(b)). The FWHM of NBE peak
as 20–30 meV in each sample. The film grown with 1.5 L/min GaCl

arrier gas had the lowest FWHM of NBE; however in the films with
igher and lower GaCl carrier gas flow rates the FWHM was high
Fig. 3(d)). This showed that the crystalline quality of 1.5 L/min film
as better than the films with higher or lower GaCl carrier gas
ow rates. The lowest NBE peak FWHM value was obtained under
edium GaCl carrier gas flow rate. It was similar to the FWHM

alue of (10–12) asymmetric ω scan peak in HR-XRD results. The
L spectra of GaN films grown with high GaCl carrier gas flow rates
ad a very weak yellow luminescence (YL) peak at 2.26–2.29 eV
Fig. 3(c)). The yellow luminescence is caused by native defects such
s vacancies, anti-sites and interstitials [24,25]. The very weak YL
uggested that there is a low density of point defect in the grown
amples. The results of room temperature PL spectra confirmed that
he crystalline quality was higher in the GaN film under the medium
aCl carrier gas flow rate.

The surface morphology of the grown GaN films with different
rowth conditions was investigated by AFM. The measured sample
rea was 5 �m × 5 �m. The surface morphology of all grown films
howed a clear step flow growth mode (Fig. 4(a)–(e)). The surface
oughness (root mean square, RMS) of the HVPE growth GaN films

ith different GaCl carrier gas flow rates is shown in Fig. 4(f). The

urface RMS of these GaN films was 1.0–2.0 nm. This shows that all
he films had a very flat growth surface.

Raman spectroscopy was employed to analyze the stress condi-
ions of the samples under different growth conditions. The whole

[

[
[
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spectrum measured shown in Fig. 5(a). The E2 (high and low) and
A1 (LO) modes of GaN were detected in all GaN films. A weak peak
of the sapphire substrate was observed at 418–419 cm−1 in each
sample. The E2 (low) mode at 142.7 cm−1 did not shift in the sam-
ples with different GaCl carrier gas flow conditions. It had been
reported that a biaxial stress of one GPa would shift the E2 (high)
Raman mode by 4.2 cm−1 and the wave number of stress-free stan-
dard GaN E2 (high) Raman mode was at 566.2 cm−1 [26]. The stress
condition and corresponding wave number of the HVPE GaN films
are shown in Fig. 5(b). The film grown with 1.3 L/min GaCl carrier
gas flow rate was detected to have the lowest the residual com-
pressive stress 0.36 GPa, which corresponded to the wave number
of E2 Raman mode at 567.7 cm−1. The FWHM and line shape of A1
(LO) mode peak related to the electron concentration and mobility
of GaN according to the theory of phonon–plasmon coupled modes
[27]. Detailed investigation of the A1 (LO) behavior and the electri-
cal properties on the HVPE grown GaN films will be reported in a
future paper.

4. Conclusions

The properties of HVPE GaN films grown under different GaCl
carrier gas flow conditions were studied to obtain optimal condi-
tion for high crystalline quality GaN film. The 1.3 L/min GaCl carrier
gas flow rate sample with low FWHM of both (0 0 0 2) and (10–12)
reflection was demonstrated to have high crystalline quality and
low dislocation density. Room temperature photoluminescence
results showed a strong band-edge emission (NBE) peak with a
FWHM of 20–30 meV which was detected in each sample. GaN films
grown by high GaCl carrier gas flow rate had a very weak yellow
luminescence (YL) peak at 2.26–2.29 eV. The surface morphology
of all films showed a clear step flow growth model in AFM images.
The HVPE GaN films grown with 1.3 L/min GaCl carrier gas flow
rate were found to have the lowest the residual compressive stress
0.36 GPa, which corresponded to the wave number of E2 Raman
mode at 567.7 cm−1. On the basis of the characterization results
obtained, the optimal GaCl carrier gas flow rate for growth of high
crystalline quality films was determined as 1.3 L/min.
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