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a b s t r a c t

�-Raman and �-photoluminescence methods have been employed to investigate microscopic spatial
stress distribution and optical properties of GaN films grown on the convex shape-patterned sapphire
substrate (CSPSS). By comparison of the �-Raman and �-PL spectra, we found that significantly large
difference, ��xx ∼0.46 GPa, in biaxial compressive stress between the flat trench and convex regions
in the side facet of the GaN film, around ∼2 �m below the surface whereas on the GaN surface, little
difference with large residual stress was observed in both regions compared to those from the side facet.
Temperature dependent and time-resolved photoluminescence spectra have shown that the GaN film
grown on the CSPSS has improved crystal purity through the reduction of intrinsic point defects.

© 2010 Elsevier B.V. All rights reserved.
1.15.Gh

eywords:
aN
etalorganic chemical vapor deposition

onvex-shaped patterned sapphire

icro-Raman scattering
icro-photoluminescence

. Introduction

Gallium nitride (GaN) is one of the promising materials used
n optoelectronic devices such as visible/ultra-violet light emitting
iodes (LEDs) [1,2]. In the pursuit of the GaN growth with improved
tructural and optical properties, the use of the patterned sapphire
ubstrate (PSS) technique has been shown to be effective in reduc-
ng the defect density in the GaN layer [3,4]. Further, it is well
nown that this method can efficiently extract the light trapped
r/and wave-guided in GaN-based LED epistructures by total inter-

al reflection. Although, there have been much research on the
uperior properties of the GaN films grown with a PSS method,
ost have focused mainly on the characteristics of the GaN films

rown on conventional PSS which has an abrupt or inclined surface

∗ Corresponding author at: Department of Nano Semiconductor & Display, Semi-
onductor Physics Research Center, Chonbuk National University, Jeonju 561-756,
epublic of Korea. Tel.: +82 63 270 3606; fax: +82 63 270 3585.
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925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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shape [3–5] because of the difficulty in fabricating a curved facet
of sapphire which has been widely used as a substrate. Recently,
InGaN/GaN-based LEDs fabrication and GaN epi-growth on the PSS
with curved facets such as a microlens or hemispherical shape have
been reported [6–8], but detailed optical studies on the GaN film
grown on the PSS with a curved surface shape are only few until
now. From the use of the PSS with a curved shape, we can expect
that the properties of a GaN film are different in view of lumines-
cence behavior and local stress distribution compared to that of the
reference GaN film grown on a conventional patterned sapphire.

In this work, the GaN films have been grown on the convex
shape-patterned sapphire substrate (CSPSS) by using metalorganic
chemical vapor deposition (MOCVD). To study the microscopic spa-
tial stress distribution and luminescence properties of the GaN
films grown on CSPSS, micro-Raman (�-Raman) spectroscopy and

micro-photoluminescence (�-PL) measurements were carried out,
and macroscopic optical properties of the GaN films grown on con-
ventional sapphire and CSPSS were characterized by temperature
dependent photoluminescence (TDPL) and time-resolved photolu-
minescence (TRPL), respectively.

dx.doi.org/10.1016/j.jallcom.2010.11.166
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:eksuh@chonbuk.ac.kr
dx.doi.org/10.1016/j.jallcom.2010.11.166
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ig. 1. Schematic view of the GaN film grown on a CSPSS and the corresponding
-Raman configuration. Arrowed dots indicate the measured position, where the
aman spectra were recorded.

. Experimental procedure

The GaN films were grown on a c-axis oriented CSPSS by MOCVD. For compar-
son, a reference GaN film was grown on flat sapphire substrate. The CSPSS was
repared by the thermal photo-resist (PR) reflow [9] and dry etching method. It
evealed that the patterned sapphire had the appearance of a hemispherical shape
rray with a smoothly curved surface. Prior to the loading into the MOCVD reac-
or, the CSPSS was treated by a chemical cleaning process consisting of rinsing in
eionized water for 5 min and isopropyl alcohol at 50 ◦C for 1 min, and drying by
itrogen. During the MOCVD growth, trimethylgallium (TMGa) and ammonia (NH3)
ave been used as the precursor materials of Ga and N, respectively, and hydrogen
s a carrier gas. The GaN film has been grown on CSPSS using a conventional two-
tep growth method with a low temperature (LT) GaN buffer layer; the LT buffer
ayer was grown at a temperature of 535 ◦C for 205 s and the growth of the GaN film

as followed at 1050 ◦C for 90 min. The thickness of the GaN film was estimated
o be ∼3.5 �m. The �-Raman scattering, which is sensitive to microscopic struc-
ural disorder and internal stress, was performed at room temperature. The GaN
lms were excited both parallel and perpendicular to the sample surface depending
n the scattering geometry using a 632.8 nm He–Ne laser. The scattered light was
etected in backscattering geometry which correspond to either z(x,u)z, or x(y,y)x
onfigurations. The schematic epistructure of the GaN on CSPSS and corresponding
aman scattering configuration is shown in Fig. 1. The z-direction in the scattering
onfiguration was chosen along the c-axis of the GaN film. The dark dots indicate the
ositions where Raman spectra were recorded. The �-Raman spectra were excited
rom two different positions on the top surface and on the side facet located ∼2 �m
elow the GaN surface of the convex and flat trench regions, respectively, as marked
ith dots in Fig. 1. In �-PL measurement, a continuous wave beam from a 355 nm

f diode laser was used as an excitation source. The spatial resolution in the �-PL
as estimated to be sub-micron size. For the TDPL, GaN samples were placed in a

losed cycle He cryostat with temperature range from 11 to 250 K and excited with
he 325 nm line of a He–Cd laser. The TRPL measurements were carried out using
tunable femto-second (fs) pulsed laser system consisting of a second-harmonic

eneration of Ti:sapphire laser and a streak camera for detection. The pulse width
nd repetition rate were 100 fs and 76 MHz, respectively.

. Results and discussion

Fig. 2 shows typical �-Raman spectra of the GaN film grown
n CSPSS and reference GaN film, recorded from both the top sur-
ace and side facet. There are three major peaks associated with
he E2 (high), A1 (LO) and A1 (TO) modes. All observed modes of
he GaN are consistent with the selection rules in the z(x,u)z and
(y,y)x configurations. In �-Raman spectra from the side facet of the
aN film under the x(y,y)x geometry, relatively intense E2 (high)
nd A1 (TO) peaks were observed from the trench region compared
o those from the convex region and from the reference sample.
he full width at half maximum (FWHM) value of the E2 (high)
eaks determined by a Lorentzian function fitting were estimated
o be 3.5, 3.75 and 3.64 cm−1 for trench, convex regions and refer-

nce GaN, respectively implying an improvement in the crystalline
uality in the trench region. Also, we observed a non-Gaussian A1
LO) peak near 735.3 cm−1, which may be the result of uninten-
ional n-type doping of the GaN film. In x(y,y)x configuration, the
requencies of the E2 (high) mode, which was used for stress calibra-
Fig. 2. �-Raman spectra of the GaN film on CSPSS and reference recorded from
the top surface and side facet of the convex and trench regions under different
scattering geometry. The dashed line indicates a guide for the eyes for observing the
peak position of the E2 (high) phonon mode.

tion, were found to be 569.9 (convex region), 568.9 (trench region),
and 570.4 cm−1 (reference GaN). Compared with a standard fre-
quency value 567.6 cm−1 of the unstrained bulk GaN film for an E2
(high) mode [10], we found that a higher degree of stress relief was
achieved in the GaN film on the trench region than that on the con-
vex region of the CSPSS. In the case of the Raman spectra recorded
from the surface under a z(x,u)z scattering configuration, the E2
(high) modes recorded from a reference GaN film were shifted
towards the lower frequency from 570.4 to 569.2 cm−1, indicating
compressive-strain relaxation during the typical MOCVD growth.
In contrast, the E2 (high) peaks from the surface of both the con-
vex and flat trench regions appeared at higher frequencies than
those of peaks obtained from the side facet, implying the presence
of significant residual stress at the surface of the GaN film.

The frequency shift (�ω) in the E2 (high) mode by the com-
pressive strain can be expressed as �ω (cm−1) = K�xx where K
represents the linear stress coefficient (cm−1/GPa). We determined
the compressive stress (�xx) by adopting the theoretical value
(2.56 cm−1/GPa) for the stress coefficient given by Wagner and
Bechstedt [11]. For the GaN film grown on a CSPSS, the variations of
the biaxial compressive stress estimated from the frequency shift
of E2 (high) mode recorded from the top surface and from the side
facet at 2 �m below the top surface are displayed as a function of
position in Fig. 3. The scale of the scanning electron microscopy

(SEM) image is identical to that marked on horizontal distance-
axis. As mentioned earlier, higher degree of stress relief occurred
inside GaN layer grown above the trench region; the average stress
values at ∼2 �m below the top surface of the GaN film were evalu-
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ig. 3. Subsequent variation of biaxial compressive stress recorded at the top surface
filled circle) and side facet (filled triangle) of the GaN film grown on CSPSS. The scale
f SEM image is identical to the scale of the x-axis.

ted to be 0.457 GPa above the trench region and 0.917 GPa above
he convex region. A difference in compressive biaxial stress of

�xx ∼ 0.46 GPa observed between trench and convex regions. In
ur previous works [7], we observed strong cathodluminescence
rom trench regions and these results were attributed to the full
oalescence by the lateral growth behavior on trench regions of
SPSS. Further, the results reported by Shin et al. have shown that
he GaN buffer layer was not formed on convex shapes but only
ver the flat sapphire region, i.e., flat trench region [12]. On the
ther hand, a high defect density has been persisted in the GaN
rown on the convex region. Consequently, a large residual stress
n the GaN film remained over the convex regions because of the
arge lattice mismatch between the GaN and sapphire substrate.
herefore, relatively small FWHM and stress relief from the GaN
ide facet at the convex regions can be directly associated not only
ith stress relaxation by lateral growth behaviors on the trench

egion but also to the absence of the GaN buffer layer. From the
aman spectra recorded in z(x,−)z geometry, the average biaxial
tresses were estimated to be 0.979 and 0.984 GPa on the trench
nd convex regions, respectively. The stress degree at the surface
f the GaN film grown on CSPSS was higher than that evaluated at
�m below the surface measured from the side facet of the GaN
lm. Further, there is little stress difference between both regions.
oncerning the residual stress, this stress distribution differs from
hose reported previously, in which the relaxation of residual stress
ccurred as the coherent growth progresses [13,14]. This result
s contributed to the thermal effect. Thermal compressive stress
erpendicular to the c-axis is inevitably built in the film during a
ooling step from GaN growth temperature due to large thermal
ismatch. Such thermal stress causes large strain in the GaN film,

specially near the GaN surface. In the case of a reference GaN,
n contrast, the stress relief has appeared with coherent growth
rogresses as shown in �-Raman spectra. It may result in com-
ensation of thermal stress by relatively high dislocation density
ompared to that of the GaN film on CSPSS since dislocations have
een known to relax stress.

Depending on the variation of internal residual stress, the micro-
copic luminescence properties of the GaN film were characterized

y using �-PL measurement. Fig. 4(a) denotes the room tempera-
ure �-PL spectra measured from the side facet at the same point
he Raman spectra were taken as shown in Fig. 1. The intensity of
he near-band-edge (NBE) luminescence for the GaN grown on the
Fig. 4. �-PL spectra of GaN films recorded at (a) the side facet of (b) the surface of
the trench and convex regions.

trench region becomes stronger, by a factor of more than three,
compared to that attained from the GaN grown above the con-
vex region. It is well known that the NBE intensity is sensitive to
defect density [15]. Hence, such a difference in the PL intensity
between the trench and convex regions signifies a considerable
decrease of the defect density. Furthermore, the PL spectra show
local variations in the spectral peak position as well as in the lumi-
nescence intensity. The NBE luminescence from the trench region
was red-shifted by 9.7 meV with respect to that obtained from the
GaN film above the convex region. This value is in agreement with
that expected from the biaxial compressive stress dependent shift,
23 meV/GPa, of the NBE luminescence peak position at room tem-
perature [16], considering the difference in the stress degree at the
points of interest on side facet of the trench and convex-shaped
regions was measured to be 0.46 GPa, on average. Therefore, we
can attribute this red-shift to the efficient relaxation of the resid-
ual compressive strain in the GaN grown at the trench region.
Fig. 4(b) shows �-PL spectra from the surface of the convex and
trench regions of the GaN film. An increase in the NBE intensity
was observed from the trench region. Also, the NBE peak positions
are almost same, implying little difference of residual stress at the
surface of trench and convex regions. This is in good agreement
with surface stress distribution in �-Raman results.

Macroscopic optical properties of the GaN film grown on the
CSPSS were studied by photoluminescence (PL) spectra in the tem-
perature ranged from 11 to 300 K, using a 325 nm line of a He–Cd
laser. Fig. 5 illustrates typical PL spectra obtained from the GaN
surface as a function of temperature. At low temperature, a neutral
donor-bound exciton (D0X), free excitons A and B (FXA and FXB) and
a phonon replica (1-LO) are clearly distinguishable. These assign-
ments have been confirmed by the evolution of the TDPL including
the peak positions, quenching and the separations between the
peaks. From the PL spectrum measured at 11 K, peak positions of the
D0X, FX and FX excitons for the GaN film grown on CSPSS were

found to be 3.483, 3.489 and 3.498 eV, respectively. With increasing
temperature, the PL spectra are dominated by the FXA peak. Gener-
ally, misfit strain can generate extended defect structures such as
threading dislocations (TDs), stacking faults and point defects, and
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ig. 5. TDPL spectra of (a) a reference GaN film and (b) the GaN film grown on a
SPSS. The dashed lines show the evolution of the FXA peaks depending on temper-
ture.

hus, exert profound effects on the optical properties of the GaN
lm including the bandgap energy. In our case, the excitonic peaks
t 11 K have been shifted by ∼6 ± 2 meV towards higher energies
ompared to the peak positions in the reference GaN film [Fig. 5(b)].
rom the strong dependency of the bandgap energy on the strain
resent in a GaN film, these results correspond to a higher compres-
ive stress at the surface of the GaN film grown on CSPSS as shown
n Fig. 3. Compared to a reference GaN, other feature appearing in
he TDPL spectra is the relatively intense FXA peak of the GaN film
ith respect to the D0X peak. In general, a bound exciton is known

s an excited multiparticle state of a defect and especially, the D0X
xciton is believed to be related to an unidentified residual shallow
onor associated with the presence of a vacancy as intrinsic point
efects in the GaN film [17]. The dominant free exciton peaks may
e evidence that the density of point defects in the GaN film grown
n CSPSS is very low.

In order to further investigate this result, we carried out TRPL
easurement. Fig. 6 shows the room temperature TRPL decay pro-

les of GaN films grown on a CSPSS and a reference GaN. The decay
urves of the TRPL spectra are not of a single exponential form,
ut can be approximated by a superposition of two exponential
ecays with different relaxation time, �1 and �2. In general, the
ast decay component �1 most probably represents the effective
on-radiative recombination at room temperature while the slow
ecay component �2 is attributed to the radiative lifetime of the
ree exciton. The decay curves for GaN samples were fitted by a
ouble-exponential decay function [I(t) = A exp (−t/� ) + A exp
1 1 2
−t/�2)], and then the decay times, �1 and �1, were obtained by
he optimized fitting. The measured decay times for the GaN films
rown on the CSPSS were calculated to be �1 = 65 and �2 = 630 ps,
espectively. It is notable that these decay times are longer than
Fig. 6. Time-resolved decay profiles for centered PL emission of the GaN film grown
on CSPSS and a reference GaN at room temperature, respectively.

those from a reference GaN, i.e., �1 = 45 and �2 = 500 ps. The rela-
tively short decay time might be interpreted as evidence for a strong
excitation transfer process to nonradiative recombination channels
such as the dislocations, point defects and their complexes. Among
these nonradiative defects, point defects which is main point defect
with typical concentration of 1017 cm−3 have been considered to
be limiting factors of PL emission efficiency rather than disloca-
tions at room temperature because very short diffusion length of
carriers in GaN prevents most of carriers from being captured into
dislocations [18,19]. They can be mainly accumulated and linearly
arranged around dislocations due to the stress field produced by
edge-typed TDs [20]. Compared with a reference GaN film, thus
longer decay times in GaN film grown on a CSPSS is attributed to
the decrease of native point defects such as Ga and N vacancies.
This might be responsible for the decrease of edge TDs, acting as
traps for intrinsic point defects. The presence of the more domi-
nant FXA peak rather than the D0X peak in the TDPL from the GaN
film grown on a CSPSS, and the decrease of TDs at trench regions
by lateral growth behavior and residual strain relief support well
these TRPL results.

4. Summary

GaN films grown on a CSPSS were examined by �-Raman spec-
troscopy and PL. We found that a difference in compressive biaxial
stress of ��xx ∼ 0.46 GPa between the trench and convex-shaped
regions in the side facet can be attributed to the absence of the GaN
buffer layer at the curved facet of the convex regions as well as lat-
eral growth behavior on trench region. On the surface, in contrast,
the significant residual stress revealed in both regions. The effect of
thermal expansion might lead to the large stress near GaN surface.
Also, the results from TDPL and TRPL have shown that the GaN film
on a CSPSS has improved crystal purity via the reduction of native
point defects compared to that of a reference GaN.
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