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The bowing curvature of the free-standing GaN substrate significantly decreased almost linearly from

0.67 to 0.056 m�1 (i.e. the bowing radius increased from 1.5 to 17.8 m) with increase in inductively

coupled plasma (ICP) etching time at the N-polar face, and eventually changed the bowing direction

from convex to concave. Furthermore, the influences of the bowing curvature on the measured full

also deduced, which reduced from 176.8 to 88.8 arcsec with increase in ICP etching time. Decrease in

the nonhomogeneous distribution of threading dislocations and point defects as well as VGa–ON

complex defects on removing the GaN layer from N-polar face, which removed large amount of defects,

was one of the reasons that improved the bowing of the free-standing GaN substrate. Another reason

was the high aspect ratio of needle-like GaN that appeared at the N-polar face after ICP etching, which

released the compressive strain of the free-standing GaN substrate. By doing so, crack-free and

extremely flat free-standing GaN substrates with a bowing radius of 17.8 m could be obtained.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

Currently, III-nitride devices are grown on different substrates,
such as GaN, sapphire, Si, and SiC substrates. The performance of
III-nitride devices grown on sapphire, Si, and SiC substrates is
significantly limited by the structural quality of these materials as
a result of heteroepitaxy [1]. The advantages of using GaN
substrate for homoepitaxy are low dislocation density (at least
two orders lower than other substrates) and thermal expansion
match, which significantly improved the performance and wafer
bow, respectively. Furthermore, vertical devices could be grown
on electrically conductive GaN substrates to reduce current
crowding and self-heating effects of devices. Free-standing GaN
substrates have been widely used in laser diodes (LDs) [2] and
high-power light emitting diodes (LEDs) [3] owing to its low
dislocation density and superior thermal electrical properties.
Currently, free-standing GaN substrates can be successfully
obtained by growing thick GaN film hetero-epitaxially on a
foreign base substrate in hydride vapor phase epitaxy (HVPE), and
subsequently separating from the original substrate using laser
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lift-off (LLO) [4], chemical lift-off [5], and self-separation [6].
However, the free-standing GaN substrates experience a serious
issue of bowing, which makes the chemical mechanical polish
(CMP) processes difficult and complicated. The bowing of free-
standing GaN substrates has been suggested for nonhomogeneous
distribution of threading dislocations and VGa–ON complex
defects in the growth direction, especially exit large amount at
the N-polar face of c-plane free-standing GaN substrates [7,8].
Normally, a 2 in. free-standing GaN substrate with the bowing
radius of 0.6–1.5 m may lead to 500–200 mm height difference
between the center and edge of the free-standing GaN substrate,
which may even be thicker than the GaN substrate itself [9,10].
This height difference of the free-standing GaN substrates owing
to bowing may totally remove the GaN layer around the edge
region, but may not polish the GaN layer around the center region
during the CMP processes. In this study, we used ICP-etched
N-polar face of the free-standing GaN substrate to modulate the
bowing curvatures and directions, and then eventually obtained
an extremely flat free-standing GaN substrate.
2. Experimental procedure

In the experiment, a 3-mm-thick GaN was initially grown on
c-plane sapphire substrate using MOCVD as GaN template.
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Subsequently, we used HVPE to grow 230-mm-thick GaN template
by employing temperature ramping techniques developed in our
earlier study [11]. During the growth of GaN in the HVPE reactor,
NH3 and GaCl generated from liquid gallium and HCl gas at 850 1C
were used as the V and III group sources, respectively. The
pressure was maintained at 700 Torr, and a mixture of H2 and N2

was applied as the carrier gas. Subsequently, the thick GaN film
was separated from the sapphire substrate by LLO with a 355 nm
Nd:YAG laser to make 230-mm-thick crack-free free-standing GaN
substrate. Subsequently, the N-polar face of the free-standing GaN
substrate was etched by ICP with increase in etching time from 7,
21, 35, 49, 63 to 77 min to examine the bowing phenomenon of
the free-standing GaN substrate. In the series of ICP etching
experiments, Cl2 gas of 15 and Ar gas of 5 sccm were constantly
transported into the chamber, while the coil power and platen
power were fixed at 400 and 100 W, respectively.

The bowing radius of the free-standing GaN substrate was
measured at the Ga-polar face using a spherometer. HRXRD was
also applied at the Ga-polar face of the free-standing GaN
substrate to measure the FWHM variation. The (0 0 2) diffraction
peaks in X-ray o-scan were identified using a Bede D1 system
with the slit width of 0.5 mm. Surface morphology of the N-polar
face of the free-standing GaN substrate after ICP etching was
observed by scanning electronic microscope (SEM). Optical
measurements of room-temperature photoluminescence (PL)
Fig. 1. Bowing directions and curvatures of the free-standing GaN substrate with

increase in ICP etching time at the N-polar face.

Fig. 2. (a) HRXRD o-scan in (0 0 2) reflection at the Ga-polar face of the free-standing

free-standing GaN substrate, where br is the broadening owing to the curvature of the c

in XRD measurements. (c) bm values were measured from FWHM of (0 0 2) o-scan an
were also performed at the Ga- and N-polar faces of the free-
standing GaN substrate.
3. Results and discussion

The variations in bowing curvatures and directions of the free-
standing GaN substrate with increase in ICP etching time are
summarized in Fig. 1. The bowing curvature has been defined as
the inverse of the bowing radius obtained by a spherometer.
When the thick GaN film was on the sapphire substrate before
LLO, it bowed in convex direction with large bowing curvature of
3 m�1 owing to the thermal expansion mismatched between GaN
and sapphire. After LLO, the bowing direction remained convex,
but the bowing curvature clearly dropped. The bowing direction
of the free-standing GaN substrate used in this experiment was
different from other reports, including those from LLO [12],
chemical lift-off [13], and self-separation [14]. The discussion on
bowing direction of the free-standing GaN substrate produced by
HVPE will be published elsewhere. We observed that the bowing
curvature was significantly reduced to 0.67 m�1, i.e., less bowing
of the free-standing GaN substrate after LLO, which can be
attributed to the relaxation of the thermal stress that originated
from the sapphire substrate. After the application of ICP etching at
N-polar face of the free-standing GaN substrate for 7 min, the
bowing curvature further decreased to 0.59 m�1 and bowed in
convex direction. With the further increase in the ICP etching time
of up to 63 min, the bowing curvature almost linearly declined
with the same convex bowing direction. The bowing curvature of
the free-standing GaN substrate was only 0.056 m�1, i.e., the
bowing radius was 17.8 m when the ICP etching time reached
63 min. This value of bowing curvature was quite small and
significantly improved when compared with the one before ICP
etching. Moreover, with the further increase in the ICP etching
time to 77 min, the bowing direction of the free-standing GaN
substrate changed from convex to concave with a bowing
curvature of 0.075 m�1. It is interesting to note that the bowing
direction of the free-standing GaN substrate can be varied from
convex to concave. Thus, we can obtain free-standing GaN
substrate without bowing at certain ICP etching time.

To confirm the variation in the bowing curvature of the free-
standing GaN substrate with increase in ICP etching time, the
HRXRD o-scan in (0 0 2) reflection was applied at the Ga-polar
face, as shown in Fig. 2(a). It could be observed that the FWHM
decreased from 176.8 to 88.8 arcsec with increase in ICP etching
time up to 63 min, similar to the trends of the variation in the
bowing curvature. FWHM at the beginning of the ICP etching time
GaN substrate with increase in ICP etching time. (b) Schematic of geometry of the

rystal sample, R the bowing radius of free-standing GaN substrate, w the slit width

d the br values were calculated from Eq. (2) with increase in ICP etching time.



K.M. Chen et al. / Journal of Crystal Growth 312 (2010) 3574–35783576
for 7 and 21 min was not measured here. Furthermore, the FWHM
slightly increased from 88.8 to 95.8 arcsec, along with the bowing
curvature increasing from 0.056 to 0.075 m�1 as the ICP etching
time increased from 63 to 77 min. The reports indicated that the
measured FWHM of (0 0 2) symmetric XRD o-scan was related to
several components, as shown in Eq. (1) presented in Appendix A
[15,16]. As there was no variation in the other components,
except the bowing curvature under the ICP etching at the N-polar
face, we concluded that the decrease in FWHM in XRD measure-
ments was owing to the decrease in the bowing curvature.
Furthermore, we intended to distinguish the effects of br from bm.
The geometry of free-standing GaN substrate is presented in
Fig. 2(b). From the schematic, the formula of br could be derived
from the trigonometric function, and can be given as

cosðbrÞ ¼ ðR
2þR2�w2Þ=ð2RRÞ ð2Þ

The br values calculated from Eq. (2) are summarized in
Table 1 and Fig. 2(c), which show similar trends and decrease in
values with bm and bowing curvature under increasing ICP
etching time. This indicates that the influence of bowing
curvature of the free-standing GaN substrate is obvious and
serious, and the effects of the bowing curvature on the measured
FWHM can simply be calculated using Eq. (2).

Fig. 3 shows the SEM images of the surface morphology at the
N-polar face of the free-standing GaN substrate with different ICP
etching time. From Fig. 3(a), it can be observed that the surface of
N-polar face before ICP etching was flat with a little decomposi-
tion owing to LLO. After ICP etching of the N-polar face for 7 min,
as shown in Fig. 3(b), the needle-like GaN appeared and the
bowing curvature of the free-standing GaN substrate obviously
decreased. With the increase in ICP dry etching time, the height
and density of the needle-like GaN became longer and decreased
separately, along with the continuous decrease in the bowing
curvature of the free-standing GaN substrate, as shown in Fig. 3(c)
and (d). The height and density of the needle-like GaN with
increasing ICP etching time are shown in Fig. 4(a). It can be
observed that the height of the needle-like GaN is linearly
proportional to the ICP dry etching time, and the corresponding
etching rate is around 2000 Å/min. Moreover, it can be noted that
the needle-like GaN has high aspect ratio, because its inclined
plane is unstable and easy to etch owing to larger dangling bonds
(DBs). This results in vertical plane and high aspect ratio of
needle-like GaN with increase in ICP etching time. Furthermore,
we suggest that the decrease in the density of the needle-like GaN
is related to the dislocation density. From Fig. 4(b), it can be noted
that the dislocation density decreases with increase in distance
from the N-polar face [17] owing to the fusion or annihilation
reactions of dislocations. In our study, the density of needle-like
GaN also decreased with increase in ICP etching depth from the N-
polar face, and the slope was almost similar to the dislocation
density. Yu et al. [18] reported that the dislocations tend to have
weaker binding energy and could be easily dissociated by the ICP
Table 1

Summary of bowing radius and curvature, bm calculated from measured FWHM of

(0 0 2) o-scan, and br from Eq. (2) with increase in ICP etching time.

ICP etching

time (min)

Bowing

radius (cm)

Bowing

curvature

(m�1)

bm

(arcsec)

br calculated

from Eq. (2)

(arcsec)

0 148.2 0.675 176.8 69.6

35 266.7 0.375 157.9 38.7

49 444.4 0.225 124.4 23.2

63 1777.8 0.056 88.8 5.8

77 1333.3 0.075 95.8 7.7

Fig. 3. SEM image at N-polar face of the free-standing GaN substrate under ICP

etching time of (a) 0 min (after LLO), (b) 7 min, (c) 35 min, and (d) 77 min.
etching process, leaving behind rigid crystalline GaN region.
Nonhomogeneous distribution of the threading dislocations in the
growth direction causes bowing of the free-standing GaN



Fig. 4. (a) Height and density of the needle-like GaN substrate with increase in ICP

etching time. (b) Density of dislocation [17] and needle-like GaN with increase in

distance from the N-polar face.

Fig. 5. (a) Room-temperature PL measurement at the N-polar face of the free-

standing GaN substrate with increase in ICP etching time. (b) PL spectrum around

NBE at the N-polar face of the free-standing GaN substrate with increase in ICP

etching time.
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substrates [7,8]. Therefore, decrease in the nonhomogeneous
distribution of dislocations on removing the GaN layer from the
N-polar face, which removes a large amount of dislocations, is the
first reason for the improvement in the bowing of the free-
standing GaN substrates by ICP etching. Moreover, the surface
morphology of Ga-polar face remained flat before and after ICP
etching since the ICP etching was applied at N-polar face.

PL measurements were carried out at the N-polar face of the
free-standing GaN substrate with increase in ICP etching time, as
shown in Fig. 5(a). The intensity of the near band edge (NBE) peak
was very weak, but that of the yellow band (YL) peak was strong
after LLO. After ICP etching for 7 min, the intensity of the NBE and
YL remained the same. With the further increase in the ICP
etching time from 21 to 77 min, the intensity of the NBE became
stronger, but that of the YL disappeared. The intensity of the NBE
was found to increase with the increase in the surface roughness,
and change in the surface reflectivity and decrease in the defects
were observed to act as nonradiative recombination centers [19].
Reshchikov and Morkoc- reported that VGa–ON complex defects
increase the YL emission and decrease the density of VGa–ON

complex defects with increasing GaN thickness [20]. Thus, the
stronger intensity of NBE with the ICP etching time exceeding
21 min could be attributed to the increase in roughness and
decrease in nonradioactive defects, like threading dislocation as
mentioned above. Furthermore, the intensity of YL disappeared as
the ICP etching time exceeded 21 min, which could be owing to
the decrease in the VGa–ON complex defects. Thus, decrease in
the nonhomogeneous distribution of the point defects as well as
VGa–ON complex defects on removing the GaN layer from N-polar
face, which removes a large amount of point defects, is the second
reason for the improvement in the bowing of the free-standing
GaN substrates by ICP etching. It must be noted that the NBE and
YL emissions after ICP etching for 7 min were similar to those
after LLO. This is because the etching depth was about 1.5 mm.
This thickness was still low in the MOCVD layer with large
amount of threading dislocation and VGa–ON complex defects,
which resulted only in a slight decrease in the bowing curvature.
Moreover, the PL measurements were also taken at Ga-polar face
before and after ICP etching. The peak position, intensity, and
FWHM of NBE showed no variation since the ICP etching was
applied at N-polar face. Only the intensity of YL got a little large,
which could be resulted from the impurity incorporated into
Ga-polar face during the etching process.

Furthermore, it could be observed that the position of the NBE
peak clearly red-shifted from 363.2 to 367.2 nm with increase in
ICP etching time, as shown in Fig. 5(b). We suggest that the
red-shift of the NBE peak can be attributed to the long and thin
needle-like GaN that appeared at the N-polar face with increase in
ICP etching time. This needle-like GaN released the compressive



Fig. 6. Free-standing GaN substrate (a) before and (b) after ICP etching at the

N-polar face.
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strain at the N-polar face, which subsequently resulted in the
change in the bowing direction from convex to concave. This is
the third reason for the improvement in the bowing of the free-
standing GaN substrates by ICP etching. It must be noted that the
position of the NBE peak varied quite obviously from 363.8 to
365.8 nm as the ICP etching time increased from 7 to 21 min. This
could be a result of the significant variation in the needle-like GaN
density when ICP etching time increased from 7 to 21 min, as
shown in Fig. 4(a).
4. Summary

In conclusion, the 230-mm-thick free-standing GaN substrate
was obtained by HVPE and LLO. The N-polar face of the free-
standing GaN substrate was etched by ICP with increase in
etching time from 7 to 77 min to modulate the bowing curvatures
and directions. The bowing curvature of the free-standing GaN
substrate decreased almost linearly with increase in ICP etching
time, which was only 0.056 m�1, i.e., the bowing radius was
17.8 m when the ICP etching time reached 63 min (the bowing
radius was 1.5 m at the beginning without ICP etching). Moreover,
the bowing direction changed from convex to concave as the ICP
etching time reached 77 min. Furthermore, the measured FWHM
of (0 0 2) symmetric XRD o-scan declined from 176.8 to
88.8 arcsec with increase in ICP etching time, confirming the
decrease in the bowing of the free-standing GaN substrate, and
the effects of the bowing curvature on the measured FWHM were
also deduced. The correlation between bowing of free-standing
GaN substrate and measured FWHM broaden due to bowing could
be calculated by cos(br)¼(R2+R2

�w2)/(2RR). SEM measurements
revealed that the needle-like GaN appeared at the N-polar face
after ICP etching. The height and density of the needle-like GaN
became longer and decreased with increase in ICP etching time,
respectively. This indicates that the decrease in the nonhomoge-
neous distribution of dislocations on removing the GaN layer from
the N-polar face, which removes large amount of dislocations, is
the first reason for the improvement in the bowing of the free-
standing GaN substrates. PL measurements revealed that the
intensity of the NBE became stronger, but that of the YL
disappeared with increase in ICP etching time. This indicates
that the decrease in the nonhomogeneous distribution of the
point defects as well as VGa–ON complex defects on removing the
GaN layer from N-polar face, which removes large amount of
point defects, is the second reason for the improvement in the
bowing of the free-standing GaN substrates. Furthermore, the
position of the NBE peak clearly red-shifted from 363.2 to
367.2 nm with increase in ICP etching time, showing that the
released compressive strain at the N-polar face is the third reason
for the improvement in the bowing of the free-standing GaN
substrates. Finally, we were able to successfully obtain the flat
and crack-free free-standing GaN substrate after ICP etching, as
shown in Fig. 6(b).
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Appendix A

As the rocking curve is Gaussian in shape and by assuming
Gaussian distributions of intensity for rocking curve components,
the measured rocking curve FWHM, bm is given by

b2
m=2p¼ b2

0þb
2
dþb

2
f þb

2
aþb

2
e þb

2
r ð1Þ

where b0 and bd are the intrinsic rocking curve widths for the
specimen and the analyzing crystals, respectively, bf is the
broadening owing to particle size, ba the broadening caused by
the angular rotation at dislocations, be the broadening caused by
the strain surrounding the dislocations, and br the broadening
owing to the curvature of the crystal sample.
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