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Microscopic mapping of strain relaxation in uncoalesced pendeoepitaxial GaN on SiC
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Mapping of the strain distribution in uncoalesced pendeoepitaxial GaN on SiC by spatially resolved micro-
Raman and microphotoluminescence, and lattice constants measured by high-resolution x-ray diffraction pro-
vide a consistent picture of relaxation of inhomogeneous and anisotropic strain. The pendeoepitaxial wings
show a nearly complete strain relaxation and high optical quality with extremely narrow donor bound exciton
peaks. The narrow exciton linewidths result in the determination ofc-axis strain to an accuracy of 631026.
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Pendeoepitaxy is a technique of epitaxial overgrowth t
produces GaN epilayers with low defect densities as an
teresting substrate for optoelectronic devices in the blue
ultraviolet spectral region.1–3 Maskless pendeoepitaxial Ga
samples consist of alternating regions of GaN stripes, gro
on the substrate, and free-hanging GaN wings, which g
laterally from the sides of the stripes but make no cont
with the substrate or to a mask. Strain induced by latt
mismatch, dislocations, and disparate thermal expansion
efficients between GaN and the substrate therefore is
pected to be greatly reduced in the free-hanging wing
gions. To characterize the different properties of wing a
stripe regions and study the microscopic origin of strain, s
tially resolved experiments are needed. Microphotolumin
cence~m-PL!, cathodoluminescence~CL!, and micro-Raman
~m-Raman! have previously been used to study inhomog
neous strain and free-carrier distribution in epitaxial latera
overgrown~ELOG! GaN.3,4 We usem-Raman andm-PL to
create images that map strain by tracking frequency shift
the E2 ~high! phonon mode and free or bound exciton lin
in uncoalesced pendeoepitaxial GaN on SiC. With diffract
limited spatial resolution of 0.7mm for m-Raman and 0.4
mm for m-PL,5 we measure a relaxation of strain from stri
to wings as well as the homogeneity of strain within t
wings. Absolute lattice constants were measured separa
for the stripe and wing regions by high-resolution x-ray d
fraction ~HRXRD!. A comparison of these experiments pr
vides a consistent picture of strain relaxation mechanis
We demonstrate that the wings consist of domains of ho
geneous strain with characteristic lengths of 2–5mm. These
domains show neutral donor bound exciton (D0X) peaks
with linewidths smaller than 0.3 meV and presumably ha
low defect densities.

Our data are acquired using a scanning confocal UV
croscope with 1003 magnification. All measurements ar
performed at low temperature (T58 K) with the sample
mounted on a coldfinger inside a liquid-helium, continuou
flow Janis microscope cryostat. The 325-nm line of a He-
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laser is used for PL excitation while the 488-nm line from
argon-ion laser is used as the Raman pump. We both ex
and collect through a 0.75-NA, 633 Zeiss microscope objec
tive that corrects for the spherical aberration encounte
when passing through a quartz window above the sam
Collected emission is focused through a 40-mm pinhole, de-
fining our spatial resolution, and dispersed with a 240
lines/mm grating by a 1-m monochromator. The spectra
detected with a liquid-nitrogen-cooled charge-coupled dev
~CCD! camera.

A cross section of the uncoalesced pendeoepitaxial st
ture is shown in Fig. 1. Stripes oriented along the@11̄00#
direction were etched from a 1-mm GaN epilayer grown by
metalorganic vapor phase epitaxy~MOVPE! on 6H SiC
~0001! using a 0.1-mm AlN buffer layer. In a second growth
step the wing-stripe-wing structure is formed. Details of t
growth process can be found elsewhere.6 In this work, the
x-y plane is defined to be parallel to the sample surface w
thex axis directed perpendicular to the stripe orientation~and
parallel to the lateral direction of growth!.

The position of the nonpolarE2 ~high! phonon mode is a
sensitive indicator for strain.8 Figure 2~a! shows a map of the
Raman frequency of theE2 ~high! phonon in a density plot.
Raman measurements were carried out at low tempera
(T58 K) in backscattering geometry. LowerE2 ~high! pho-
non frequencies~dark areas! correspond to high tensile strai

FIG. 1. Scanning electron microscopy cross-sectional image
uncoalesced pendeoepitaxy GaN. The white rectangle marks
original GaN stripe before the overgrowth process.
©2003 The American Physical Society21-1
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in thex-y plane in the stripe regions, induced by the 6H S
substrate. In the wing regions, relaxation of this strain cau
an upshift of theE2 ~high! frequency~bright areas!.

Figure 2~b! shows the frequency of theE2 ~high! Raman
mode as a function of position along a line in thex direction.
The absolute frequencies measured in the wing regions a
with those listed in Ref. 7 for relaxed GaN. For a quantitat
evaluation and comparison with HRXRD results we use
linear relation for strain along thec axis «c5Dc/c53.8
31024 cm DV, where theE2 ~high! mode shift DV is
caused by biaxial strain in thex-y plane.8 The strain in the
stripe, relative to the wing, is«c52(1.760.5)31024. The
typical linewidth of theE2 ~high! mode is 3 cm21, and our
smallest detectable frequency shift is 0.2 cm21 correspond-
ing to a strain ofec5731025. This is too large to resolve
strain variations within the wings.

In HRXRD, the reciprocal space maps around the G
~002! reflection recorded with the diffraction plane perpe
dicular to the stripe direction allow one to measure latt
constants of the stripe and wings~see Table I!. The compres-
sive strain along thec axis,«c52(1.660.2)31024, calcu-

FIG. 2. ~a! Gray scale density plan-view maps of the Ram
frequency shift of theE2 ~high! phonon. Dark areas correspond
low frequency and high tensile strain in thec plane. Wing and stripe
regions in this top view are marked in accordance with the s
view in Fig. 1.~b! Frequency of theE2 ~high! phonon along a line
in x direction perpendicular to the stripes.

TABLE I. Lattice parameters measured by HRXRD at roo
temperature. The strain was calculated from the lattice constan
ec5(cstripe2cwing)/cwing .

c ~wing! @Å# 5.1885960.00005
c ~stripe! @Å# 5.1877560.00006
ec ~HRXRD! 2(1.660.2)31024

ec ~Raman! 2(1.760.5)31024

ec ~PL! 2331024
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lated from these lattice constants is consistent with the str
«c52(1.760.5)31024, derived from them-Raman mea-
surement.

Figure 3 shows near band-edge photoluminescence s
tra. The power density of the laser excitation is appro
mately 10 W/cm2. The two spectra in Fig. 3~a! were taken in
the wing region at two distinct locations. The most prom
nent feature is theD0X line at ;3.466 eV. The extremely
narrowD0X linewidth of less than 0.3 meV is in the range
the lowest values reported for homoepitaxial GaN.9,10 The
two other prominent features are the neutral acceptor bo
exciton (A0X) at ;3.461 eV and the freeA exciton (FEA) at
;3.472 eV.

The narrow linewidth of theD0X peak makes it possible
to detect peak spectral shifts down to 0.1 meV. Using a lin
relation «c5(5966)31026 meV21 DE for the D0X peak
shift by biaxial strain,8 this corresponds to a detectable stra
«c5631026. This is an order of magnitude increase in se
sitivity compared to the Raman method. In Fig. 3~a!, all fea-
tures in the two spectra are shifted against each other by
meV. The strain associated with this shift is«c51.8
31025.

The two PL spectra in Fig. 3~b! were averaged over 1.5
318mm2 and 6318mm2 in the stripe and wing regions
respectively. TheD0X peak in the wing region is slightly
broadened because regions of different strain are probed.

e

FIG. 3. ~a! m-PL spectra at two spots in the wing region
uncoalesced pendeoepitaxial GaN.~b! PL spectra integrated ove
1.5318mm2 in the stripe and 6318mm2 in the wing regions,
respectively. Broadening and downshift is due to inhomogene
strain.A0X, D0X, and FEA refer to neutral acceptor bound, neutr
donor bound, and freeA excitonic transitions, respectively.
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D0X and FEA features in the stripe spectra are downshif
by approximately 5 meV and extremely broadened relative
the wing spectral features. This large downshift correspo
to a compressive strain along thec axis of «c52331024,
which is a factor of 2 different than ourm-Raman results. We
comment on this difference in the following paragraph. T
observed broadening of theD0X line indicates inhomoge
neous strain in the stripe that is most likely related to
high density of threading dislocations in this region.1

The picture of biaxial tensile strain in thex-y plane, which
is induced by the SiC substrate in the stripe and is relaxe
the wings, might be too simple. The wings can relieve str
predominantly in thex-axis direction perpendicular to th
stripes. In contrast, the strain cannot relax in they-axis di-
rection because the GaN is a compact film along the stri
We have observed this anisotropic strain relaxation
HRXRD in all pendeoepitaxial GaN on SiC. It would call fo
a treatment of strain-inducedE2 ~high! andD0X shifts in a
deformation potential model.11 However, the error margins
of the indicated potential constants are too large for a me
ingful distinction of the uniaxial and biaxiala-axis strain
from Raman and PL shifts. We attribute the different ab
lute values of«c measured bym-PL, m-Raman, and HRXRD
partially to this anisotropic strain. As a further complicatio
different concentrations of point defects in the stripe a
wings caused by the growth process can contribute inho
geneous tensile hydrostatic strain.8 Moreover, it should be
emphasized thatm-Raman probes the entire GaN film thic
ness whereasm-PL is sensitive only to the material near th
surface. Therefore another cause for the different value
«c can be an inhomogeneous strain in thez direction~c axis!.
The larger value«c52331024 measured bym-PL indi-
cates a larger biaxial tensile strain in thex-y plane near the
surface of the stripe.

Figure 4 shows monochromatic maps of the relative p
toluminescence intensity at different energies for unc
lesced pendeoepitaxial GaN. All four maps stem from o
18318mm2 scan, where an entire PL spectrum was c
lected at each point in the scan. As is shown in Fig. 4~a!, the
stripe is brightest at low energies due to the broad spec
hump around 3.462 eV@see spectrum in Fig. 3~b!#. Figures
4~b!–~d! show intensity distributions at energies of 3.465
3.4664, and 3.4676 eV, respectively. Each of these ener
corresponds to the center frequency of theD0X transition in
three separate regions of different strain. It should be no
that Figs. 4~a!–~d! have different gray scales. Discrete d
mains of uniformD0X energy are visible in Figs. 4~b!–~d!.
These domains have characteristic lengths of 2–5mm and
are limited to the wing regions. It is important to note th
theD0X energy changes abruptly, i.e., it is constant for a f
micrometers and then changes over a distance comparab
the optical resolution of our instrumental setup which is 0
mm. The energy differenceDE51.2 meV between Figs. 4~b!
and~c! and 4~c! and~d! corresponds to a strain difference
small as«c57.131025.

As seen in Fig. 4, the domains in the PL maps exh
D0X energy constant to better than 0.3 meV. We believe
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indicates domains of uniform strain. This observation is co
sistent with the generation of strain and accumulation
threading dislocations at grain boundaries by island coa
cence, which has been demonstrated for GaN films
sapphire.12

In summary, the high sensitivity and spatial resolution
m-PL allows the mapping of residual strain in the nea
relaxed wing regions.m-Raman,m-PL, and HRXRD mea-
surements consistently show the relaxation of strain fr
stripe to wings. Differences in the absolute values of m
sured strain for the different experiments were attributed
an inhomogeneous and anisotropic relaxation of stra
which was discussed in terms of the geometry of
pedeoepitaxial structure and possible hydrostatic st
caused by point defects. Our experiments show t
m-Raman allows for measurements in highly inhomog
neously strained material.m-PL on the other hand is sensitiv
enough to reveal domains of homogeneous strain within
wings. The linewidth of theD0X was smaller than 0.3 meV
in the wing region, demonstrating the potential of pendeoe
taxy to produce high quality GaN.

The work at Yale is supported by the Office of Nav
Research MURI on Polarization Electronics Contract N
N00014-96-1-1179, under the direction of Dr. Colin E.
Wood.

FIG. 4. Gray scale density plan-view maps of the PL intens
over an energy range of 0.4 meV at the indicated energies. Eac
the indicated energies corresponds to the center frequency o
D0X transition in four separate regions of different strain. The l
ear grayscales for~a!–~d! are as follows:~a! black50.2 l 0 , white
5 l 0 ; ~b! black50.5 l 0 , white57.6 l 0 ; ~c! black50.7 l 0 , white
511.9l 0 ; ~d! black50.4 l 0 , white53.5 l 0 wherel 05maximum in-
tensity in ~a!.
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