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Strain and crystallographic tilt in uncoalesced GaN layers grown
by maskless pendeoepitaxy

S. Einfeldt,a) A. M. Roskowski, E. A. Preble, and R. F. Davis
Department of Materials Science and Engineering, North Carolina State University, Box 7919,
Raleigh, North Carolina 27695

~Received 1 October 2001; accepted for publication 30 November 2001!

The strain in thin GaN layers grown by maskless pendeoepitaxy has been investigated using
high-resolution x-ray diffraction and finite-element simulations. The crystallographic tilt of the
free-hanging wings was determined to result from the strain relaxation of the seed stripes along
@0001#. The impact of the dimensions of the pendeostructure and of the formation of crystal defects
on the expected wing tilt is discussed. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1448145#
o
ice

ys
as
n
.
e

d
d

sk
d
o
m

ut
e
hi

t
th
s
he

s

d
os

pe

th

nd
g

d

the

N
n-
n-
nter
uter
tion
-
e
r-
as
to
un-
ers

r

e
f

ted

on-
cu-
on
re

is
tly
lu-

yer
Lateral epitaxial overgrowth~LEO! and pendeoepitaxy
have been shown to significantly reduce the density
threading dislocations in GaN layers grown on highly latt
mismatched substrates such as sapphire or SiC.1–3 The later-
ally growing wing regions of these structures are often cr
tallographically tilted relative to the seed region. For the c
of LEO, this has been attributed to threading dislocatio
which form a grain boundary along the edge of the mask4,5

Several groups have also investigated maskless pendeo
axy in which the growth starts from the$112̄0% sidewalls
and the~0001! surface of unmasked GaN stripes.6,7 Strain
and tilt in these structures have not yet been investigate
detail. However, maskless materials are assumed to be
ferent compared to either LEO or pendeoepitaxy with ma
on the stripes, since any interactions between a mask an
GaN wings as a result of differences in the coefficients
thermal expansion, adhesion or the cross diffusion of ato
are excluded. Recent temperature-dependent high resol
x-ray diffraction~HRXRD! experiments have shown that th
wing tilt in maskless pendeoepitaxy samples grown in t
research is primarily thermally induced,8 which is opposite to
the findings for LEO.9 Using HRXRD and finite-elemen
~FE! simulations, we have determined in this study that
wing tilt in uncoalesced GaN layers grown by maskle
pendeoepitaxy results mainly from the relaxation of t
strain in the GaN seed stripes.

GaN stripes along@11̄00# having a rectangular cros
section were etched from 1mm thick GaN layers grown by
metalorganic vapor phase epitaxy on 0.1mm thick AlN
buffer layers previously deposited on 6H–SiC~0001! sub-
strates. The subsequent overgrowth process was stoppe
fore the wings coalesced into a layer. A representative cr
sectional scanning electron microscopy~SEM! micrograph
of the resulting structure is shown in Fig. 1. The initial stri
widths s were in the range from 3.1 to 4.8mm. Due to
variations in the overgrowth conditions, the final wing wid
w and the final stripe heighth varied for the investigated
samples within the ranges 0.6–3.6 and 0.9–3.0mm, respec-
tively. Details of the growth process can be fou
elsewhere.10 HRXRD measurements were performed usin
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Philips X’Pert MRD diffractometer equipped with a fourfol
Ge~220! monochromator and a threefold Ge~220! analyzer.
Two-dimensional FE simulations were conducted using
softwareFElt version 3.05.11

A typical HRXRD reciprocal space map of the Ga
~0002! reflection recorded with the diffraction plane perpe
dicular to the stripe direction is shown in Fig. 2. The inte
sity distribution contains three separate peaks. The ce
peak can be attributed to the stripe region and the two o
ones to the left and right wings, respectively. The separa
of the peaks along theqx-axis corresponds to different ori
entations of thec-axis of the three regions, i.e., it is th
manifestation of the wing tilt. It should be noted that a co
responding tilt was not observed if the diffraction plane w
parallel to the stripes. The tilt angles of the wings relative
the stripes are in the range 0.05°– 0.17° for the samples
der investigation. These values are smaller than numb
typically reported for thin layers grown by LEO o
pendeoepitaxy involving the use of a SiO2 mask which are
on the order of 1°.4,12,13 The peak separation along th
qz-axis in Fig. 2 reveals that thec-axis lattice parameter o
the wing regions is larger than that of the stripe region.

The wing tilt appears to be strain induced, as indica
by the results presented in Fig. 3. Thec-axis lattice param-
eter of the stripes decreases with increasing wing tilt. In c
trast, thea-axis lattice parameters of the stripes perpendi
lar to the stripe direction do not exhibit any clear correlati
to the wing tilt, the data of which are not shown here. Figu
3 also shows that thec-axis lattice parameter of the wings
always larger than that of the stripes. Moreover, it sligh
decreases with increasing wing width. The primary conc

FIG. 1. Cross-sectional SEM micrograph of an uncoalesced GaN la
grown by maskless pendeoepitaxy.
© 2002 American Institute of Physics
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sion from these data is that the tilt of the wings is caused
the relaxation of the compressive strain along thez-axis in
the stripes, and it is not affected by the strain along
x-axis.

Two-dimensional FE simulations of the strain distrib
tion in pendeostructures have been performed to clarify
origin of the wing tilt. The model corresponded to the geo
etry shown previously in Fig. 1. The thin AlN nucleatio
layer between the GaN and the SiC is omitted for simplic
The thickness and the width of the SiC substrate were se
5 and 12mm, respectively, which was tested to be suf
ciently large for an accuracy of62% of the stresses in th
GaN. The sidewalls and the bottom surface of the SiC w
fixed against displacements along the thex- andz-axes, re-
spectively. The strain was assumed to be induced du
cooling of the structure from the growth temperature to ro
temperature by the mismatch in thermal expansion coe
cients between GaN and SiC. Using the parameters liste
Table I and assuming a cool-down ofDT51000 K, the mis-
match along thea-axis between GaN and SiC was calculat
to be f x5(aGaN2aSiC)DT51.131023.

Figure 4 shows calculated strain profiles and displa
ments for a selected set of sample dimensions. The stripe

FIG. 2. HRXRD reciprocal space map of the GaN~0002! reflection.

FIG. 3. Lattice parametersc for the stripes~filled circles! and wings~open
circles! of different samples vs the wing tilt and wing width, respective
The dotted lines are guides to the eye.
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partially relaxed, as the strainexx in this region is consider-
ably smaller than the mismatchf x . Moreover, the strains in
the stripe are inhomogeneous along thec-axis normal: The
highest in-plane tensile strainexx remains at the GaN/SiC
interface (z50.1mm) due to the closeness of the strai
inducing substrate. This tensile strain decreases toward
GaN surface (z52.0mm) and becomes compressive or in
state of ‘‘overrelaxation’’ which is a known phenomena
striped films on foreign substrates.18 Moreover, the strainexx

in the stripe decreases toward the stripe/wing interface. M
parts of the wings are unstrained along thex-axis because
they hang freely above the SiC surface. The suggested
ferences in the strain between the stripe and the wing a
with the HRXRD results shown in Fig. 2. The lower part
Fig. 4 shows the calculated displacements along thez-axis of
the structure. The GaN wings tilt away from the SiC surfa
as the stronger relaxation, i.e., the lateral contraction of
stripe surface relative to the stripe interface region result
a trapezodial cross section in the stripe. The wings sim
continue the crystallographic orientation of the tilted sid
walls of the stripe and tilt upward. Unfortunately, the dire
tion of the wing tilt cannot be extracted from HRXRD me
surements as those shown in Fig. 2.

The FE simulations were performed for different sets
dimensions of the pendeostructure that are shown for
general case in Fig. 1. The wing widthw and the etch depth
e into the SiC substrate were found to have only a min
influence on the wing tilt. However, the tilt depende

FIG. 4. Linescans of the strain along thex-axis and the displacement alon
the z-axis as determined by FE simulations for a pendeostructure wits
54 mm, w53 mm, h52 mm, ande50.2mm.

TABLE I. Parameter values used for the FE simulations:E is Young’s
modulus along thea-axis,n is the Poisson ratio along thec-axis, anda are
the linear thermal expansion coefficients along thea-axis.

E ~GPa! n a (K21) Refs.

GaN: 306 0.203 5.631026 14, 15
6H–SiC: 473 0.086 4.531026 16, 17
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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strongly on the stripe widths and the stripe heighth. More-
over, the stripe aspect ratios/h, not its absolute size, dete
mines the strain distribution. Figure 5 shows that the w
tilt should decrease if the stripe becomes more narrow
taller. Pendeostructures with the largest wing tilt are a
expected to exhibit the largest strains in the stripe reg
along both thex- andz-axes as Fig. 5 further indicates. Th
latter fact agrees with the experimental findings presente
Fig. 3. However, the missing correlation of thea-axis lattice
parameters of the stripes to the wing tilt mentioned ear
does not.

Plotting the experimental tilt values versus the stripe
pect ratio revealed no clear correlation. This raises the q
tion regarding what else, apart from its dimensions, de
mines the strains in the stripe and consequently the wing
It should be recalled that all the pendeostructures discu
here were grown under different conditions such as temp
ture and reactant flow rates. Some of the data indicate
the wing tilt decreases with increasing V/III ratio. Moreove
temperature dependent HRXRD measurements sugges
although the wing tilt decreases significantly with increas
temperature, a rest tilt remains at the growth tempera
whose value varies from sample to sample.8 Therefore, we
speculate that the strains in the stripe are both thermally
duced and influenced by defects whose density and/or di
bution are determined by the growth conditions. For e
ample, threading dislocations might be a source of a
inducing strain, particularly if they propagate from the stri
region into the wing region. The determination and t
evaluation of the defect structure is the subject of ongo
investigations.

FIG. 5. Wing tilt ~solid line! and strains along thex-axis ~dashed line! and
thez-axis ~dotted line! averaged over the stripe region as determined by
simulations in relation to the stripe aspect ratio for a pendeostructure
w53 mm ande50.2mm.
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In conclusion, experimental data have shown that
crystallographic tilt of the GaN wing regions fabricated b
maskless pendeoepitaxy is induced by the strain in the str
along theirc-axis. This agrees with theoretical simulation
which indicate that thec-plane stress is partially relieve
resulting in nearly unstrained wing regions. Differences b
tween theory and experiment were found for the in-pla
strains and the impact of the stripe dimensions on the w
tilt. The point and extended defects generated in the G
during growth are assumed to play as an important role in
formation of strains as does the mismatch in the coefficie
of thermal expansion between GaN and SiC.
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