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Local strain, defects, and crystallographic tilt in GaN (0001) layers grown
by maskless pendeo-epitaxy from x-ray microdiffraction
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Polychromatic x-ray microdiffraction, high-resolution monochromatic x-ray diffraction, and finite
element simulations have been used to determine the distribution of strain, defects, and
crystallographic tilt in uncoalesced GaN layers grown by maskless pendeo-epitaxy. An important
materials parameter was the width-to-height ratio of the etched columns of GaN from which
occurred the lateral growth of the wings. Tilt boundaries formed at the column/wing interface for
samples with a large ratio. Formation of the tilt boundary can be avoided by using smaller ratios.
The strain and tilt across the stripe increased with the width-to-height ratio. The wings were tilted
upward at room temperature. ©2005 American Institute of Physics. [DOI: 10.1063/1.1825614]
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I. INTRODUCTION

GaN films grown on sapphire or SiC contain a high d
sity s1010 cm−2d of threading dislocations due to latti
mismatch.1,2 These dislocations impair the performance
GaN-based light-emitting devices. Lateral epitaxial o
growth (LEO) techniques such as pendeo-epitaxy have
cently been developed which greatly reduce the densi
these dislocations.3–5 However, some of the resulting stru
tural and morphological characteristics of the laterally gr
uncoalesced GaN films cannot be explained by the e
relief of stress achieved in these materials via a reductio
the defect density. For example, experimental results6 and
elasticity theory do not agree on how in-plane strains
dimensions of the column correlate to the tilt angle in
laterally grown material.

In the pendeo-epitaxy process, GaN wings are gr
laterally from the sidewalls of GaN columns, as shown
Fig. 1(a). The tops of the columns may or may not
masked to inhibit GaN growth. When lateral growth is c
tinued until the complete overgrowth of a mask, thread
dislocations are observed to form a boundary along
edge of the mask.7,8 This boundary is related to the cryst
lographic tilt of the laterally growing wings that usually a
companies all LEO techniques. In maskless pendeo-ep
of GaN,9–11 growth is initiatedsimultaneouslyfrom the side
walls and from the top surfaces of the unmasked colu
and the wing tilt depends on thec-axis strain in the
columns.11 The point and extended defects generated du
overgrowth in both masked and maskless pendeo-epita
GaN are assumed to play an important role in the forma
of strains and wing tilt, as does the mismatch in the co
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cients of thermal expansion between GaN and the subs
Despite extensive characterization, the basic structure o
erally grown films, including such critical information as
direction of the wing tilt, remains controversial. The appl
tion of polychromatic x-ray microdiffraction(PXM) to this
complicated problem, together with finite element(FE)
simulation and high-resolution x-ray diffraction(HRXRD),
has enabled us to provide detailed information on the s
ture of these materials.

II. EXPERIMENTAL METHODS

GaN stripes along theb11̄00c direction having a recta
gular cross section were etched from 1-mm-thick GaN layer
grown by metalorganic vapor phase epitaxy on 0.1-mm-thick
AlN buffer layers previously deposited on 6H-SiC(0001)
substrates. The subsequent overgrowth process was s
before the wings coalesced into a layer. A schematic dra
of the stripe geometry is shown in Fig. 1(a). Details of the
growth process have been reported previously.10–12

Two samples with different GaN stripe geometries w
analyzed. The respective GaN thickness, the column w
and the wing width were 1.46, 3.80, and 0.98mm for sample
1 and 3.53, 3.46, and 1.74mm for sample 2. Data collectio
with PXM was conducted on beamline ID-34-E at the
vanced Photon Source, Argonne IL. This method us
modified Laue diffraction technique based on polychrom
radiation. It allows for true three-dimensional mapping
crystalline phase and its orientation, elastic strain, and p
deformation with a spatial resolution of 0.5mm.13–15 The
polychromatic beam produces a Laue pattern in each lay
the sample that it intercepts. The superimposed Laue pa

are detected by an x-ray sensitive CCD positioned at 90° to
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the incident beam. Further details regarding the experim
setup and the methods of data collection can be fo
elsewhere.13–15

HRXRD measurements were performed using a Ph
X’Pert MRD diffractometer equipped with a fourfo
Ge(220) monochromator and a threefold Ge(220) analyzer
Two-dimensional FE simulations were conducted as
scribed in Ref. 11.

III. RESULTS AND DISCUSSION

A typical PXM image of GaN and SiC recorded with
diffraction plane parallel to the GaN stripe direction is sho
in Fig. 1(b). The sample Cartesian reference frame is set
that theX axis is perpendicular to the stripe in the plane

the GaN film in theb112̄0c direction. TheY axis coincide

with the b11̄00c direction of the GaN stripe, and theZ axis
coincides with the[0001] direction(surface nominal norma)
for both GaN and SiC. In this coordinate system the bea

FIG. 1. (Color) (a) Scheme of the sample geometry together with a s
reflection in the center.(b) Typical Laue image showing reflections from
shown as a dashed box.(c) Laue images for sample 2 corresponding to
wings, (B) center of the left wing,(C) left wing/column interface,(D, E) ce
and (H) SiC substrate between the wings.
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incident on the surface at,45° with componentss0,
−1/Î2,−1/Î2d. Diffraction patterns were collected from d
ferent sample locations by translating the sample unde
white microbeam. Laue patterns were recorded along a
parallel to the sampleX axis at 1000 different points with
spacing of 0.25mm. Approximately 10–20 parallel line sca
were recorded with a spacing of 0.25mm along theY axis to
obtain a two-dimensional map of the sample. The small
of the microbeam allowed one to obtain separate im
from different locations on the column and the wings.
cause the high-energy x-ray beam passed through the
and the AlN layers, the SiC substrate contributed to the
served Laue patterns; the reflections originating from the
were superimposed on those from the GaN for all the P
images. A small region of interest from typical PXM ima
is enlarged in Fig. 1(c) to clearly show the behavior of t
SiC and the GaN reflections at different locations along tX
direction. The region of interest within the larger Laue
tern is shown as a dashed square in Fig. 1(b). This region

of Laue images acquired from the region of interest showing thes011̄8d GaN
aN stripe, the AlN buffer layer, and the SiC substrate. The region of i

ent locations of the probe beam across the stripe:(A) SiC substrate between t
of the column,(F) column/right wing interface,(G) center of the right wing

FIG. 2. Line scans of the normal stra
in GaN along theX axis for differentZ
values (upper part) and the displace
ment along theZ axis (lower part) as
determined from FE simulations f
samples 1 and 2, respectively. T
height Z=0 corresponds to th
GaN/SiC interface.
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belongs to a vertical zone line with the zone axis runn
along theX direction. Two Laue reflections associated w
SiC and one reflection associated with GaN are pre
within the region of interest. The SiC reflections do
change position with sample translation and can be e
identified within the images A and H of Fig. 1(c), where only
the SiC is probed(the region between two adjacent wing).
The SiC Laue reflections were used as a reference to d

mine the position of the GaNs011̄8d Laue reflection. Whe
the probe spot is moved along the positiveX axis and ini-
tially encounters the left wing, the GaN reflection appea
the right side of the SiC reflections, as shown in image
Fig. 1(c). As the probe spot is moved across the wing to
wing/column interface one GaN reflection from the wing
one from the column can be observed, as shown in ima
of Fig. 1(c). When the probe is in the center of the colum
the GaN reflections are aligned with the SiC reflections

FIG. 3. Relative crystallographic orientation of the GaNc axis across th
stripe as determined from PXM analysis for samples 1 and 2, respec
Downloaded 04 Sep 2009 to 160.91.157.167. Redistribution subject to AIP
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shown in images D and E of Fig. 1(c). With further displace
ment towards the right wing, the GaN reflections appe
the left of the SiC reflections, as shown in images F and
Fig. 1(c). The GaN reflection finally disappears when
probe spot is again between wings, as shown in image
Fig. 1(c). The shift of the GaN reflections along with t
geometry of the structure shown in Fig. 1(a), clearly indi-
cates that the wings are tilted upward. This was confirme
physically tilting the sample to ensure that the CCD im
was consistent with the applied inclination of the sampl

An upward tilt of the wings is also predicted by
results of FE simulations shown in Fig. 2. For these calc
tions it was assumed that the GaN is under biaxial te
stress in thec plane due to the mismatch in the coefficie
of thermal expansion between the GaN layer and the
substrate. The stress in theX direction is increasingly re
lieved towards the GaN surface as the uncoalesced
layer contracts laterally. The inhomogeneous stress reli
sults in the inclination of the stripe/wing interface plane a
consequently, in the upward tilt of the wings. Further ex
nation of this process can be found in Ref. 11.

PXM for samples with minimal deformation has an
gular resolution of,0.01°. This makes it possible to qua
titatively determine the GaN tilt as a function of dista
from the column, as shown in Fig. 3. The maximum tilt
the wings relative to the center of the column is,0.16° for
sample 1 and,0.08° for sample 2. In Laue diffraction, t
directions of the incident beam and the scattered beam d
a radial line in reciprocal space. The position along this
is determined by the wavelength of the scattered radia

.

FIG. 4. HRXRD reciprocal spac
maps of the GaN(0002) reflection and
the average intensity profiles vers
the X component of misorientatio
vectormx for samples 1(a) and 2(b).
Laue intensity distribution averag
along the stripe direction for sample
(c) and 2(d), as determined by PXM
as a function of the misorientati

vector m in the f112̄0g direction per
pendicular to the stripes(dots) and av-
eraged along theZ-direction rocking
curve intensity(solid lines).
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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For example, the reciprocal lattice pointss00hd, s002hd,
(003h), etc. are scattered towards the same pixel on a
but lie at different positions radially in reciprocal space.
analyze the white beam intensity distribution from a G

stripe, we introduced unit vectorsk̂ =k / uk u, in each direction

of scattering. We defined a misorientation vectorm= k̂
− k̂hkl near a Braggshkld reflection, the value of which is th
difference between the unit vector parallel to the Bragg
flection and an arbitrary direction in its vicinity.15 The results
from the PXM studies are shown in Figs. 3–6 as a func

of m in the b112̄0c direction; that is, perpendicular to Ga
stripe.

The results of PXM are in agreement with the result
HRXRD. Figure 4 contains a collection of reciprocal sp
maps (RSM) of the (0002) GaN reflection obtained b
HRXRD for both samples with the diffraction plane be
perpendicular to the stripes. Three peaks can be found, w
correspond to the left wings, the columns, and the r
wings, respectively. The separation of the peaks along tqx

axis reflects the different orientation of thec axis of the thre
regions; that is, the wing tilt. The corresponding values
tracted from these measurements are 0.159° and 0.08
samples 1 and 2, respectively. It is worth noting tha
HRXRD the spot size of the x-ray beam is la
s,0.5 mmd; that is, the value of the RSM gives informati
averaged over thousands of stripes. In contrast, PXM
vides very local information and enables us to follow
local orientation at different locations across the stripe. F
clearer comparison to the HRXRD results, the Laue inten

FIG. 5. PXM intensity profiles through the GaNs011̄8d Laue reflection as
function of mx at different locations across the stripe for sample 1(a) and
sample 1(b). The locations B–G are defined in Fig. 1.
profiles averaged over different locations of the probe spo
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with respect to the column are presented by dots in Figs(c)
and 4(d). Rocking curve profiles, obtained by averaging
the v-scans recorded for the RSM, are also shown in F
4(c) and 4(d) by solid lines. The good agreement betw
HRXRD and PXM suggests that the wing tilt is quite hom
geneous across the samples.

FE simulations predict an increase in the wing tilt w
an increasing width-to-height ratio of the column.11 This is in
agreement with the experimental data. Sample 1 has a w
to-height ratio of the column of 2.60 and a wing tilt of 0.1
whereas the corresponding numbers for sample 2 are
and 0.08°, respectively. Moreover, the PXM data prese
in Fig. 3 reveals that the crystallographic tilt chan
abruptly at the column/wing interface for sample 1. H
ever, this change is more gradual in sample 2 and ex
over the whole column between the right and left wing. T
is also consistent with FE simulations, which predict th
the width-to-height ratio of the column decreases, the w
tilt should change more gradually across the stripe.

Broadening of the GaN Laue reflections along themx

direction can be analyzed at corresponding intensity pro
through the PXM images, as shown in Fig. 5. The inten
profiles for both samples are labeled in Fig. 5 in corres
dence with the position of the probed locations on the s
shown in Fig. 1(a). A comparison of the PXM results fro
samples 1 and 2 shows that the broadening is generally
pronounced for sample 1; that is, the sample with the la
width-to-height ratio of the GaN column. Moreover, the
flection corresponding to the column is more broadened
the reflection corresponding to the wing, as can be see
example, when comparing the intensity profiles D and
Fig. 5(b). The ratios of the corresponding peak widths
approximately 1.2±5% and 1.9±10% for samples 1 an
respectively. Similar results are obtained from the HRX
(0002) rocking curves. The ratios of the peak widths for
column and wing are unity and three for samples 1 an
respectively. The intensity profiles in Fig. 5(a) for sample 1
show that the GaN reflection is particularly broadened a
column/wing interface where it splits into two distinct pe
[compare curves C and F in Fig. 5(a)]. It should be noted th
it is this sample for which the wing tilt changes abruptly

FIG. 6. Width of the GaNs011̄8d Laue reflection at 0.3Imax across the Ga

stripe as determined from PXM images. The width of the nearests011̄24d
SiC reflection is shown for comparison(filled squares: sample 1, filled t
angles: sample 2, open diamonds: SiC).
tthis interface, as was shown in Fig. 3. This indicates that a
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small angle tilt boundary has formed at the column/w
interface in sample 1. For sample 2(with the smaller width
to-height ratio of the GaN column), however, this seems n
to be the case. Figure 5(b) shows that the crystallograph
orientation gradually changes across the stripe for
sample, as shown in Fig. 3. The width of the column p
obtained by HRXRD for sample 2 is much higher than
broadening measured by PXM at each local position w
the column due to the orientation spread in the column.

It has been reported previously,12 that GaN layers mimi
the domain tilt of the substrate when grown on 6H-
(0001) wafers. Therefore, the broadening of the Laue re
tions of GaN and SiC in themx direction across the stripe
plotted together in Fig. 6. The Laue spot width was de
mined at the level of 0.3Imax for both samples in order
include the broadening of the bimodal intensity profile
pearing in some intensity scans. The width of the SiC L
reflection remains the same at all locations, as shown b
corresponding horizontal line in Fig. 6. The GaN Laue
flections in the region of the column are always broader
the SiC reflections. This indicates that the broadening o
GaN reflection in this regionis not due to imperfections o
the substrate but arises mainly due to defects such as th
ing dislocations and to an inhomogeneous crystallogra
orientation within the column, in agreement with the
simulations(Fig. 2). In comparison to the column, the wid
of the GaN reflections from the wing regions are m
smaller for both samples, and are about the same a
widths of the SiC reflections. This confirms that the den
of defects and the inhomogeneity of the strain are reduc
the wings as compared to the column.

IV. SUMMARY

X-ray PXM experiments have unambiguously sho
that the crystallographic tilt of the wings in GaN lay
grown on SiC substrates by maskless pendeo-epitaxy i
ward. This is consistent with FE simulations that assume
elastic relief of thermally induced tensile stress in the G
The distribution of the tilt across the stripe depends on
width-to-height ratio of the column and on the thicknes
the overgrown GaN layer. For small width-to-height ra
the tilt is small, and it changes gradually in the region of
column. For large width-to-height ratios the tilt is higher,
a low-angle tilt boundary is formed at the column/wing
terface. The dislocation density was reduced and/or the
was more homogeneous in the wings than in the colum
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