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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. D05 American Institute of PhysiddDOI: 10.1063/1.1825614

I. INTRODUCTION cients of thermal expansion between GaN and the substrate.
Despite extensive characterization, the basic structure of lat-

GaN films grown on sapphire or SiC contain a high den-erally grown films, including such critical information as the

sity (10°cm™) of threading dislocations due to lattice direction of the wing tilt, remains controversial. The applica-

mismatch:? These dislocations impair the performance oftion of polychromatic x-ray microdiffractiotiPXM) to this

GaN-based light-emitting devices. Lateral epitaxial over-complicated problem, together with finite eleme(#E)

growth (LEO) techniques such as pendeo-epitaxy have resimulation and high-resolution x-ray diffractiqiiRXRD),

cently been developed which greatly reduce the density ofias enabled us to provide detailed information on the struc-

these dislocation$.> However, some of the resulting struc- ture of these materials.

tural and morphological characteristics of the laterally grown

uncoalesced GaN films cannot be explained by the elastic

relief of stress achieved in these materials via a reduction i

the defect density. For example, experimental reult=d . EXPERIMENTAL METHODS

elasticity theory do not agree on how in-plane strains and

dimensions of the column correlate to the tilt angle in thegular cross section were etched fromuin-thick GaN layers
laterally grown material. , grown by metalorganic vapor phase epitaxy on @rt-thick

In the pendeo-epitaxy process, GaN wings are growrh\\ pyffer layers previously deposited on 6H-$8D0Y)
laterally from the sidewalls of GaN columns, as shown ing sirates. The subsequent overgrowth process was stopped
Fig. 1(@). The tops of the columns may or may not be pqfore the wings coalesced into a layer. A schematic drawing
masked to inhibit GaN growth. When lateral growth is con- ¢ i1 stripe geometry is shown in Fig(al. Details of the
tinued until the complete overgrowth of a mask, threadingﬁrowth process have been reported previoh%‘l’f.
dislocations are observed to form a boundary along each T, samples with different GaN stripe geometries were
edge of the mask” This boundary is related to the crystal- analyzed. The respective GaN thickness, the column width,
lographic tilt of the laterally growing wings that usually ac- gnq the wing width were 1.46, 3.80, and 0,9 for sample
companies all LEO techniques. In maskless pendeo-epitaxy gnq 3.53, 3.46, and 1.74m for sample 2. Data collection
of GaN? ! growth is initiatedsimultaneouslyrom the side- with PXM was conducted on beamline ID-34-E at the Ad-
walls and from the top surfaces of the unmasked columns,gnced Photon Source, Argonne IL. This method uses a
and the wing tilt depends on the-axis strain in the mogified Laue diffraction technique based on polychromatic
columns.” The point and extended defects generated duringagiation. It allows for true three-dimensional mapping of a
overgrowth in both masked and maskless pendeo-epitaxy Qfrystalline phase and its orientation, elastic strain, and plastic
GaN are assumed to play an important role in the formatiojeformation with a spatial resolution of 0m.***° The
of strains and wing tilt, as does the mismatch in the coeffipyolychromatic beam produces a Laue pattern in each layer of
the sample that it intercepts. The superimposed Laue patterns
dElectronic mail: barabashr@ornl.gov are detected by an x-ray sensitive CCD positioned at 90° to

GaN stripes along thEL100] direction having a rectan-
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FIG. 1. (Color) (a) Scheme of the sample geometry together with a series of Laue images acquired from the region of interest sh¢@d118) tGaN
reflection in the cente(b) Typical Laue image showing reflections from the GaN stripe, the AIN buffer layer, and the SiC substrate. The region of interest is
shown as a dashed bax) Laue images for sample 2 corresponding to different locations of the probe beam across theASt§p€:substrate between the
wings, (B) center of the left wing(C) left wing/column interface(D, E) center of the column(F) column/right wing interface(G) center of the right wing,

and(H) SiC substrate between the wings.

the incident beam. Further details regarding the experimentahcident on the surface at-45° with components(0,
setup and the methods of data collection can be foundl/vE,—l/vE). Diffraction patterns were collected from dif-
elsewherd®>™® ferent sample locations by translating the sample under the
HRXRD measurements were performed using a Philipsvhite microbeam. Laue patterns were recorded along a line
X'Pert MRD diffractometer equipped with a fourfold parallel to the samplX axis at 1000 different points with a
Ge(220) monochromator and a threefold @@0) analyzer.  spacing of 0.25.m. Approximately 10-20 parallel line scans
Two-dimensional FE simulations were conducted as dewere recorded with a spacing of 0.28n along theY axis to

scribed in Ref. 11. obtain a two-dimensional map of the sample. The small size
of the microbeam allowed one to obtain separate images
IIl. RESULTS AND DISCUSSION from different locations on the column and the wings. Be-

] . . . cause the high-energy x-ray beam passed through the GaN

_Atypical PXM image of GaN and SiC recorded with the 54 the AIN layers, the SiC substrate contributed to the ob-
diffraction plane parallel to the GaN stripe direction is showngearyed Laue patterns; the reflections originating from the SiC
in Fig. 1(b). The sample Cartesian reference frame is set sucfjq e superimposed on those from the GaN for all the PXM
that theX axis is perpendicular to the stripe in the plane ofjaqes. A small region of interest from typical PXM images
the GaN film in the{1120] direction. TheY axis coincides s enlarged in Fig. @) to clearly show the behavior of the
with the [1100] direction of the GaN stripe, and thi¢axis  SiC and the GaN reflections at different locations along¢he
coincides with thg0001] direction(surface nominal normgal  direction. The region of interest within the larger Laue pat-
for both GaN and SiC. In this coordinate system the beam isern is shown as a dashed square in Fidp).1This region

(a) Sample 1 (b) Sample 2
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gn.a shown in images D and E of Fig(d). With further displace-
g ment towards the right wing, the GaN reflections appear to
éo ) the left of the SiC reflections, as shown in images F and G of
g Fig. 1(c). The GaN reflection finally disappears when the
§D1 probe spot is again between wings, as shown in image H of
g Fig. 1(c). The shift of the GaN reflections along with the
é geometry of the structure shown in Fig@l, clearly indi-
0 10 0 30 cates that the wings are tilted upward. This was confirmed by
X position, [x0.5 um] physically tilting the sample to ensure that the CCD image
was consistent with the applied inclination of the sample.
FIG. 3. Relative crystallographic orientation of the GaMNxis across the An upward tilt of the wings is also predicted by the

stripe as determined from PXM analysis for samples 1 and 2, respectivelyresuItS of FE simulations shown in Fig. 2. For these calcula-
tions it was assumed that the GaN is under biaxial tensile
belongs to a vertical zone line with the zone axis runningstress in the plane due to the mismatch in the coefficients
along theX direction. Two Laue reflections associated with of thermal expansion between the GaN layer and the SiC
SiC and one reflection associated with GaN are preserjubstrate. The stress in theé direction is increasingly re-
within the region of interest. The SiC reflections do notlieved towards the GaN surface as the uncoalesced GaN
change position with sample translation and can be easiljayer contracts laterally. The inhomogeneous stress relief re-
identified within the images A and H of Fig(d), where only  syits in the inclination of the stripe/wing interface plane and,
the SiC is probedthe region between two adjacent wings consequently, in the upward tilt of the wings. Further expla-
The SiC Laue reflections were used as a reference to detafation of this process can be found in Ref. 11.
mine the position of the Gal@118) Laue reflection. When PXM for samples with minimal deformation has an an-
the probe spot is moved along the positi¥eaxis and ini- gular resolution 0f<0.01°. This makes it possible to quan-
tially encounters the left wing, the GaN reflection appears atitatively determine the GaN tilt as a function of distance
the right side of the SiC reflections, as shown in image B ofrom the column, as shown in Fig. 3. The maximum tilt of
Fig. 1(c). As the probe spot is moved across the wing to thethe wings relative to the center of the colummn~i€.16° for
wing/column interface one GaN reflection from the wing andsample 1 and-0.08° for sample 2. In Laue diffraction, the
one from the column can be observed, as shown in image @irections of the incident beam and the scattered beam define
of Fig. 1(c). When the probe is in the center of the column,a radial line in reciprocal space. The position along this line
the GaN reflections are aligned with the SiC reflections, ass determined by the wavelength of the scattered radiation.
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FIG. 6. Width of the Gal{xDlTB) Laue reflection at 013, across the GaN
stripe as determined from PXM images. The width of the nedf&ki?24)
SiC reflection is shown for comparisdfilled squares: sample 1, filled tri-
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of ,4,/" D with respect to the column are presented by dots in Fi@s3. 4

" c and 4d). Rocking curve profiles, obtained by averaging all
1leeeessssessssee the w-scans recorded for the RSM, are also shown in Figs.
.,«‘i( “ B 4(c) and 4d) by solid lines. The good agreement between
e HRXRD and PXM suggests that the wing tilt is quite homo-
geneous across the samples.

FE simulations predict an increase in the wing tilt with
FIG. 5. PXM intensity profiles through the G&dL18) Laue reflection asa an increasing width-to-height ratio of the colurthhis is in
function of m, at different locations across the stripe for sample) &nd agreement with the experimental data. Sample 1 has a width-
sample {b). The locations B-G are defined in Fig. 1. to-height ratio of the column of 2.60 and a wing tilt of 0.16°,
whereas the corresponding numbers for sample 2 are 0.98

For example, the reciprocal lattice point80h), (002h), and 0.08°, respectively. Moreover, the PXM data presented

(002h), etc. are scattered towards the same pixel on a cci Fig. 3 reveals that the crystallographic tilt changes
but lie at different positions radially in reciprocal space. To2Pruptly at the column/wing interface for sample 1. How-

analyze the white beam intensity distribution from a GaN®Veh this change is more gradual in_ sample 2 anpl extends
. . . ~ . — over the whole column between the right and left wing. This
stripe, we introduced unit vectoks=k/|k|, in each direction . ; . . : ) : _
N is also consistent with FE simulations, which predict that if

of scattering. We defined a misorientation vecto=k e \idth-to-height ratio of the column decreases, the wing
—Kkni near a Bragdhkl) reflection, the value of which is the tilt should change more gradually across the stripe.
difference between the unit vector parallel to the Bragg re-  Broadening of the GaN Laue reflections along the
flection and an arbitrary direction in its vicinity.The results  direction can be analyzed at corresponding intensity profiles
from the PXM studies are shown in Figs. 3—-6 as a functionthrough the PXM images, as shown in Fig. 5. The intensity
of m in the|1120] direction; that is, perpendicular to GaN profiles for both samples are labeled in Fig. 5 in correspon-
stripe. dence with the position of the probed locations on the stripe
The results of PXM are in agreement with the results ofshown in Fig. 1a). A comparison of the PXM results from
HRXRD. Figure 4 contains a collection of reciprocal spacesamples 1 and 2 shows that the broadening is generally more
maps (RSM) of the (0002 GaN reflection obtained by pronounced for sample 1; that is, the sample with the larger
HRXRD for both samples with the diffraction plane being width-to-height ratio of the GaN column. Moreover, the re-
perpendicular to the stripes. Three peaks can be found, whidtection corresponding to the column is more broadened than
correspond to the left wings, the columns, and the righthe reflection corresponding to the wing, as can be seen, for
wings, respectively. The separation of the peaks alongithe example, when comparing the intensity profiles D and G in
axis reflects the different orientation of thewxis of the three  Fig. 5b). The ratios of the corresponding peak widths are
regions; that is, the wing tilt. The corresponding values ex-approximately 1.2+5% and 1.9+10% for samples 1 and 2,
tracted from these measurements are 0.159° and 0.085° foespectively. Similar results are obtained from the HRXRD
samples 1 and 2, respectively. It is worth noting that in(0002 rocking curves. The ratios of the peak widths for the
HRXRD the spot size of the x-ray beam is large column and wing are unity and three for samples 1 and 2,
(~0.5 mm); that is, the value of the RSM gives information respectively. The intensity profiles in Fig(&y for sample 1
averaged over thousands of stripes. In contrast, PXM proshow that the GaN reflection is particularly broadened at the
vides very local information and enables us to follow thecolumn/wing interface where it splits into two distinct peaks
local orientation at different locations across the stripe. For dcompare curves C and F in Fig.&)]. It should be noted that
clearer comparison to the HRXRD results, the Laue intensityt is this sample for which the wing tilt changes abruptly at
profiles averaged over different locations of the probe spothis interface, as was shown in Fig. 3. This indicates that a
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