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White X-ray microdiffraction analysis

of defects, strain and tilts
in a free standing GaN film
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A novel white-beam microdiffraction analysis of defects,
strains and tilts in a free standing m-plane GaN film grown
via hydride vapor phase epitaxy is presented. It is shown that
misfit dislocations are grouped within cell boundaries creat-
ing local lattice rotations (tilts) between the growing cells.

1 Introduction In the last several years rapid progress
in GaN-based optoelectronic and electronic devices has
been demonstrated. The main problems still limiting the
optical properties of these diodes are caused by threading
(TD) and misfit (MD) dislocations [1]. Recently developed
cantilever epitaxial or pendeoepitaxial lateral overgrowth
techniques significantly reduce the TD density [2—6].
However both methods are based on the growth of the
wings of GaN overhanging over trenches in the substrate
or GaN. The latter typically result in the formation of a
wing tilt angle (WT) decreasing life expectancy of the op-
toelectronic devices [4-8]. Recently defect reduction in
planar nonpolar (1 100) m-plane GaN films was achieved
via lateral epitaxial overgrowth by hydride vapor phase
epitaxy [9—12].

2 Experiment The 120 pm thick GaN film was ini-
tially grown upon a (100) y-LiAlO, substrate, which spon-
taneously separated from the film upon cooling from the
900 °C growth temperature. The average threading disloca-
tion density in this sample, according to TEM analysis,
was 4 x 10° cm™ and the average stacking fault density
was 1 x 10° cm. The Li concentration 2 pm from each sur-
face according to SIMS depth profiling, was sharply dif-
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Distribution of lattice rotations in the film is not homogene-
ous. Regions of large rotations are separated by low rotations
regions. The dominating rotation axis is parallel [1120] direc-
tion. High in plane shear stress component is observed along
[0001].
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ferent at 5 x 10'7 atoms/cm’® (back side) and 1 x 10'° (epi-
surface) on the two faces. Comparable oxygen doping was
observed on both surfaces. Further details on film growth
can be found in Refs. [11] and [12].

The focused polychromatic synchrotron microbeam
(PXM) method was used to determine 3D spatially re-
solved distribution of lattice rotations, dislocations, strain
and stress fields in the sample. PXM uses a modified Laue
diffraction technique based on polychromatic radiation
[6-8, 13, 14]. Quantitative analysis of the Laue patterns
yields the local lattice orientation (resolution ~0.01°) and
deviatoric (shear) strain tensor (resolution ~107*). With
PXM it is possible to quantitatively determine the GaN mi-
crostructure, local orientation and defects.

A laser confocal system (LEXT) was used to observe
the microstructure of the surface of the film.

3 Results and discussion The in-plane microstruc-
ture of the free-standing film is shown in Fig. 1. As can be
seen, the growth cells in plane are strongly elongated in
one direction with a ratio of ~6: 1. The out of plane dimen-
sion is ~120 um and set by the thickness of the film.
Neighbor growth cells are separated by cell boundaries
(Fig. 1b).
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Figure 1 (a) Optical microstructure of the free standing film obtained with LEXT (magnification 1200); and a blown up boundary re-

gion between two growth cells (b).
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Figure 2 (online colour at: www.pss-b.com) Sche-
matic of the relative orientation of the X-ray mi-
crobeam and a sample of the free standing GaN film
with slightly misoriented growth cells. Due to high
energy of the X-ray beam it penetrates through the
thickness of the film.

Figure 3 (online colour at: www.pss-b.com) Indexed Laue pattern from a region of the GaN film with a well defined orientation (left),
and Laue pattern from a region with strongly misoriented growth cells (right). X-ray beam penetrates through several cells with differ-
ent orientation and produces overlapping streaked Laue patterns from all cells it intercepts.
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10 Figure 4 (online colour at: www.pss-
l b.com) Central (0550) reflection at 10
different locations of the GaN film dem-
onstrates orientation fluctuations of the

surface normal.
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Figure 5 (online colour at: www.pss-b.com) Change of through
thickness lattice misorientation as the probe is scanned horizon-
tally parallel to film surface along the [0001] direction.

To understand the nature of the boundaries and prob-
able defects formation, and determine crystallographic ori-
entation of the growth cells, the film was further examined
with PXM method. The focused polychromatic synchro-
tron microbeam (PXM) was diffracted from a submicrom-
eter diameter area, producing complete diffraction patterns
from the GaN film, which were collected by a charge-
coupled device (CCD) area detector placed at an angle of
90° relative to the incident beam (Fig. 2).

Because the high-energy X-ray beam passes through
the GaN film, the information is obtained from the whole
thickness of the film (Fig. 3a and b). For this reason all re-
flections at the right frame of a Fig.3 are elongated
(streaked) and consist of several (up to 10) subpeaks. Each
subpeak corresponds to a growth cell with distinct orienta-
tion. To demonstrate change of orientation within the pro-
bed region at different locations of the film, a 2D map was
measured with PXM. During this measurement the poly-
chromatic microbeam was scanned with a step size of
1 pm along each line at 260 locations perpendicular to the
film buckling and totally 20 such parallel lines were meas-
ured. Figure 4 shows the central (0550) Laue spot at 10
different locations. Well defined orientation through the
film thickness results in a sharp spot (frame 1). Formation
of sub-boundaries and/or disclination dipoles in (and be-
tween) the growth cells probed by the beam results in the
abrupt change of orientation within the probed region and
appearance of streaked reflections consisting of several
sub-peaks. Distinct distances between subpeaks at different
frames (Fig. 4) demonstrate variation in the tilt angle
through the cell boundary.

Figure 5 plots the total integrated lattice misorienta-
tions through the film thickness as a function of position
along a line perpendicular to the [0001] direction. At each
position, the pencil beam penetrated through the film prob-
ing the variations in local crystal alignment. The beam pene-
trated though the whole film. A grid of 14 x 260 measure-
ments was made with 1 pum pitch. As a result of such 2D
mapping of the film surface the large-scale fluctuations of
the local misorientations through the film thickness are re-
vealed (Figs. 5 and 6). The wavelength of the fluctuations
is ~25 pm. Figure 6 shows the inhomogeneous distribution
of the local lattice rotations within a 260 x 14 um region.
Maximal misorientation (about 4.5°) corresponds to the red
color of the map. It is apparent that distribution of misori-
entations is highly inhomogeneous. Extended regions of up
to 80 um in diameter with high misorientations are sepa-
rated with more perfect regions with lower misorientations.

Lattice rotations are directly related to the distribution
of geometrically necessary dislocations and boundaries [12,
13]. Abrupt rotations between the growth cells can be also
described in terms of wedge disclination dipoles [4, 13].
The PXM results give a direct measurement of the misori-
entation between growth cells corresponding to the discli-
nation dipole strength, . They show that the film rotates
1.5-4.5 degrees through of the film thickness. These rota-
tions are accommodated by both local cell subboundaries
and deviatoric strain within each cell. The latter in turn are
accompanied by film buckling. The dominating rotation
axis is parallel to [1120] direction. There is little overall
lattice rotation around the [0001] axis. In contrast the
maximal shear is observed along [0001]. Lattice rotations
indicate existence of a high level deviatoric (shear) stress
field in the film. Relaxation of these stresses caused de-
lamination of the film from the substrate and formation of
multiple sub-boundaries, stacking faults and dislocations,
causing local change of lattice orientation between and
within the growing cells. Comparison with optical micro-
structure (Fig. 1) shows that the growth cells in the plane
of the film are essentially anisotropic. They are about
5-7 times longer in [1120] direction then in the orthogonal
in-plane [0001] direction.

To obtain depth resolved information about the strain
distribution in the GaN layers we performed measurements
with the so called DAXM technique [13, 14] (Fig. 2). This
special technique allows spatially resolved 3D measure-
ments of strain as a function of depth in the film. The en-
ergy scan through the reflection (0550) with maximal en-
ergy of 15.525keV was performed with the so called
“monowire” technique which indicated that the lattice pa-

Figure 6  (online  colour at:
www.pss-b.com) Spatially resolved
distribution of lattice misorientations
in the free standing film.
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Figure 7 (online colour at: www.pss-b.com) Decrease of the
(0550) plane spacing through the depth of the film.

rameter changes more than 2% with the depth of the film
(Fig. 7). Change in the lattice parameter through the film
thickness indicates the existence of dilatational strain gra-
dients in the Z-direction, &,,. Together with in-plane “mis-
fit-induced” strain components &y, and &, &,, leads to the
formation of a 3D stress field in the film. Relaxation of
these stresses probably caused delamination of the film
from the substrate and further buckling. From the direction
of the rotation axes we can conclude that the maximum in-
plane stress component occurred along [0001] direction
due to larger ¢, in-plain strain.

Simultaneously much higher in-plane &,, strain com-
ponent partially suppressed cell growth in the [0001] direc-
tion and lead to the strong in-plane anisotropy of the
growth cells.

Misorientation between growth cells was also observed
in the wing region of the cantilever epitaxially grown films
[6, 71.

4 Conclusion We argue that the sharp change of Li
concentration through the film thickness, results in the
strain gradient along the film normal. Together with in-
plane “misfit strain” they form large 3D stress field distri-
bution in the film. Growth cells are highly misoriented re-
lative to each other. Misorientation angle fluctuates in the
range of 1.5-4.5°. The rotation axis in the film is pre-
dominantly along [1120] direction. The maximal in-plane
shear stress component is observed in [0001] direction.
Lattice rotations indicate existence of high level deviatoric
(shear) stress field in the film. Relaxation of these stresses
caused delamination of the film from the substrate and
formation of multiple sub-boundaries, stacking faults, and
dislocations causing local change of lattice orientation be-
tween and within the growing cells. Distinct in-plain strain

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

components along [1120] and [0001] directions result in
the high in-plain anisotropy of the growth cells.
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