
PHYSICAL REVIEW APPLIED 11, 024072 (2019)

Mapping of a Lattice-Plane Tilting in a GaN Wafer Using Energy-Resolved
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We investigate the local structures of a GaN substrate through an energy-resolved white x-ray diffraction
topography method. A section topography geometry is implemented at various sample positions for the
purpose of wafer mapping. The obtained images at each position are piled up for the three-dimensional
matrix and then sliced at a same energy position. The sliced images of the lower and higher diffraction
energy show periodic bottomless and topless features originated from the local lattice tilting, respectively.
It is revealed that the local lattice planes are tilted by ±0.03◦ around points in the periodic structures.
This tilting angle is consistent with results obtained from monochromatic x-ray diffraction topography
measurements. X-ray rocking curves obtained by a single-crystal x-ray diffraction shows the tilting of
local structure that is also consistent with the energy-resolved x-ray diffraction topography results.
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I. INTRODUCTION

GaN is a promising material in the semiconductor indus-
try, and its feasibility for use in optoelectronic devices
and power devices has been demonstrated [1–3]. Both
the manufacturing process and crystal growth technique
have undergone drastic improvements since the develop-
ment of GaN-based blue light-emitting diodes. However,
only a few methods in estimating the crystal quality of
GaN substrate have been developed, such as the x-ray
rocking curve method [4–6]. This rocking curve can be
applied to several sample positions in outlining the crys-
tallinity over the sample [6,7]. Another existing conven-
tional way to evaluate the details of the wafer crystallinity
is to employ monochromatic x-ray diffraction topography.
Mahadik et al. has observed the defects on a GaN sur-
face using a high-resolution x-ray diffraction topography
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technique that is combined with photoluminescence imag-
ing [8]. In the case of orientation mapping based on the
rocking curve imaging [9–15], it has been shown to have
applications in the mapping of strain distributions, lat-
tice plane tilting angles, and lattice constant deviations
in the wafer. Another way to estimate the crystal qual-
ity is to use white x-ray diffraction topography [16–21].
This method enables us to get an absorption contrast
image and Laue spots that contain orientation informa-
tion. However, the contribution of the absorption contrast
is composed of many wavelength components that need to
consider the beam hardening effect (narrowing of the x-
ray band width) [22]. Even the diffracted Laue spots are
polychromatic if there exist strains or misorientations. In
order to avoid this trouble, a small-sized beam is required.
Recently, Laue diffraction topography including the wire
scanning method has been demonstrated for the purpose
of obtaining three-dimensional lattice information with
small-sized x rays [16,17]. Although this method is appli-
cable to single-crystal as well as polycrystalline materials,
it is hard to obtain information on a larger area. Accord-
ingly, a method that enables the energy-resolved wafer
scale imaging technique through white x rays is becoming
more in demand.

In this paper, we suggest a method for observing the
lattice-plane orientation and tilting of large-area GaN using
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an energy-resolved x-ray Laue diffraction method. Our
findings indicate that the lattice-plane orientation around
the periodic structure is inclined approximately ±0.03◦
relative to the higher crystallinity area.

II. EXPERIMENTAL DETAILS

The experiment is performed at BL28B2, SPring-8,
Japan. The samples used in this study consist of an
undoped 1-μm-thick GaN layer and a 2-μm-thick Mg
doped layer on GaN (0001) substrates that have periodic
structures in the in-plane directions. A thick GaN substrate
is grown on the periodic array of GaN seed crystals in
order to minimize the strain and dislocation density with
the hydride vapor-phase epitaxy (HVPE) method. The sub-
strate thickness is about 300 μm such that the diffracted
x rays are mainly originated from the bulk substrate rather
than epitaxial layers. The sample size is 8 × 8 mm2. To
determine the exact orientation of the GaN substrate, we
change the beam size to 0.1 × 0.1 mm2. The observed
Laue spot is compared with the calculation using the soft-
ware LAUEPT [23]. The lattice constants a and c are 3.186
and 5.189 Å, respectively. The incident angle is adjusted
to 3◦ with respect to the GaN (112̄0) lattice place, as
illustrated in Fig. 1(a). The distance from the substrate to
the complementary metal oxide semiconductor (CMOS)
detector is set to 523 mm. A high-resolution CMOS
detector with an effective pixel size of 5.3 × 5.3 μm2 is
employed with a resolution of 1920 × 1440 pixels. By
comparing the observed Laue spots with the calculations,
we determine the orientation of the GaN with respect to
the incident x-ray beam. The calculated diffracted x-ray
wavelength for the GaN 112̄0 Bragg condition is 0.1595 Å.
After determining the Miller indices and diffracted x-ray
energy, we adjust the beam size to 8 μm (vertical) ×
11 mm (horizontal) for the section transmission geome-
try. Here, we assume that the lattice is a nearly perfect
crystal but tilted with almost small d-spacing variations.
By moving the sample downward along the z direction,
we obtain the line-shaped image in a plane that is made
with x of a sample horizontal position and y of a diffracted
wavelength, as shown in Fig. 1(b).

It is not easy to decompose the lattice-tilting vector com-
ponents into two along the x and z directions unlike the
micro x-ray diffraction technique. In the case of our sam-
ple with a small tilting angle, the peak positions mainly
change to the y direction along the wavelength direction
instead of the x direction, as shown in Fig. 1(b). This result
means that the diffracted x-ray beam direction change is
more sensitive to the tilting along the x axis than the z axis.
At arbitrary z points, the lines fluctuated because of the
lattice-plane tilt. If the origin of this peak shift were a
change of the lattice constant, the variance in the detector
would be much smaller than the data we obtain. Because
we employ white x rays as the light source, the change

(a)

(b)

FIG. 1. (a) Schematic illustration of experimental setup. The
GaN surface is irradiated with white x rays with transmission
Laue geometry at an incident angle of 3◦. The incident beam size
is set to 8 μm × 11 mm. (b) Images obtained from this config-
uration are observed with fluctuation because of the local tilting
of the lattice plane. By sectioning the image along the z direc-
tion (red box), we can obtain a lattice plane image with the same
energy.

of the peak position mainly originates from the diffracted
energy change, which we can interpret as originating from
the lattice-plane tilting instead of a d-spacing change. We
assume that the sample has a single-crystalline domain
along its depth direction. Under the tilting condition, we
can rewrite Bragg’s law as follows:

2d sin(θB + θT) = λ. (1)

This formula becomes the normal Bragg’s law if θT
is equal to 0. Because of the x-ray energy change by
the tilting angle θT, we can derive the relation between
the diffracted x-ray energies and tilting angle. This phe-
nomenon can be explained by introducing the following
derivative of Bragg’s law:

2d cos(θB + θT)dθT = dλ. (2)

Here, θB and θT represent the Bragg angle and tilting angle,
respectively. In this condition, we can evaluate the relative
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diffracted wavelength change related to the peak shift. If
we assume that the peak position change originates from
the d-spacing change with constant diffracted energy, the
value is so large that it cannot be acceptable for the GaN
substrate. By stacking the image at each z position, we can
slice the image at the same wavelength plane, as a yellow-
filled rectangular shown in Fig. 1(b), which contains the
same wavelength of diffracted x rays. We can then decom-
pose the broadband image into a monochromatic image
using this method.

III. RESULTS AND DISCUSSION

Figure 2(a) shows an image stacked at 100-μm incre-
ments of sample z positions. Here, peak position fluctu-
ations are mainly originated from the diffracted energy
variation. The evaluated energy change along the yellow
dotted line in Fig. 2(a) is shown in Fig. 2(b). The corre-
sponding wavelength changes at �z = −100 μm and 0
are about −3 × 10−3 and 2 × 10−3 Å, respectively. In the
case of the higher crystalline area shown in Fig. 2(c), the
diffracted x-ray energy does not change much. If we con-
sider the main contribution of the peak position changes
to the changes of d spacings, the amount of lattice con-
stant change 0.045 Å cannot be acceptable due to the large
discrepancy. Moreover, this discrepancy become severe as
the 2θ increases. For this reason, we can convert the peak
position change to the change of diffracted x-ray energy
originated from lattice tiltings.

Figure 3(a) presents an image of the diffracted x rays at
δλ = +0.0016 Å. The peak position in the CMOS detector
is approximately 100 pixels away from the GaN (112̄0)
Bragg’s peak at 3◦, which corresponds to a θT value of
+0.029◦. The periodic structure originates from the fab-
rication process to release the stress in the GaN substrate.
The bottomless structure is seen in the figure. Even though
the structure has a symmetrical shape, the bottom of the
square parts does not satisfy the Bragg condition. This
effect is reversed for the higher energy x ray of δλ =
−0.0016 Å, whose corresponding θT is equal to −0.029◦,
as shown in Fig. 3(b). The gradual change of diffracted
images from lower x-ray energy to higher x-ray energy
can be seen in Video 1 (see also Supplemental Material
[24]). The structure has a topless feature, which indicates
that the bottom side does not satisfy the Bragg condi-
tion at this energy. These bottomless and topless features
are also observed when we rotate the sample 90◦. The
diffracted crystal plane of this condition is GaN (22̄00).
Reconstructed images of diffracted x rays under this condi-
tion are shown in Figs. 3(c) and 3(d), which show similar
features compared to those of GaN (112̄0). We could inter-
pret this result as the topless features originating from the
diffracted x rays of longer wavelength shown in Fig. 3(e).
For short wavelengths, the overall feature is in a lower
position in the detector than at longer wavelengths, as

(a)

(c)

(b)

FIG. 2. (a) Diffracted signals at different z positions. Line pro-
files of the lower crystalline area along the yellow dotted line
and the relatively higher crystalline area along the red-dotted
line are described in (b) and (c), respectively. The �z values are
converted into a corresponding wavelength change.

illustrated in the left side of Fig. 3(e). Therefore, the over-
all feature should have the shape of symmetrical tilting
with the square schematically shown in the right side of
Fig. 3(e).

The periodic square shapes are deeply related to the GaN
growth technique. For freestanding GaN, seed crystals are
grown on the foreign materials such as NdGaO3 [25].
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(a) (c)

(d)(b)

(e)

FIG. 3. Reconstructed image at the lower diffraction energy (a),(c) and the higher diffraction energy (b),(d) diffracted from GaN
(112̄0) and GaN (22̄00). The bottomless and topless features originate from the lattice tilting, which generates diffraction x rays of
different energies, as illustrated in (e). The overall shape of the GaN substrate is shown in (e).

In this condition, the HVPE technique can be employed
to grow the seed crystals. As the seed crystal grows,
they grow laterally to form epitaxial laterally overgrown
(ELO) GaN. It is reported that there exist lattice mis-
matches in the boundary region that split the x-ray rock-
ing curve peak [26]. According to Bertram et al. [27],
the ELO area has a larger strain and it is related with
impurities. Understanding the correlation between strain
relaxation and impurity is important to control and man-
ufacture high-quality and homogeneous freestanding GaN
wafers.

VIDEO 1. Sequential view of reconstructed images from lower
energy to higher energy. Periodic structure originated from lattice
tilting shows larger intensity.

The lattice-plane orientation tilting is confirmed by
monochromatic x-ray diffraction topography performed at
BL20B2, SPring-8, Japan [24]. Here, the incident angle
is set to 0.58◦ and 2θ is set to 79.3◦, which satisfies the
(112̄4) Bragg condition. We are able to obtain a rocking
curve map [28] using a recently developed image-stacking
algorithm, as illustrated in Fig. 4(a). The scale bar indi-
cates the lattice tilting angle determined by rocking curve
imaging of the GaN (112̄4) lattice plane. The blue and
red dotted patterns originate from the local tilting of the
lattice during the substrate fabrication. To determine the
tilting angle, we calculate the angle difference between
the red and blue parts in Fig. 4(a). The estimated value is
approximately ±0.03◦, which is consistent with the results
obtained from the energy-resolved Laue diffraction topog-
raphy analysis. We also evaluated the full width at half
maximum (FWHM) to estimate the crystal quality shown
in Fig. 4(b). The map shows the relatively low crystallinity
in the tilted area of the lattice and high crystallinity in the
untilted area of the lattice. The average value in the tilted
area is 0.07◦, which is slightly larger than that in the other
region. These results are obtained for the ±0.03◦ tilting of
the lattice, which enlarges the FWHM.

We examine the crystal quality of the same GaN sample
using single crystal x-ray diffraction profiles. The experi-
ment is performed at the NIMS BL15XU at SPring-8 using
an incident wavelength of 1 Å. Monochromatic x rays
are selected using a Si(111) double-crystal monochroma-
tor. The harmonics are completely removed using a mirror
system. A six-circle x-ray diffractometer is employed for
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(a)

(b)

FIG. 4. Monochromatic x-ray diffraction topography image.
(a) Image obtained from the evaluation of the peak position
of θ at every point in the sample for the GaN (112̄4) lattice
plane. (b) FWHM map of the GaN substrate. The regular fea-
ture is attributed to the mosaicity originating from the substrate
fabrication.

the diffraction measurement. The beam size is adjusted
to be smaller than 200 μm in the horizontal and verti-
cal directions to fully cover one periodic structure of the
GaN substrate along the y direction. The GaN (0002)
Bragg angle at this wavelength is 22.25◦ with an illumi-
nation length on the sample surface of approximately 1
mm [24]. This length covers approximately two periods
of the square structure appearing on the GaN substrate
along the beam direction. Under this condition, by translat-
ing the GaN substrate perpendicular to the beam direction,
we obtain a high-resolution rocking curve profile as well
as a θ -2θ scan (qz scan) at some specific points of the
substrate. Figure 5(a) shows the θ -2θ scan of the GaN

(a)

(b)

FIG. 5. X-ray diffraction signals of untilted (red) and tilted
(blue) areas. (a) θ -2θ scan results. One sharp peak is observed for
the untilted parts. In the tilted region, the peak is split into two
peaks. (b) θ -rocking curves in the tilted region. In the untilted
region, one peak with a FWHM of 0.004◦ (red) is observed.
However, a mosaic structure with ±0.03◦ is observed (blue).

substrate of the untilted (red) and tilted (blue) area. For
the untilted part, the peak position is 22.25◦, with a corre-
sponding d spacing of 2.5925 Å. However, in the tilted
region, the peak is split into two peaks at 22.25◦ and
22.24◦. Accordingly, the evaluated d spacings are 2.5925
and 2.5913 Å, respectively. The peak position difference
is approximately 0.01◦, which is undistinguishable using
single-crystal x-ray diffraction with rotating anode x rays
because of the resolution limitation. The evaluated δd/d
is approximately 4.6 × 10−4, which is small enough that
we can consider this GaN substrate to be a high-quality
single crystal even though the edge of the patterned parts
is slightly tilted, as shown in Fig. 5(b). As expected from
the previous results, some distribution is observed in the
square-shaped region because of the lattice tilting. The
tilting angle is estimated to be ±0.03◦, which is consistent
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with the results obtained using the energy-resolved Laue
x-ray diffraction topography method, which uses white x
rays. The satellite peaks originate from the lattice tilting,
but they are not observed in the untilted region. For the
untilted region, the FWHM is approximately 0.004◦, which
is similar to the findings in a previous report [8].

Using x-ray diffraction topography and the photolu-
minescence of GaN, the number of dislocations can be
evaluated using image analysis [8]. However, even though
the overall feature can be observed, the lattice tilting and
distribution on a wafer scale cannot be determined. In our
experiment, we show the lattice tilting, which is related to
the lattice tilting by the rocking curve map. By magnify-
ing the image through a lens and using a phosphor CCD
detector, we expect to be able to achieve high image res-
olution; however, we may not see the overall feature on
the wafer scale. The misorientation deformation (mosaic-
ity) and dislocations in GaN are shown using synchrotron
white-beam x-ray topography (SWXRT) on a GaN sub-
strate using back reflection Laue geometry [29]. The report
does not show the lattice tilting on a wafer scale even
though they adopted section transmission geometry, which
means that we improve the SWXRT technique for the
observation of tilting on the wafer scale in the current
work. In the case of monochromatic x-ray topography,
photon flux is much smaller than white x rays due to
its narrow bandwidth. The photon flux becomes worse
if we employ transmission geometry for bulk sensitive
information. Our proposed method directly uses white or
polychromatic x rays without wavelength filtering, which
reduces the wafer inspection time. Although our proposed
method is sensitive to the lattice-plane tilting suitable for
high-quality crystalline material, it is not so sensitive to the
d-spacing variation. Therefore, new techniques that fully
cover lattice-plane tiltings and d-spacing variations are
in demand to understand the crystallinity of wafers more
precisely.

IV. CONCLUSION

In summary, we examine lattice-plane orientation tilting
using an energy-resolved white and Laue x-ray diffraction
topography technique. The tilting angle of a GaN sample is
determined to be ±0.03◦, which is consistent with the x-ray
diffraction topography results. Good agreement is observed
between the energy-resolved Laue x-ray images and both
single-crystal x-ray diffraction results and monochromatic
x-ray diffraction topography images. We expect that this
technique will be useful for estimation of crystal quality
on the wafer scale.
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