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Lattice-plane bending angle modulation of Mg-
doped GaN homoepitaxial layer observed by X-ray
diffraction topography

Jaemyung Kim,ab Okkyun Seo,abc Chulho Song, †b Satoshi Hiroi,bc Yanna Chen, bc

Yoshihiro Irokawa,a Toshihide Nabatame,a Yasuo Koidea and Osami Sakata *abc

We have studied the lattice-plane modulation of Mg-doped GaN homoepitaxial layers by X-ray diffraction

topography. X-ray rocking curve images and full-width at half maxima images of a 2 inch GaN wafer were

obtained by an image stacking method. Low frequency components evaluated from Fourier transforma-

tions of the X-ray rocking curves tended to increase as the Mg-doping concentration increased, which in-

dicates an increase of film lattice modulation. For Mg-dopant concentrations greater than 1019 cm−3, the

film lattice-plane changed from a convex to concave shape and became wrinkled. We attribute this lattice-

plane modulation to the relaxation of strain in the in-plane direction after the generation of dislocations by

Mg doping.

Introduction

A recently developed hydride vapour phase epitaxy (HVPE)
method has enabled the growth of large and high-quality
GaN wafers.1,2 Homo-epitaxial layers grown on this GaN sub-
strate show the highest crystallinity available in industry.3,4

However, for applications to optoelectronics5,6 and power de-
vices,7,8 control of the dopant concentration is a critical fac-
tor. After electron beam irradiation and thermal annealing,
Mg-doped GaN shows a considerable increase of photo-
luminescence (PL) efficiency.5,6 Although a Mg and hydrogen
assisted model has been proposed to explain the increase of
the PL efficiency, the actual mechanism of the increase re-
mains a topic of debate.9 Mg-Doping to GaN increases the lat-
tice parameters in both the a and c directions, but the lattice
constant variations are very small.10 In the case of Si-doped
GaN, sometimes, it shows strain, dislocations, and even
cracks in its films, which deteriorate the GaN crystal quality.11

However, the microscale information obtained to date is not

appropriate for understanding how these effects influence the
overall wafer on a macroscopic scale such as HRTEM (high-
resolution transmission electron microscopy)12 or EELS
(electron energy loss spectroscopy).13 A better understanding
of the wafer scale origins is needed to overcome these side ef-
fects and enable mass production of GaN wafers.

Although X-ray rocking curves are widely used to observe
GaN crystallinity, this technique only gives local rather than
global information. Thus, conventional rocking curve mea-
surements are not suitable for evaluating the crystallinity of
the whole wafer. To overcome this issue, X-ray rocking curves
have been combined with scanning methods based on motor-
ized sample stages.1,14 However, these approaches do not
fully cover the whole wafer owing to time and cost
limitations.

In the case of an X-ray diffraction topography technique
based on the Berg–Barrett method,15–21 it has provided us
with wafer scale information such as the dislocation distribu-
tion. This method is suitable for crystalline materials rather
than layered materials because 2D materials have Bragg rods
instead of Bragg points in the reciprocal space.22 Recently de-
veloped lattice-plane orientation mapping shows the impor-
tance of wafer scale imaging for understanding wafer bend-
ing and crystallinity distribution over 2 and 4 inch GaN
wafers.20,21

Here we show the effects of Mg doping on GaN homo-
epitaxial layers over a wafer by X-ray diffraction topography
methods. We applied Fourier analysis of the bending angle
line profiles to reveal an increase of the bending angle
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modulation as the Mg concentration increased owing to
strain relaxation in the in-plane directions.

Experimental details

The samples were 2 μm-thick Mg-doped GaN layers with Mg-
dopant concentrations of 1017, 1018, and 1019 cm−3 grown on
a 1 μm-thick undoped GaN layer on a 330 μm-thick GaN
(0001) 2 inch wafer as the substrate. The concentrations of
Mg in the GaN layers were estimated using a calibration
curve of Mg dopant concentrations, which were obtained
from analysis of secondary ion mass spectroscopy depth pro-
files of reference samples, as a function of Cp2Mg (bis
cyclopentadienyl magnesium) supply amounts, and had a
standard deviation of 10%. The X-ray diffraction topography
experiments were performed at BL20B2 SPring-8, Japan. An
X-ray wavelength of 1.284 Å was selected with a Si (111) dou-
ble crystal monochromator having a size of 100 mm (h) × 1.5
mm (v), which was large enough to fully cover the 2 inch

Fig. 1 X-ray diffraction configurations in concave (a–c) and convex (d–
f) lattice-planes illustrated at various incident angles. The diffracted
X-rays are those emitted from lattice-planes that satisfy the Bragg
condition.

Fig. 2 Merged 2 inch GaN images at various Mg doping concentrations are illustrated in (a)–(c). The intensities in the image represent the bending
angles evaluated from the partially diffracted X-ray images at respective pixel positions. Line profiles representing the wafer bending at the top,
center, and lower parts are shown in (d)–(f). Fourier transformation results of these line profiles are shown in (g), (h), and (i), respectively. Low fre-
quency components related to the lattice modulation dominate at an Mg concentration of 1019 cm−3.
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wafer. A flat panel detector (C7942, Hamamatsu Photonics)
with a pixel size of 50 × 50 μm2 was installed for image acqui-
sition. The incident angle was adjusted to be 0.58°, which
satisfied the GaN (112̄4) Bragg condition. We obtained par-
tially diffracted images at various incident angles and evalu-
ated the rocking curve images by an image stacking tech-
nique.20,21 In the case of a bent crystal, the positions that
satisfied the Bragg condition diffracted X-rays. Six of the
available diffraction configurations in the bent crystal are il-
lustrated in Fig. 1(a)–(f). For a convex shape, the diffraction
position moved to the right, when irradiated with X-rays from
right to the left, as shown in Fig. 1(b). Conversely, if we in-
creased the incident angle, the diffraction position moved to
the left, as shown in Fig. 1(c). If the lattice-plane has a con-
cave shape, the situation was reversed, as shown in Fig. 1(d)–
(f). Through this X-ray diffraction technique, we obtained
bending angle information on the lattice-plane.

Results and discussion

The bending angle maps at Mg concentrations of 1017, 1018,
and 1019 cm−3 are shown in Fig. 2(a)–(c), respectively. The
intensity patterns indicate the bending angles evaluated from
the rocking curves at the respective detector pixel position. At
Mg concentrations of 1017 and 1018 cm−3, the bending angle
changed monotonously. However, at 1019 cm−3, modulation
of the bending angles in the vicinity of the central parts was
clearly seen. The overall bending angle envelope changed
from a concave to convex shape. Both the envelope changes
of the bending angles and film wrinkling are shown by the
changes of the bending angle envelopes [Fig. 2(c)]. To under-
stand the change of the bending angle quantitatively, we se-
lected specific line profiles of each wafer, as shown in
Fig. 2(d)–(f). The bending angles obtained from the upper
sides of each wafer are shown in Fig. 2(d). For Mg concentra-
tions of 1017 and 1018 cm−3, the overall values were shifted by
±0.05°. However, in the case of the highest doping concentra-
tion of 1019 cm−3, abrupt increases and decreases of the
bending angles were observed, which implies the existence of
lattice-plane modulation at high Mg concentrations. This sit-
uation was similar for the center and lower parts of the sam-
ples, as shown in Fig. 2(e) and (h). To determine the fre-
quency components from the bending angle modulation, we
applied Fourier transformations to the obtained line profiles.
The calculated frequency components of the upper, middle,
and lower parts are shown in Fig. 2(g)–(i), respectively. In the
case of the upper region, the increase of the low frequency
components strongly affected the bending angle fluctuation,
as shown in Fig. 2(g). In the case of a Mg-doping concentra-
tion of 1019 cm−3, the dominant frequency was 0.67 × 10−6

Å−1 with a corresponding modulation period of approximately
9.4 mm. Another strong frequency component at 0.13 × 10−6

Å−1 with a 4.7 mm modulation period was also observed.
These two strong frequency components mainly contributed
to the wafer bending and wrinkling of the GaN films.

To understand the relationship between the amplitude
obtained from Fourier transformation and the Mg concentra-
tion, we calculated the amplitude summation of Fig. 2(g–i),
which can be used to represent the film modulation, as
shown in Fig. 3(a). As the Mg concentration increased, the to-
tal amplitude increased. The trend was similar for the wafer
upper, center, and lower parts. The mean values at a Mg-
doping concentration of 1019 cm−3 were approximately two
times as high as those at 1017 cm−3. We interpret this result
as indicating that the high Mg doping of the GaN homo-
epitaxial layers increased the stress in the in-plane direction
of the film. As shown in Fig. 3(b), the films had low bending
at the initial stage. As the Mg concentration increased, the
lattice-plane bending angle increased. At Mg concentrations
greater than 1019 cm−3, the increase of stress enabled relaxa-
tion by film wrinkling. According to a report on stress relaxa-
tion18 of Si-doped GaN observed by Raman spectroscopy,11,24

an increase of the Si doping concentration induces stress re-
laxation of the films and the dislocation density increases. In
this respect, our observation is similar to the previous report,
which was based on a Si dopant.11 To confirm our model pro-
posed in Fig. 3(b), we evaluated the full-width at half maxima
(FWHM) maps by an image stacking method, as illustrated in

Fig. 3 Amplitude summation evaluated from Fourier transformation is
represented in (a). The evaluated values were proportional to the Mg
concentration. The proposed Mg-induced lattice bending model is
shown in (b). As the Mg dopant concentration increased, the lattice
bending angle increased up to a Mg concentration of 1018 cm−3. At
higher concentrations, the films became wrinkled and changed from a
convex to concave shape.

CrystEngComm Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ar
ch

 2
01

9.
 D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 1

1:
51

:3
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ce01906a


2284 | CrystEngComm, 2019, 21, 2281–2285 This journal is © The Royal Society of Chemistry 2019

Fig. 4(a)–(c). The color scale indicates the FWHM angle. For a
Mg concentration of 1017 cm−3, the FWHM showed a homo-
geneous distribution. For a Mg concentration of 1018 cm−3,
we observed an increase of the FWHM in the middle of the
wafer. At a Mg concentration of 1019 cm−3, the edge parts in-
side the circles showed a particularly large FWHM, which in-
dicated an increase of the mosaicity of GaN (112̄4) domains.
The increase of the FWHM in the vicinity of the wafer edge
in Fig. 4(c) is the result of compressive stress relaxation in
the in-plane direction if the substrates used have similar
lattice-plane bending distributions. The origin of a small
point-like area, having a large FWHM value within the circle
in Fig. 4(c), cannot be explained without stress relaxation.
This assumption is consistent with a previously mentioned
report.23 The increase of FWHM is related to an increase of
mosaicity or dislocation density.

According to previous reports, the dislocation density can
be directly calculated from the rocking curve width broaden-
ing and the length of the Burgers vector.25,26 For the rocking
curve obtained at the GaN (112̄4) peak, the broadening pro-
vides the threading dislocation (TD) density. However, the
best way to observe dislocations is to use transmission
electron microscopy (TEM) with atomic resolution27 or
atomic force microscopy (AFM) of a clean surface.29,30 Without
measurements at this resolution, it is difficult to evaluate the
dislocation density and the length of the Burgers vector. A re-
cently developed two-photon excitation photoluminescence
technique28 has also shown dislocation images in 3D. How-
ever, the spatial resolution of this method is insufficient to
distinguish dislocations smaller than 300 nm. In some cases,
a formula developed by Kaganer26 is useful for estimating the
dislocation density. However, according to Barchuk et al.,
X-ray rocking curves can show the same features even at very
different dislocation densities.31 They interpreted the broad-
ening of rocking curves through wafer bowing and
misorientation from a macroscopic viewpoint. From a micro-
structural point of view, they associated the rocking curve
broadening with the dislocation density. They revealed that
dislocation densities obtained from Monte Carlo simulations

were strongly dependent on the model even with the same
rocking curve. For these reasons, careful attention should be
paid to interpreting dislocation densities based on X-ray
rocking curves.

Conclusions

In conclusion, we have observed the lattice-plane bending angle
modulations of GaN homoepitaxial layers by X-ray diffraction
topography. As the Mg concentration increased, the bending an-
gles increased and the film became wrinkled. At an Mg concen-
tration of 1019 cm−3, the envelope of the lattice-plane changed
from a concave to convex shape. Fourier transformations of the
bending angle line profiles obtained from X-ray diffraction to-
pography images showed an increase of low frequency compo-
nents as the doping concentration increased. The evaluated low
frequency components with periods of 9.4 and 4.7 mm was
dominant under the highest doping concentration. The enve-
lope of the overall lattice-planes became convex and wrinkled at
high Mg concentrations. The increase of the FWHM at the wa-
fer edge implies that stress relaxation occurs with an increase of
dislocation density at high Mg concentrations.
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Fig. 4 FWHM maps of Mg concentrations of 1017 (a), 1018 (b), and 1019 cm−3 (c) evaluated from the image stacking method are described. As the
Mg concentration increased, the FWHM increased owing to the increase of mosaicity induced by Mg atoms. The dashed circle area indicates a
region of high mosaicity.
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