
http://www.tytlabs.com/review/© Toyota Central R&D Labs., Inc. 2019

Report received on Feb. 6, 2019

Kayo Horibuchi, Satoshi Yamaguchi, Yasuji Kimoto, Koichi Nishikawa and Tetsu Kachi

Characterization of Threading Dislocations in an Ammonothermal GaN 
Substrate by Synchrotron Radiation X-ray Topography and Transmission 
Electron Microscopy

Research Report

Special Feature: Analysis Techniques to Evaluate the Next 
Generation Electronic Materials

19R&D Review of Toyota CRDL, Vol.50 No.1 (2019) 19-26

Dislocation analysis was carried out on a GaN epitaxial layer on a GaN substrate 
fabricated using a basic ammonothermal method using synchrotron radiation X-ray topography (XRT) 
and transmission electron microscopy (TEM) . XRT was used to examine dislocations included in the bulk 
substrate and it was found that threading dislocations (TDs) were enlarged after epitaxial growth. TEM 
and scanning TEM (STEM) revealed that the TDs present in the GaN substrate are deformed into helical 
dislocations and the generation of the voids by heat treatment in the substrate for the first observation in the 
GaN crystal. These phenomena are formed by the interactions between the dislocations and vacancies. The 
helical dislocation was formed in the substrate region, and not in the epitaxial layer region. Conventional 
GaN crystals have a high density of dislocation; however, such crystals show no deformation. The generation 
of new defects was found to be driven only by heat treatment. In this study, the formation of defects similar 
to those found in metals, Si, and GaAs single crystals was observed, showing that the crystal quality of the 
GaN crystal was improved dramatically.
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and high-quality substrates. Therefore, studies 
have been carried out toward the establishment and 
commercialization of low-cost and high-quality growth 
methods. To develop a GaN-based vertical power device 
for the automotive industry, it is necessary to clarify 
the crystal quality by investigating the correlation 
between defects and device characteristics.(11-14) For this 
purpose, it is important to analyze the types of crystal 
defects that exist and how these defects are generated. 
In this study, threading dislocation (TD) analysis was 
carried out using high-resolution monochromatic 
synchrotron radiation X-ray topography (XRT) and 
transmission electron microscopy (TEM) on a GaN 
epitaxial layer on a bulk GaN substrate fabricated using 
an ammonothermal method.

2. Experimental Procedure and Results

2. 1  XRT Measurements

Figure 1 shows the experimental procedure. The 
GaN substrates used were fabricated using a basic 
ammonothermal method, involving an O-doped n-type 

1. Introduction

GaN is a promising material for use in next-generation 
power devices. However, to improve the electrical 
characteristics of GaN powered devices, it is essential 
to reduce the number of dislocations in GaN crystals. 
For this purpose, a high-quality GaN single crystal bulk 
substrate is required. Conventional GaN is crystalline 
with a high density of dislocations (of 106 cm−2 or more) 
due to it being epitaxially grown on foreign substrates, 
such as sapphire.(1,2) Recently, mass production 
methods that allow the synthesis of high-quality and 
large diameter GaN bulk crystals have been developed 
and various growth methods have subsequently been 
reported. One such preparation is the hydride vapor 
phase epitaxy method of vapor phase growth, in 
which bulk crystals are obtained by epitaxial growth 
on a substrate to form a thick film.(3-5) Another is 
liquid phase growth, such as via the Na flux(6,7) or 
ammonothermal methods.(8-10) These are methods 
for obtaining GaN crystals by the precipitation and 
recrystallization of GaN at high temperatures and 
pressures and have the potential to produce low-cost 
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substrate with a carrier concentration of 3 × 1018 cm−3, 
a diameter of one inch, and a thickness of approximately 
350 µm. The measurement conditions were as follows. 
First, XRT images of the GaN substrate were recorded 
in reflection geometry (Bragg case) at the SPring-8, 
BL16B2. The observed diffractions were 11−24 and 
0008 using 9.02 and 10.47 keV X-rays, respectively, 
and the penetration depth of the X-rays was 
approximately 5 µm. Figure 2(a) shows the 11−24 
diffraction topographs of the GaN substrate and these 
feature several large white spots and other small spots 
indicating the presence of two types of dislocations in 
the GaN substrate. In general, it has been shown that the 
spot size of pure-edge TDs is smaller than that of screw 
TDs, as observed previously in SiC.(15) Therefore, the 
appearance of the dislocations in GaN indicates that the 
crystal system is similar to that of SiC. After the XRT 
measurements, an epitaxial layer of approximately 
5 µm in thickness was grown on the same substrate by 
metal-organic chemical vapor deposition (MOCVD) 
or just via annealing in the MOCVD reactor without 
any growth. Trimethylgallium (TMG), NH3, and the 
carrier gases N2 and H2 were used as materials for the 
epitaxial growth at a temperature of 1100°C under 
atmospheric pressure and the annealing was carried out 
under the same conditions as the growth in the absence 
of TMG. After this procedure, the XRT measurements 

were repeated.
Figure. 2(b) shows the 11−24 diffraction topograph 

of the GaN wafer with the epitaxial layer in the same 
position as that in Fig. 2(a). Although the penetration 
depth of the X-rays was close to the thickness of the 
epitaxial layer, substrate information could also be 
obtained, as shown in the figure. The white spots are 
enlarged in Fig. 2(b) and the initial spot sizes were found 
to be 10–20 µm in diameter, changing to 30–50 µm 
after the epitaxial growth. Figure 3(a) is a reference 
that can be compared alongside Fig. 3(b), which 
shows the 11−24 diffraction topograph of the GaN 
wafer after annealing in the MOCVD reactor without 
any growth at the same position as Fig. 3(a). As in 
Fig. 2(b), the white spots in Fig. 3(b) were observed to 
be enlarged. Since the spot size reflects the area of the 
strain field around a dislocation, the change in the spot 
sizes indicates a significant change in the dislocation 
features induced by heating at a high temperature. 
Small spots hidden in the dark contrast in Figs. 2(b) 
and 3(b) can also be observed. Since the penetration 

Fig. 1	 Flow chart of the experimental procedure.

TEM measurements of the dislocations 
after the epitaxial growth

Determination of the positions of 
the dislocations

X-ray topography measurements of
the GaN substrate after the epitaxial
growth or annealing in the MOCVD
reactor without growth

Epitaxial growth on the substrate 
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just annealing in MOCVD reactor
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Fig. 2	 11−24 diffraction topographs at the same position 
on the GaN wafer (a) before epitaxial growth and 
(b) after epitaxial growth.
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depth of the X-rays is approximately 5 μm, information 
on the vicinity of the epitaxial layer/substrate interface 
can be obtained from the epitaxial layer. Therefore, 
there are two possible causes for the enlargement of 
the dislocation image in the XRT images. One is the 
expansion of the strain field due to deformation of the 
dislocation, and the other is the increase in the Burgers 
vector magnitude |b| of the TDs. In SiC, which is in 
the same crystal system as that of GaN, large defect 
images are frequently observed.(16) The reason behind 
this is the presence of TDs with large Burgers vectors 
(b = nc, n = 2, 3...) that are referred to as “micropipes”. 
When a large electric field is applied to this type of 
dislocation, the withstanding voltage of the elements 
is found to deteriorate significantly.(17) However, 
there have been only a few reports on micropipes or 
nanopipes in GaN crystals;(18,19) therefore, more careful 
analysis is required. With this in mind, detailed TEM 
measurements were carried out.

2. 2  TEM

To investigate the details of the dislocation behavior, 
TEM measurements were conducted. First, to observe 
the white spots present in the XRT images using 
TEM, wet etching (H2SO4: H2PO4 = 1:3, 250°C) was 
performed and pits were formed on the TDs. The 
positions of the TDs and the etched pits were matched 
by comparing the X-ray topographic image and the 
laser microscopy image of the same region, shown in 
Fig. 4. Based on the topography, the dislocation 
densities corresponding to the large white spots 
and small spots were deduced to be approximately 
5 × 103 cm−2 and 1 × 105 cm−2, respectively. Next, to 
process the dislocations, a cross-sectional TEM sample 
was prepared using a focused ion beam. TEM and 
scanning TEM (STEM) observations were performed 
using a Hitachi H-9000 NAR microscope operating at 
300 kV, a JEOL JEM-2100 F(Cs) microscope operating 
at 200 kV, and a JEM-1000 RS microscope operating at 
1000 kV. The Burgers vectors of the TDs were analyzed 
using the g･b method and the large-angle focused 
electron beam diffraction (LACBED) method. Here, 
the structures of the TDs present in the GaN crystal 
are briefly described, and the names of the TD types 
mentioned in this study are confirmed. Three types 
of TDs with the Burgers vectors b of a = <11–20>/3, 

Fig. 3	 11−24 diffraction topographs at the same position 
on the GaN wafer (a) before annealing and (b) after 
annealing in the MOCVD reactor without growth.

100 µm 

Fig. 4	 (a) 0008 diffraction topograph of the GaN epitaxial 
layer. (b) The etched pit image of the same area 
shown in (a) imaged by a laser microscope.

100 µm
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(b)
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(b) (g・b ≠ 0). The small spot TDs were identified as 
edge dislocations because the contrast is present in 
Fig. 7(a) and absent in Fig. 7(b). These results are 
consistent with the relationship between the spot 
diameters in the XRT images. The curved dislocations 
were then investigated. Figure 8 shows the bright 
field scanning transmission electrons microscope (BF-
STEM) image of the mixed dislocations (Fig. 5 (b)) 
after epitaxial growth, where Fig. 8(a) is incident on an 
axis and Fig. 8(b) is observed for [11−20] inclined at 
about 20° with respect to a rotation axis. By tilting the 
dislocation, it became clear that the dislocation was 
helical shaped. Further examination revealed that the 

c = <0001> and a + c = <11−23>/3 exist in hexagonal 
crystals such as GaN. When TDs run parallel to 
a c-axis, they can be referred to as edge, screw, 
and mixed dislocations.(20) In general, the analysis 
of the Burgers vector b of the dislocations was 
carried out using the g･b method to determine the 
existence/nonexistence of dislocation contrast within 
the TEM image by changing the diffraction vector g. 
The identification of the dislocation type was carried 
out by looking at the two-beam bright-field contrast 
images. Figure 5 shows cross-sectional TEM and 
STEM images of the etched pits before and after the 
etching process. The TDs before the epitaxial growth 
propagate straight to the surface. After the epitaxial 
growth, these went straight into the epitaxial layer, but 
were found to curve complicatedly in the substrate. 
Figure 6 shows a two-beam bright field image after 
the epitaxial growth, where Figs. 6(a) and (b) show 
the large spot dislocations and Figs. 7(a) and (b) show 
the small spot dislocations in the XRT images, with 
these TDs being identified using the g・b method. In 
the case of the TDs in the epitaxial layer, the large 
spots TDs were identified as mixed dislocations 
because the contrast is present in both Figs. 6 (a) and 

Fig. 5	 Cross-sectional STEM and TEM images taken 
from the etched pit region (a) STEM image of the 
sample before epitaxial growth and (b) TEM image 
of the sample after epitaxial growth.
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Fig. 7	 Two-beam BF-TEM images taken from the area 
of the small spot in the  XRT image after epitaxial 
growth with (a) g = 11−20 and (b) g = 0002. 

Fig. 6	 Two-beam BF-TEM images taken from the area 
of the large spot in the XRT image after epitaxial 
growth with (a) g = 11−20 and (b) g = 0002 for the 
region shown in Fig. 5 (b). 
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from the GaN substrate to the epitaxial layer, no change 
in the Burgers vector occurs, and the cause of the 
large defect image in the XRT image can be identified 
as being a result of the expansion of the strain field 
caused by the curvature of the dislocation in the GaN 
substrate.

3. Discussion

The reasons behind the TD deformations were 
identified. The mixed dislocation in Fig. 8 was found 
to be similar to the dislocations known as “helical 
dislocations” formed by the interaction of dislocations 
and point defects.(23) The deformation mechanism of 
helical dislocations has already been elucidated in 
metallic crystals and this phenomenon occurs when 
a single crystal with a low density of dislocations of 
high impurity content is heat-treated.(24-26) For the first 
time in a GaN crystal, the TD in a GaN substrate has 
been observed to deform into a helical dislocation 
by heating it to 1000°C. From the observation 
of the helical dislocation, it can be inferred that 
although the high-quality GaN crystals produced by 
the ammonothermal method have a low density of 
dislocations, they have a high density of point defects 
and its crystallinity is apparently different from that 
of GaN thin films produced by a vapor phase growth 

dislocation lines were deformed stepwise and voids 
were observed at the steps. 

Thus, the g・b method can be used to distinguish 
the screw and edge components, but cannot estimate 
the magnitude of the Burgers vector. The Burgers 
vector of dislocations b = [u v w] is most reliably 
calculated using the LACBED method,(21,22) and can 
be explained as follows. When the incident electron 
beam is intentionally defocused to irradiate the entire 
region containing the dislocation, the higher-order 
Laue zone line shows “splitting” because the Bragg 
condition changes due to the effect of the local strain 
of the dislocation. A relationship g · b = n is established 
between the number of splittings, n, the Burgers vector 
b (= [u v w]), and the diffraction vector g (= [h k l]). By 
counting the number of splittings from at least three 
reflection lines, the Burgers vector b can be determined 
by solving simultaneous equations. Figure 9 shows 
the LACBED images. The mixed dislocations in the 
epitaxial layer (in Figs. 6(a) and (b)) were analyzed. 
Table 1 shows the simultaneous equations obtained 
from g and n. Solving the simultaneous equations in 
Table 1 yields b = [0−11], which can be converted to 
the Miller–Bravais indices b = 1/3[−12−1−3]. A TD 
with a Burgers vector 1/3[−12−1−3] corresponds to 
a mixed dislocation present in a conventional GaN 
crystal. From these results, when the TD is transferred 

Fig. 8	 BF-STEM image taken from a part of the region shown in Fig. 5, where (a) is at 
incidence and (b) is tilted about 20 degrees with respect to [11−20] with g = 11−20.
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helical dislocation in GaN crystals produced using 
the ammonothermal method. The deformation of the 
edge dislocation shown in Fig. 6 seems to be caused by 
vacancy defects, as in the case of helical dislocation. 

Furthermore, in our previous work, the influence of 
dislocations on the leakage current of Schottky barrier 
diodes fabricated on an epitaxial layer was explored 
and it was found that the deformed dislocations and 
formed voids were not observed in the epitaxial layer 
and that the dislocations did not affect the leakage 
current characteristics of the epitaxial layer.(29) Thus, it 
is suggested that the deformation of dislocations in the 
GaN substrate does not adversely affect the epitaxial 
layer. Therefore, the low-dislocation density GaN 
substrate fabricated using an ammonothermal method 
in this study may be effective for use in high voltage 
devices.

4. Summary

Dislocation analysis was carried out on a GaN 
epitaxial layer on a GaN substrate fabricated using 
a basic ammonothermal method using synchrotron 
radiation XRT and TEM. Deformation “helical 
dislocation” and void formation by heat treatment 
were observed in the GaN substrate, with the helical 
dislocations found in a GaN crystal for the first time. 
These phenomena are formed by the interactions 
between the dislocations and vacancies. Conventional 
GaN crystals have a high density of dislocation; 
however, such crystals show no deformation. The 
generation of new defects was found to be driven 
only by heat treatment. In this study, the formation of 
defects similar to those found in metals, Si, and GaAs 
single crystals was observed, showing that the crystal 
quality of the GaN crystal was improved dramatically.
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method. In the evaluation of in-grown vacancy defects 
in ammonothermal GaN synthesized via the positron 
annihilation method, a high concentration of Ga 
vacancy-related defects in n-type samples with varying 
free electron and oxygen content were observed.(27,28) 
These results support the deformation process of the 

Fig. 9	 LACBED images of mixed dislocations in the 
epitaxial layer. Dark-field LACBED image for 
g = (a) 21−11, (b) −2−19, and (c) Bright-field 
LACBED image for g = −1−1−10. The parameter 
g represents the diffraction vector, n represents the 
number of splits, s represents the excitation error, 
and u represents the dislocation line direction.
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Table 1   The linear system of  equations.

ghkl g・b = nexp

(a) 2 1 −11 2u + v − 11w = −12

(b) −2 −1 9 −2u − v + 9w = 10

(c) −1 −1 −10 −u − v −10w = −9

b = [u v w]

b = [0 −1 1]

*
*

*
*
*

*
*

*
*

n = −9
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