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The crystallinity of a 35-mm-diameter AIN single-crystal substrate grown by
physical vapor transport was investigated using x-ray diffraction and Raman
spectral mapping. Dislocations in the same sample were observed using an
etch pit method, synchrotron x-ray topography, and transmission electron
microscopy. The central area of a diameter of 25 mm was featured with high
crystallinity and high uniformity, whereas the rim area showed degradation
in crystallinity. An improvement in the radius of curvature was confirmed
along the growth direction of [0001]. The dislocations were revealed as etch
pits, and the position-dependent etch pit density was analyzed across the
whole wafer. Transmission electron microscopy showed that under the current
chemical etching condition, the size of the etch pits in the [1120] diagonal
direction was approximately linearly proportional to the magnitude of the

Burgers vectors, and therefore could be used to classify dislocations.
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INTRODUCTION

The superior physical properties of aluminum
nitride (AIN), such as an ultra-wide direct bandgap,
high breakdown voltage, and high thermal conduc-
tivity, have made this material one of the most
promising candidates for the application of short-
wavelength optoelectronic devices for deep ultravi-
olet (DUV) light-emitting and power-switching elec-
tronic devices capable of operating at high voltage,
high frequency, and elevated temperature.’™ To
realize the optoelectronic and electronic devices that
can fully exploit the physical properties of AIN, free-
standing AIN substrates with a large diameter, high
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crystallinity, high uniformity, and low dislocation
density are required, on which active layers will be
grown.

Crystal growth of AIN boules or thick layers using
various growth techniques has been reported,
including solution i%rowth,s”6 elementary source
vapor phase epitaxy,’ hydride vapor phase epitaxy
(HVPE)®* ! and physical vapor transport
(PVT).lé_zO Annealing of AIN templates grown by
sputtering has recently been reported as a potential
technique for providing high-quality AIN sub-
strates.”’ 3 Among the above growth techniques,
PVT has an advantage over the other methods in
terms of growth rate and structural quality. Single-
crystal AIN substrates fabricated using PVT are
commercially available.?*

The position-dependent crystallinity and disloca-
tion distribution across a wafer provide important
feedback for the optimization of growth conditions.
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These pieces of information are also essential for the
design of subsequent processes such as epitaxial
growth and device fabrication. In this work, we have
carried out a comprehensive evaluation on an up-to-
date commercial AIN substrate using x-ray diffrac-
tion (XRD), Raman spectral mapping, the etch pit
method, transmission electron microscopy (TEM),
and synchrotron x-ray topography (XRT). Particular
attention has been paid to the position dependence
of substrate quality and dislocation density. Evalu-
ations on two opposite polar faces, namely the front
and backside of the substrate, were also compared
to investigate the evolution of structural properties
along the growth direction of [0001].

EXPERIMENTAL DETAILS

The sample evaluated in this work was a com-
mercial AIN single-crystal substrate (HexaTech,
Inc.?*) grown by PVT. It was 35 mm in diameter
and 550 ym in thickness. Both the Al-polar and the
N-polar surfaces were treated to obtain an epi-ready
finish using chemical-mechanical polishing (CMP).
The crystallinity, lattice constants, and radius of
curvature of the substrate were evaluated using a
PANalytical Empyrean high-resolution XRD plat-
form at room temperature of 25 + 1°C. A Ge(220)
symmetric four-crystal monochromator was applied
on the incident side, and a three-bounce symmetric
analyzer or a PIXcel®” two-dimensional (2D) solid-
state hybrid pixel detector® was used on the
detection side. The wavelength of the x-ray source
was 0.154060 nm. By carefullg positioning the
sample in the diffractometer?®*” and calibrating
the zero point of 20 of the three-bounce symmetric
analyzer, precision of 1 x 10~° in lattice constants
was achieved in this system. Raman spectral map-
ping in the back-scattering geometry was performed
using a JASCO NRS-7100 confocal laser Raman
spectrometer with a Nd:YVO, laser (1 = 532.5 nm)
as the excitation source. The spectral resolution
under the present measurement conditions was
approximately 0.2 ¢cm ! in wavenumber. The atomic
lines of a neon lamp and a standard silicon crystal
were used as the references to calibrate the Raman
spectra. To reveal the dislocations from the sub-
strate surface, chemical etching in molten KOH +
NasO5 was carried out at 520°C for 6 min, and the
etch pits were observed using a laser microscope.
The cross-sectional TEM specimens were then fab-
ricated by cutting out 150-nm-thick slabs containing
the target dislocation segments using a focused ion
beam (FIB). The TEM observation was performed
on a JEOL JEM-2010 DM using large-angle con-
vergent-beam electron diffraction (LACBED) to
determine the Burgers vectors of dislocation. The
observation of dislocations using synchrotron XRT
was carried out prior to the chemical etching at
beamlines BL-3C and BL-14B of the Photon Factory
at High Energy Accelerator Research Organization
(KEK-PF), Tsukuba, Japan. The monochromatic

x-ray with a wavelength of 0.0893 nm
(E = 13.9 keV) was irradiated to the sample surface
at an incident angle of 5°. The topographic images
at g = 2246 were recorded on nuclear emulsion
plates.?®29

RESULTS AND DISCUSSION

Figure 1a and b show the position-dependent
0004 o rocking curves (w-RCs) measured from the
Al-polar and the N-polar surfaces, respectively. The
center of the substrate was set to 0 mm. A PIXcel®P
detector in open detector mode®® was used for these
measurements, which allowed the diffracted x-ray
from the sample to be collected simultaneously over
a 20 range of several degrees. Therefore, the peak
positions of the w-RCs indicated the direction of the
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Fig. 1. Position-dependent XRD w rocking curves measured from
(a) the Al-polar face and (b) the N-polar face. The substrate was
rotated around the vertical line in the figure from one polar face to the
other.
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0004 normal at each measurement position. By
applying linear fitting to these peak positions as a
function of the measurement position, the radius of
curvature (R.) of the c-planes was calculated to be
around 30 m from the Al-polar face. The R. mea-
sured from the N-polar face was several meters
greater than that measured from the Al-polar face,
which is in agreement with our previous study on
another AIN substrate grown under similar condi-
tions.? The c-planes were bent towards the [0001]
direction, namely, the c-planes were convex-shaped
when viewed from the N-polar face. This is consis-
tent with the fact that the convex thermal field was
applied to the growth front during the N-polar
growth.'*?° This convex thermal field is thought to
be crucial to achieving a large expansion angle
during PVT growth to enable a controlled diameter
enlargement.”'82° The increase in the R, from the
Al-polar to the N-polar face indicates an improve-
ment in terms of the release of thermal stress
during the PVT growth along the [0001] direction.'”

Figure 2 shows the XRD intensity and full-width
at half-maximum (FWHM) of the »w-RCs as a
function of the measurement position. The central
area within a 25-mm-diameter range showed highly
uniform crystallinity. Small standard deviations of
op1 = 1.7% for the peak intensity and ér = 0.7% for
the FWHM were calculated from the Al-polar face,
and those for the N-polar face were dp; = 0.8% and
O = 2.1%. On the other hand, the 5-mm-wide rim of
the substrate showed a notable degradation in
crystallinity. As shown in Fig. 1, a significant peak
broadening or the presence of a peak shoulder was
confirmed from the w-RCs at 15.00 mm and
—15.0 mm for both polar faces. This suggests a
relatively large misorientation of the c-plane nor-
mal, namely tilt of the c-axis, in the rim area in
comparison with the central area. For seeded PVT
growth of large AIN boules, diameter enlargement
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Fig. 2. (a) XRD intensity and (b) FWHM of o rocking curves as a
function of the measurement position, measured from the Al-polar
face (black) and the N-polar face (red) (Color figure online).

Yao, Sugawara, Ishikawa, Okada, and Tadatomo

from the original size of the seed is important, which
is normally achieved by the lateral growth of the
crystal on the prismatic m{1100} facets or pyramidal
{110n) facets,'*1671820 while the central area of the
substrate is expected to be dominated by the (0001)
N-face growth. The above position-dependent XRD
measurements imply that it is important to match
the crystal orientation of the m{1100} and {110n}
growth with that of the (0001) N-face growth to
improve the uniformity across the entire wafer and
increase the usable area.

Comparing the XRD intensities between the two
polarities, an average 23% increase from the Al-
polar to the N-polar face was confirmed, suggesting
an improvement in crystallinity along the growth
direction of [0001]. However, a broadening of the
FWHM was observed from an average of 15.5 arcsec
for the Al-polar face to an average of 18.3 arcsec for
the N-polar face. The reason for the broadening is
not clear so far. A possible explanation is related to
the difference in surface treatment by CMP, taking
into consideration that the chemical reactivity of
two opposite polarities differs significantly.

Figure 3 shows the XRD reciprocal space maps
(RSMs) near the symmetric 0004 and asymmetric
0115 reflections, recorded from the substrate center
of the Al-polar and the N-polar face, respectively. A
three-bounce symmetric analyzer was used on the
detector side instead of the above-mentioned PIX-
cel®P detector to ensure a high angular resolution of
20. The substrate showed very high crystal perfec-
tion in terms of great lateral coherence length and
small tilt and twist components, as indicated by the
small RSM FWHM for both symmetric and asym-
metric reflections.?*®! »-RC and /20 scans (not
shown) at the 0004 and 0115 reflections had FWHM
in the range of 6.9-21.2 arcsec (Table I). The N-
polar face showed a slight broadening of the RSM
contour compared with the Al-polar face, but it is
noted that these broadened contour lines correspond
to weak reflections with an intensity lower than 1%
of the contour peak. This broadening was tenta-
tively attributed to the residual strain in the
topmost N-polar surface introduced by the CMP
treatment. _

/20 scans recorded at 0004 and 0115 reflections
were used to determine the lattice constants ¢ and a,
respectively. The substrate center and four posi-
tions 10 mm from the center were measured on each
polar face, to analyze the variation in lattice con-
stants along the growth direction and within the c-
plane. c¢co = 0.498089 nm and ag= 0.311197 nm
were adopted from Paszkowicz et al.®? as the
strain-free lattice constants of AIN. Figure 4 shows
the strain component Ac/cy and Aa/a, at five mea-
surement points as the deviation of the measured
lattice constants with respect to the reference.
Lattice constants ¢ measured at all points were
smaller than the reference, whereas lattice con-
stants a were greater than the reference. The



Crystallinity Evaluation and Dislocation Observation for an Aluminum Nitride Single-Crystal

Substrate on a Wafer Scale

5147

A - A
sossk— -~ . Al-polar face |y
a A} . ; * Vs =
£ so36f (@) ® - o & 10.045F 1
g . - . B 1x10'} g 3§ m-1x10
i i -
'g o~ 8.034f—=" ® 4x10' 'g o = 3x10' :
2 ; 1[
g E 8032} 1><1o2 8 210.040 » 7><1oz
§ d 4X1037 § d SR 2X102:
8 = 8.030 1x10°f g = B 5x10°%|;
(7] . (7] < b
‘_u 8 RNy 3)(103 S 8 10.035 : — 1)(103 &
G S 8.0281- = f 8 810035 = 3 E
o — = 9x10°, O — e 3 E3><10§
8 soefie = 3x10'f @ = 910
& soaf = 8<10' & 19030l = 2x10°|
> TR I N 1 1Q)1 | I TR TN TN T N T N | Ly
0.005 3.705 3.710 3.715

Reciprocal space coordinate

|| [0110]Qx (nm™)

8.034

Reciprocal space coordinate
Il [0001]Q, (nm™)

ERNTASL AU DS U T

TN N TE A8

0

Reciprocal space coordinate

I| [01T0]Q, (nm™)

Reciprocal space coordinate
Il [0110]Q, (nm*)

3.705 3.710 3.715
Reciprocal space coordinate
Il [0170]Q, (nm")

Fig. 3. XRD reciprocal space maps (RSMs) near symmetric 0004 and asymmetric 0115 reflections, acquired from the substrate center. (a, b)
The Al-polar and (c, d) the N-polar face. RSMs near both the symmetric and asymmetric reflections show broadening mainly in the direction

perpendicular to the diffraction vector.

Table I. FWHM of XRD /20 scan and o rocking curve of the symmetric 0004 and asymmetric 0115 reflections

Reflections Scan mode Al-polar face (arcsec) N-polar face (arcsec)
0004 o-RC 6.9 9.2

/20 7.2 12.1
0115 o-RC 17.2 194

/260 17.4 21.2
deviation of lattice a was several parts in 10°. The the reference values,®® while this deviation

volume of unit cell calculated using the measured
lattice constants was nearly constant for all mea-
surement points, but the nature of strain seemed
not to be completely biaxial assuming a Poisson
ratio of 0.203%° for AIN. Focusing on the in-plane
variation of the lattice constants, it was found that
the substrate center had a very small deviation from

increased towards the periphery. Comparing the
lattice constants measured from the front and
backside of the substrate, which represent different
growth stages 550 yum apart from each other in
the (0001) direction, it was notable that the lattice
constants (both ¢ and a) slowly approached the
strain-free values along the [0001] direction, i.e., the
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Fig. 4. Deviation of the measured lattice constants from the
reference values.®* Upper: Al-polar face. Lower: N-polar face.

growth direction of the AIN ingot. This might be
related to the fact that the later stage of the growth
was carried out under reduced stress.!” Other
factors affecting the lattice constants such as the
impurity incorporation and the curvature of crystal
planes need to be taken into consideration to clarify
the characteristics of the strain.

To further investigate the distribution of residual
stress and the crystallinity, Raman spectral map-
ping was carried out. Figure 5a shows the repre-
sentative Raman spectrum recorded from the N-
polar face under scattering geometry ki(e;, —kg,>*
where k; = [0001], ks =[0001], and e; = (1120).
E5(high) was the strongest phonon mode allowed
under this geometry, and it peaked at 656.6 cm ! as
determined using a Voigt fitting. In addition,
E{(TO) and A{(LO) phonon modes were observed.
FWHM maps of the Eo(high) peak measured from
the Al-polar and the N-polar faces are shown in
Fig. 5b and c, respectively. The average FWHM of
400 measured points across the whole substrate was
3.4 cm ™! (standard deviation 6 = 1.6%) for the Al-
polar face and 3.3 ecm ! (6 = 2.8%) for the N-polar
face. The small FWHM of the E5(high) and its high
uniformity across the substrate is a good indicator of
the high structural quality and low impurity incor-
poration. FWHM of 3—4 cm ! have been re 5por‘ced for
high-quality single-crystal AIN bulk,'®3® whereas
AIN films fabricated on foreign substrates typically
have wider FWHM,?%3° presumably due to the
crystallinity degradation caused by lattice mis-
match and in some cases by the incorporation of
impurities such as oxygen.*® The maps of the
E5(high) peak positions measured from the Al-polar
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Fig. 5. (a) Raman spectrum measured from the substrate center of
the N-polar face. (b, c) Maps of the FWHM of E,(high) phonon mode,
from the Al-polar and the N-polar face, respectively. (d, ) Maps of
the peak position of Ex(high) phonon mode, from the Al-polar and the

N-polar face, respectively. The scale bar is 5 mm and it applies to all
four Raman maps in (b—e).

and the N-polar faces are shown in Fig. 5d and e,
respectively. Note that the wavenumber scale bar is
lem ! ranging between 655.7cm ! and
656.7 cm™ ", suggesting a uniform distribution of
stress at least at the detection limit of Raman
spectra. Yang et al.>® reported a biaxial stress
coefficient of the Esthigh) peak around
—4.04 cm ™~ Y/GPa, Whlle other experiments®*>® and
theoretical calculatlons suggested a shghtly smal-
ler value in the range of —2.55 to —3.7 cm ™ '/GPa.
Using these values in the literature, we estimated
that the Raman peak would have a shift no greater
than 0.2 cm ! if the normal strain component
éxx = Aa/a was smaller than 10~*. This is in agree-
ment with the lattice constants measured by XRD
as mentioned above. The peak position averaged on
400 measured points across the whole substrate was
656.4 cm ' and 656.3 cm ™! for the Al-polar and the
N-polar faces, respectively, which indicated that the
compressive stress was slowly released along the
growth direction of [0001].

Next, we investigated the dislocations in the
substrate, including the dislocation density, dislo-
cation types, and their distribution across the
substrate. Figure 6a, b, ¢, d, and e show the
representative etch pit images observed from the
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Fig. 6. (a—e) Typical etch pit images taken from the Al-polar face after chemical etching. Their positions are shown in (f) the image of the entire
substrate. (g) The position-dependent etch pit density (EPD). Note that these values are not the average EPD over each 2.7 x 2.7 mm? square
area, but were calculated using a representative etch pit image taken from the center of each square. The scale bar is 10 um and it applies to

images in (a—e).

Al-polar face after chemical etching. The entire
substrate is divided into three regions: region X at
the center with a radius of 7.5 mm, and two 5-mm-
wide rings, regions Y and Z, as shown in Fig. 6f. The
lowest etch pit density (EPD) around mid-10* cm 2
was observed near the substrate center. Almost all
etch pits formed in this area were hexagonal-
shaped, indicating that they corresponded to
threading dislocations. Moving away from the cen-
ter, the average EPD increased by more than one
order of magnitude to high-10° cm 2 near the edge
of region X, and it gradually increased to low-
10° cm 2 across region Y. Seashell-shaped pits,
which were related to the basal plane dislocations
(BPDs), started to appear and increased in number
towards the periphery. Region Z was featured with
further increasing EPD, over a range of low-
10% cm 2 to low-10% cm 2. A large number of etch
pits comprising arrays at the low-angle grain
boundaries (LAGBs) were observed (Fig. 6a and
b).!* An optical image of the whole substrate after
etching is shown in Fig. 6f, where only pit arrays or
clusters at a density higher than mid-10” cm ™2 were
visible at this low magnification. The map of EPD
across the substrate is shown in Fig. 6g. The
position dependence of the EPD (lowest at the
center and increased towards the periphery) showed
a similar tendency as the strain distribution as
presented in Fig. 4, indicating a close correlation
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Fig. 7. Etch pit image taken from an area containing S (small), M
(medium), and L (large) hexagonal pits and the seashell-shaped pits
(labeled “B” for BPDs). Numbers 1-3 indicate several examples in
each type.

between dislocation formation and residual stress.
This result emphasizes the importance of carefully
controlling the stress distribution during PVT
growth to reduce dislocations.

We next discuss the classification of dislocations
by the shapes and sizes of the etch pits. Figure 7
shows a representative etch pit image with an EPD
higher than 10" cm 2. Four types of etch pits were
able to be classified: S (small), M (medium), and L
(large) hexagonal pits and seashell-shaped pits
(labeled “B” for BPDs). The average size ratio of
hexagonal etch pits was S:M:L = 1.0:1.5:1.9. The
Burgers vector of dislocations under each type of
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etch pit was identified using the TEM observation in
LACBED mode.*! Figure 8 shows an example of S-
pit identification. When the dislocation line under
an S-pit was superimposed on the Laue reflection
line of g = 2240 (g is the reciprocal lattice vector),
the latter showed a split of n = +2 (Fig. 8a). Simi-
larly, the splits of g = 2242 and g = 3255 Laue lines
were n = —2 and n = +3, respectively (Fig. 8b and
¢), when the dislocation line was superimposed.
According to the relationship of guiirbuviw = 12,
where b is the Burgers vector of the dislocation,
the following equations can be written:

—2u—2v+4t =2

2u +2v — 4t — 2w = —2 (1)
—3u—2v+5t—5w =3
u+v+t=0

Therefore, the Burgers vector of the dislocation
under this S pit can be identified as b = }[2110]. It is
well known that the size of etch pit is mainly
determined by the magnitude rather than the
direction of the Burgers vector; thus it is reasonable
to attribute all pure edge-type dislocations with
equivalent b = 1(1120) to the S pits. Similarly, the
LACBED observations indicated that the M pits
corresponded to the screw-type dislocations with
b =(0001). and the L pits corresponded to the
mixed-type dislocations with & = (0001) +1(1120)
(so-called ¢ + a dislocation) or edge-type dislocations
with b = 2(1120) (2a edge-type dislocation) in some
cases (Table II). Under the chemical etching condi-
tions used in this study, the size of the hexagonal

Yao, Sugawara, Ishikawa, Okada, and Tadatomo

etch pits in the [1120] diagonal direction was
approximately linearly proportional to the magni-
tude of the Burgers vectors of the threading dislo-
cations. Furthermore, the LACBED observations
confirmed that the seashell-shaped pits corre-
sponded to the BPDs with & =1(1120). Both
screw-type BPDs with b/{ ({ is the direction of
dislocation line) and mixed-type BPDs with b form-
ing a 60° angle with { were found.

Based on the above assignment, we were able to
analyze the distribution of dislocation types across
the substrate. It was found that the threading
dislocations were overwhelmingly dominant, and a
low percentage (< 3%) of BPDs were found in region
X. However, it should be pointed out that the etch
pit method only reveals dislocations that have
emerged at the surface; therefore, the proportion
of BPDs might vary with depth. Previous XRT
observation has suggested that some BPDs con-
verted to threading dislocations near the sample
surface.” Elementary edge-type with b = 1(1120)
(i.e., S-pits) constituted about 95% of the threading
dislocations. Across region Y, the percentage of
BPDs gradually increased from < 3% to about 7%,
but the elementary edge-type threading dislocations
remained dominant, as in region X. In region Z, the
proportion of BPDs increased significantly, reaching
nearly 15% in the areas with a dislocation density of
high-10” ecm 2. The increased BPD density might
have been caused by the large thermal stress in the
rim area. Another feature of region Z was the
significantly increasing percentage of etch pits with
sizes larger than the S-pits, especially in the areas

Fig. 8. LACBED pattern of the dislocation under an S-pit, superimposed with the Laue reflection lines of (a) g = 2240, (b) g = 2242, and (c)

g = 3255. g is the reciprocal lattice vector. The split of the Laue reflection lines is marked by a red circle in each image (Color figure online).
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Table II. Size levels of three types of hexagonal etch pits and the corresponding Burgers vector of

dislocation under these types of etch pits

Size levels of hexagonal etch pits Small

Pit size (um) ([1120] diagonal length) 0.69
Size ratio (define small as 1) 1.0
Burgers vector, b

Magnitude of b (nm) 0.311

Burgers vector ratio (define a as 1) 1.0

a (edge-type)

Medium Large
1.02 1.33
1.5 1.9

¢ + a (mixed-type)
2a (edge-type)

c (screw-type)

0.498 0.587
0.622
1.6 1.9
2.0

with high EPD. As a result, the S-pits reduced to
below 70% of all hexagonal pits. In addition, the
clear classification of size levels S, M, and L
observable in regions X and Y was no longer
available in region Z. Instead, a continuous distri-
bution of pit size was observed. These results
indicate that there were serious dislocation inter-
action and dislocation inclination (with respect to
the c-axis) in this high-EPD area.*? The interaction
between dislocations is a possible mechanism of the
generation of dislocations with larger Burgers vec-
tors, which led to larger etch pits. Another possible
reason for the continuous distribution of pit size is
the inclination of threading dislocations.*” As an
estimation, assuming that the bottom of an etch pit
formed at a threading dislocation was 2 um deep
from the original sample surface, an inclination
angle of 20°*” towards the (1120) direction would
result in an enlargement of pit size by 2 uym x
tan20° = 0.73 um. The inclination of threading dis-
locations might have occurred as a combined result
of several factors, including the curved crystal
planes, dislocation interaction, impurity incorpora-
tion, and the crystal growth on prismatic or pyra-
midal facets. It is considered that all these factors
become more significant in the rim area than at the
substrate center.

XRT is a nondestructive technique used to
observe dislocations in AIN. Figure 9 shows the
XRT images taken from both sides of the substrate,
which can be used to study the dislocation propa-
gation behavior. Figure 9a and b are from the same
area near the substrate center. The information on
the x-ray penetration depth is necessary to explain
the dislocation contrast in the XRT images, and it
was estimated using the wavelength-dependent
linear absorption coefficient of AIN.**** The result
is shown in Table III, with a comparison with the
penetration depths in the XRD measurements.

The white spot-like contrasts correspond to
threading dislocations propagating parallel to the
c-axis. As the x-ray had a large penetration depth of
about 87.2 um in AIN, any threading dislocations
with notable inclination will lead to line-shaped
contrasts on the projection plane (i.e., the emulsion

Al-polar face .,

— " .
ga246 do £ = F. A ~ A S
CETEREY. « = = ¥ % W N-polar face | W

: o

Fig. 9. XRT images of (a, b) the same area near the substrate
center, where the threading dislocations propagating parallel to the
c-axis dominate, taken from the Al-polar and the N-polar face,
respectively. XRT images of (c, d) the same area near the boundary
of regions Y and Z, which represents a highly defective region
dominated by BPDs and inclined threading dislocations, taken from
the Al-polar and the N-polar face, respectively. The images of the N-
polar face have been horizontally flipped from the original images in
order to correlate with the images of the Al-polar face. All four images
share the same scale bar of 200 um.

plate) rather than spot-like contrasts. Comparing
Fig. 9a with b, although the overall dislocation
density did not change significantly from the Al-
polar face to the N-polar face, there was no exact
one-to-one correlation of the emerging positions of
dislocation from the two sides. For example, as
indicated by the yellow arrows (upper part of Fig. 9a
and b), some threading dislocations that had only
emerged from one side of the substrate were con-
firmed. It was considered that they were threading
dislocations converted from BPDs or converted to
BPDs during the crystal growth. On the other hand,
the three horizontal yellow lines in the same area
mark some of the threading dislocations that have a
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Table III. Parameters of XRD and XRT observations and the x-ray penetration depth of in the AIN single-
crystal substrate, which was defined as the absorption depth and calculated using the equations reported in

Ishiji et al.*®

Evaluation Reciprocal lat- X-ray wave- Incident Bragg an- Absorption coeffi- Penetration
method tice vector, g length, A (nm) angle, « (°) gle, 05 (°) cient, p (em™ )%  depth, d, (um)®
XRT 2246 0.0893 5.01 51.86 21.17 87.2

XRD 0004 0.15406 38.22 38.22 111.44 63.9

XRD 0115 0.15406 35.24 55.52 111.44 74.7

#Penetration depth is defined as the point where the diffracted intensity of x-rays reduces to 10% of the incident intensity.

good correlation in location between two faces,
suggesting that these dislocations were parallel to
the c-axis. Figure 9c and d are from the same area
near the boundary of regions Y and Z, which
represented a highly defective region. In compar-
ison with the spot-like contrasts at the substrate
center, line-shaped and arc-shaped contrasts dom-
inated this area, indicating a large amount of BPDs
and inclined threading dislocations. The arc-shape
of the BPD-related contrast, which resembles the
case of 4H-SiC,***° indicates that BPDs in AIN
might bend or glide under stress. Similar to the
substrate center, the dislocation density in this area
did not change significantly from the Al-polar to the
N-polar face. Dislocation density calculated from
the XRT images is in reasonable agreement with
that estimated from EPD.

CONCLUSIONS

AIN is a promising wide-bandgap semiconductor
for next-generation optoelectronic and power
devices. In this work, we characterized the crys-
tallinity of a 35-mm-diameter AIN single-crystal
substrate grown by PVT. XRD intensity and FWHM
indicated that the central area of a 25-mm diameter
had high crystallinity and high uniformity. The
radius of curvature of the c-planes was about 30 m,
and it was convex-shaped viewed from the N-polar
side. An improved curvature and reduced stress
along the growth direction of [0001] were observed.
This was consistent with the results of lattice
constants measured by XRD. Raman spectral map-
ping showed small FWHM about 3.3-3.4 cm ™! of
the Raman Es(high) phonon mode for both polar
faces, and the FWHM was uniform across the entire
substrate. Stress distribution was also uniform, as
indicated by the maps of the Eo(high) peak position.

Dislocations were revealed using chemical etch-
ing, and dislocations under each type of etch pit
were identified using TEM. The size of the etch pits
in the [1120] diagonal direction was approximately
linearly proportional to the magnitude of the Burg-
ers vectors. From the substrate center to the rim
area, the dislocation density increased from

low-10* cm 2 to low-10® cm 2, where threading

dislocations and BPDs appeared as dislocation
arrays and clusters. The proportion of edge-type
and screw-type threading dislocations and BPDs
exhibited a radial position dependence. XRT obser-
vations showed a high possibility of conversion
between threading dislocations and BPDs.
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