H,

ELSEVIER

Journal of Crystal Growth 220 (2000) 308-315

sournaoF CRYSTAL
GROWTH

www.elsevier.nl/locate/jcrysgro

Origin of domain structure in hexagonal silicon carbide boules
grown by the physical vapor transport method

Seoyong Ha, Noel T. Nuhfer, Gregory S. Rohrer, Marc De Graef,
Marek Skowronski*

Department of Materials Science & Engineering, Carnegie Mellon University, 5000 Forbes Avenue, Pittsburgh, PA 15213, USA

Received 1 November 1999; accepted 15 June 2000
Communicated by A.F. Witt

Abstract

Transmission electron microscopy (TEM), high-resolution X-ray diffraction, and KOH etching have been used to
study the dislocation structure of 4H SiC crystals grown by the physical vapor transport method. Many of the etch pits
on the Si(000 1) surface form arrays extending along the {1100} directions. Plan view conventional and high-resolution
TEM show that the arrays consist of pure edge dislocations threading along the c-axis with identical Burgers vectors of
the a/3¢1120) type. The dislocation arrays constitute low angle [000 1] tilt boundaries, i.e., [000 1] is the common axis
lying in the boundary. Typical values of the misorientation are in the 60-200 arcsec range. Evidence is presented that such
boundaries can form by polygonization of the threading edge dislocations, which have been introduced into SiC crystals

by prismatic slip. © 2000 Published by Elsevier Science B.V.
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1. Introduction

SiC is a wide band-gap semiconductor material
with unique properties making it suitable for high-
power, high-temperature, and high-frequency elec-
tronic devices [1-5]. It has excellent combination
of high strength, high thermal conductivity, high
electric breakdown field and high saturated elec-
tron drift velocity. Recent success of the modified
Lely method [6,7] in growth of large diameter bulk
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single crystals has spurred renewed interest in SiC
based devices. However, most SiC substrates still
have high densities of structural defects such as
micropipes, dislocations, and low-angle grain
boundaries (frequently referred to as domain walls),
which will have to be reduced in order to improve
the device fabrication yields. Of particular interest
are extended defects propagating along the [000 1]
growth direction. Such threading defects are known
to penetrate active device layers deposited by epi-
taxy and to degrade device performance [8-12].
The existence of domains is one of the structural
defects which is still not fully understood in silicon
carbide boules grown along the c-axis by the phys-
ical vapor transport (PVT) method. Glass et al.
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[13] postulated their existence on the basis of
high-resolution X-ray diffraction (HRXRD) data.
They observed that w rocking curves of either sym-
metric or asymmetric reflections on (0001) SiC
wafers exhibit multiple peaks. Each peak had
a full-width at half-maximum (FWHM) compara-
ble to that of the single peak obtained from a high-
quality Lely platelet. The number of peaks changed
with the size and position of the beam footprint.
Glass et al. concluded that the rocking curve struc-
ture results when the X-ray beam simultaneously
diffracts from several misoriented domains. The
small FWHM of the separate peaks could be ex-
plained by assuming that each domain was of high
structural quality and contained few defects. The
misorientation responsible for the multiple peaks
was assumed to take the form of walls between
domains, which have high dislocation densities.
The size of domains was estimated at approxim-
ately 1 mm? on the wafer surface. Glass et al. pro-
posed a model for the appearance of domains. They
suggested that a SiC crystal grows by a screw
dislocation mechanism with numerous indepen-
dent growth centers (micropipes and screw disloca-
tions). The initial accidental misorientations
between nuclei are proposed to be settled into the
crystal by the domain walls when the nuclei im-
pinge. This interpretation was supported by
Tuominen et al. [14] using KOH etching. Their
micrograph of an etched (000 1) SiC wafer shows
a well-defined domain structure. Centers of do-
mains exhibit relatively few dislocation etch pits,
while the domain walls have high etch pit densities.
Further data were provided by Takahashi et al.
[15]. They concluded, in agreement with the above
authors, that domains are grown-in type with most
of the defects inherited from the seed or originating
at the seed-boule interface. The misorientations
between domains were determined to have both
a twist and a tilt components and to consist of
threading edge and screw dislocations. Takahashi
et al. also noticed the tendency of dislocation etch
pits to line up along the (1100) directions.

In this work, we studied the structure of domain
walls using a combination of transmission electron
microscopy (TEM), HRXRD, and KOH etching.
A new formation mechanism is proposed and
a supporting evidence is presented.

2. Experimental procedures

The crystals used in this study were grown by
Cree Research, Inc. (Durham, NC) as a part of the
development program of high-temperature elec-
tronics, supported by the Defense Advanced Re-
search Project Agency. Two inch diameter wafers
were undoped or n-doped (~10'%cm™3) and
oriented along (000 1) to within 0.5°. Chemical wet
etching in molten KOH was used to reveal the
defect structure on Si(000 1) faces of the wafers. All
wafers were etched at 500°C or 510°C for 10 min.
The etch pits were observed using Nomarski-con-
trast optical microscopy and classified with respect
to their morphology. Laue X-ray diffraction was
employed to determine the orientation of etch pit
arrays. The specimens for TEM observations were
cut from specific areas of the wafers and lapped
down to a thickness of about 100 um with boron
carbide abrasive powder. They were then dimpled
to a thickness of about 20 um with 6 pm diamond
paste. Finally, the samples were sputtered by Ar*
beam in a Gatan Precision Ion Polishing System to
obtain electron transparency. The TEM observa-
tions were carried out on a Philips EM420-TEM
and on a JEOL 4000 EX-TEM, operated at 120
and 400kV, respectively. HRXRD was conducted
using Cu K,; radiation on a Philips MRD diffrac-
tometer, equipped with a four bounce mono-
chromator and a two bounce analyzer crystal
employing Ge (220) reflection. All rocking curves
were obtained in triple axis mode with the analyzer
crystal between a sample and the detector. The
angular resolution was better than 0.004° (~ 14”).

3. Results and discussion

Fig. 1 is an optical micrograph of the KOH
etched Si(0001) face of a 4H SiC wafer. Many
small etch pits shown as black dots were distrib-
uted uniformly over the surface and a few large etch
pits marked M could also be seen. The small and
large etch pits had round and hexagonal shapes,
respectively, as shown in Fig. 2, which is the magni-
fied image of the vicinities of the two large etch pits
in Fig. 1. The hexagonal etch pits were between 20
and 25um in size and the round etch pits had
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diameters between 4 and 8 um. According to the
previous studies, we surmised that the hexagonal
etch pits formed at the intersections of micropipes
and the wafer surface, and the round etch pits were
due to dislocations [12,14-19].

Fig. 1. Optical micrograph of the KOH etched Si(000 1) face of
a 4H SiC wafer. Etched features due to scratches and micropipes
are marked S and M, respectively.

Two types of linear features are visible in Fig. 1.
The lines marked S have no angular relations with
each other and were interpreted as due to residual
mechanical damage on the surface caused by lap-
ping and/or polishing (i.e., scratches). They will not
be further considered. The second type of features
are well-defined lines aligned along three different
directions 60° apart from each other. The directions
of the lines were of the <1100 type as determined
by Laue X-ray diffraction. This can also be seen in
Fig. 2. The line directions are perpendicular to the
sides of the hexagonal etch pits, of which the direc-
tions are of the {1120) type [15]. Closer inspec-
tion at high magnification (Fig. 2) reveals that the
lines consist of closely spaced small etch pits. Thus,
the lines are traces of dislocation arrays intersecting
the wafer surface. The linear etch pit densities along
the arrays were estimated to be on the order of
10*cm ™!, while the areal etch pit densities in areas
without these arrays were on the order of 10*cm ™2,
The corresponding average distances between
neighboring dislocations are on the order of 1 um
in the arrays and 100 um away from them. Most
small etch pits in Fig. 2 appear conical in shape
with a point bottom and circular outline on the

Fig. 2. Magnified optical micrographs of the two hexagonal micropipe etch pits in Fig. 1 and the small etch pit arrays. The arrays are

aligned perpendicular to the sides of the hexagonal etch pits.
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wafer surface. Such shape implies that the pits are
due to threading dislocations extending approxim-
ately normal to the basal plane and the wafer sur-
face. In particular, they are different from the shell
etch pits assigned to basal plane dislocations by
Takahashi et al. [16]. In addition, etch pits on the
carbon face usually formed the mirror image of pits
on the silicon face. That is, mirror imaged features
of etch pits such as arrays were seen on both faces
of the wafers at a same position. This observation
also confirmed that the dislocations were threading
along the wafer thickness. As shown in Fig. 1, the
dislocation arrays frequently formed hexagonal or
triangular patterns on the wafer surface, which is
reminiscent of the domain wall pattern reported by
Tuominen et al. [14]. In the remainder of this
paper, we describe the results of TEM and HRXRD
analysis of the dislocations making up the domain
walls.

Fig. 3(a) is a plan view conventional TEM image
showing a part of one of the arrays shown in Fig. 1.
Four dislocations are visible and are marked with
arrows in the figure. They form a straight line along
a {1100) type direction. The wide white contrast
features are bend contours due to changing thick-
ness across the sample foil. This image was taken in
a two beam diffraction condition with the crystal
foil slightly tilted from the c-axis by an angle small-
er than 5°. The fact that the dislocation images are
nearly point-like in this projection implies that the
dislocation lines are almost parallel to the c-axis.
High-resolution TEM allowed to determine the
line directions and Burgers vectors of the individual
dislocations more precisely. Fig. 3(b) is a plan view
high-resolution lattice image around a dislocation
in the array shown in Fig. 3(a). The image was
taken by choosing the c-axis as the zone axis. The
white circular contrast represents each column of
Si-C atoms perpendicular to the basal plane. The
dislocation is of a pure edge type and is threading
along the c-axis without tilt. Its core is at the
intersection of the two extra half planes marked
with two rows of dots. The corresponding Burgers
vector, determined by drawing a Burgers circuit
around the core, is of the a/3¢{1120) type with
a direction marked with an arrow. The relative
orientation of the dislocation in Fig. 3(b) with re-
spect to the array was determined by reducing the

Fig. 3. (a) Plan view bright field conventional TEM micrograph
showing a part of an {1100) dislocation array; (b) Plan view
lattice image along the c-axis around a dislocation in the array
shown in (a). The two extra half planes are marked with two
rows of dots. The corresponding Burgers vector direction is
indicated by an arrow.

magnification in the high-resolution experiment
until the image captured two dislocations in the
array. Based on this observation, Fig. 3(b) could be
properly oriented with respect to Fig. 3(a) while the
two images were obtained in separate experiments
in different microscopes. A comparison of the two
images clearly demonstrates that the Burgers vec-
tor of the dislocation is perpendicular to the array
direction. All the dislocations in Fig. 3(a) were de-
termined to have identical Burgers vectors. It is
further inferred here that all dislocations in an
array have identical Burgers vectors. A similar
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conclusion was reached by Takahashi et al. [15]
based on the contrast analysis of X-ray topography
images.

The arrays of dislocations which have identical
Burgers vectors perpendicular to the array direc-
tion can be viewed as low-angle grain boundaries.
The average distances between neighboring dislo-
cations in the arrays were estimated to be between
0.3 and 1 um. These correspond to misorientation
values of 60-200arcsec across the arrays. The ex-
pected type of misorientation is pure tilt with
a common rotation axis parallel to the [0001]
direction. The tilt- (or twist-) type misorientation
refers to a nomenclature commonly used in poly-
crystalline materials. In general, when the common
rotation axis of the adjacent grains is in the bound-
ary, the misorientation is referred to as tilt. A twist
misorientation corresponds to a common rotation
axis perpendicular to the boundary. Low-angle
twist boundaries consist of two perpendicular ar-
rays of screw dislocations. In three-dimensional
space, a general misorientation can be resolved into
three independent rotation components around an
arbitrary set of three orthogonal axes. The three
axes for the misorientation across a boundary are
usually chosen such that two of them are in the
boundary and the last is perpendicular to the
boundary, so as to make use of the nomenclature
described above. Thus, any misorientation across
a boundary can be referred to a combination of two
tilt and a twist components. For the case con-
sidered here, since the boundaries are perpendicu-
lar to the (0001) plane of hexagonal SiC, we
selected one of the two in-boundary tilt axes as the
c-axis.

Our conclusion regarding the character of the
misorientation across the observed dislocation ar-
rays is a consequence of the assumption that all
dislocations in the array are identical. Since the
TEM technique is limited to small sample sizes, it
would be very difficult to test this assumption by
direct observation. Instead, we employed high-res-
olution X-ray diffraction. Fig. 4 shows the etch pit
distribution on the Si(0001) face of one of the
samples selected for this experiment. The sample
was of rectangular shape with two parallel side
walls formed by cleaving along a {1100} type
plane. One of these facets is shown in the upper

Fig. 4. Optical micrograph of a sample used for HRXRD ex-
periments. One well-defined <1 100)-oriented dislocation array
is visible and perpendicular to the cleaved (1100) sample face
shown in the upper part of the figure.

portion of Fig. 4. The sample was cleaved from
a wafer region with a low density of the dislocation
arrays. Only one well-defined array is visible in the
4mm x 4 mm sample area, intersecting the cleaved
side facet.

Fig. 5(a)—(c) are the three HRXRD o rocking
curves collected in three different orientations of
the diffraction plane with respect to the array in
Fig. 4. Each orientation gives one of the three
components of the total misorientation, more spe-
cifically the rotation around the diffraction plane
normal. The experimental configurations and the
corresponding misorientation components for each
case are illustrated in Fig. 6. The curve shown in
Fig. 5(a) was obtained with the diffraction plane
normal in the basal plane ((0008) reflection was
used) and parallel to the array direction. For
Fig. 5(b), the diffraction plane normal was in the
basal plane and perpendicular to the array direc-
tion. These two measurements determined the mis-
orientation of the basal plane. The former is one of
the two tilt components of the low-angle boundary
and the latter is the twist component. The second
tilt component was measured using the (1100)
reflection with the sample mounted on the side
facet. In this orientation, the diffraction plane nor-
mal was parallel to the crystal c-axis. The size of the
beam footprint on the sample was 0.6 mm width
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Fig. 5. o rocking curves obtained from the array in Fig. 4 in three experimental configurations. (a) diffraction plane normal in the basal
plane, parallel to the array; (b) diffraction plane normal in the basal plane, perpendicular to the array; (c) diffraction plane normal

parallel to the c-axis.

x 3.5mm height for the (0008) reflection and
1.6mm x 3.5mm for the (1100) reflection. In the
first two configurations (Fig. 5(a) and (b)), the re-
sulting o rocking curves consist of a single diffrac-
tion peak with FWHM of 30 arcsec. A trace of fine
structure is visible in the form of a single shoulder

in each curve. The separation of the shoulder
from the dominant peak in either case was below
10 arcsec. The rocking curve in Fig. 5(c) shows two
well-defined peaks separated by about 140 arcsec.
The two peaks are due to reflections from two
misoriented domains delineated by etching. These
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Fig. 6. The relationship between experimental configuration
and the corresponding misorientation component for each case
(a), (b), and (c) in Fig. 5. The crystal c-axis is perpendicular to the
Si(000 1) face (the largest face) for each case in the left column of
specimen configurations.

HRXRD results agree very well with the model of
the dislocation arrays presented above. Thus, the
low-angle grain boundaries shown in Fig. 1 are
almost pure tilt-type corresponding to rotations
around the c-axis. The domain walls are made of
pure edge threading dislocations with Burgers vec-
tors of the a/3¢(1120) type.

It is worth noting that the above interpretation
of the domain wall structure cannot result in the
misorientations that can be detected by (000n)-
type reflection. On the other hand, many authors
reported multiple peaks present in such reflections
and we have observed them also at selected loca-
tions on some wafers. This implies that, in addition
to the domains described above, there is a second
type of domain with different morphology and
probably a different origin. More detailed experi-
ments are needed in order to elucidate this aspect of
SiC structure.

The remaining question is the mechanism re-
sponsible for formation of the threading dislocation

Fig. 7. Optical micrograph of the detail of two slip bands
showing partial polygonization.

arrays and domain structure described in this re-
port. In a recent paper, we have reported clear
experimental evidences of activation of the second-
ary slip system in hexagonal silicon carbide crystals
grown by the PVT method [20]. The slip was of
a/3<1120){1100} type and produced disloca-
tions with line direction along the c-axis. The ap-
parent source of stress was the difference of thermal
expansion between the matrix boule and either the
misoriented grains or polytypic inclusions at pe-
riphery of SiC crystals. In either case, the secondary
slip dislocations were introduced during post-
growth cooling and formed easily recognizable slip
band patterns on basal plane cut wafers. The slip
bands were typically 100 um wide and 10 mm long,
originated at the misoriented grains or polytypic
inclusions, and were oriented along the {1120)
directions. In some cases, the slip bands almost
reached the center of the crystals.

Fig. 7 is an optical micrograph showing the de-
tail of two slip bands. The slip bands extended
vertically and are marked with arrows. It is clear
that etch pit distribution within a slip band shows
a fine structure consisting of many small fragmen-
tary arrays aligned in the direction perpendicular
to that of the slip band. Since the Burgers vectors of
the dislocations within a slip band are identical and
parallel to the slip direction, they must be perpen-
dicular to the fragment direction. It is plausible to
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suggest that the fragmentary alignment occurred in
order to lower the energy of the system. It is well
known that the low-energy configuration for an
array of edge dislocations corresponds to an array
in which Burgers vectors are perpendicular to the
array direction [21]. This leads to the overlap of
tensile and compressive stress regions around
neighboring dislocations and a reduction of the
total strain energy. The process of alignment
is referred to as polygonization. Fig. 7 shows
an initial stage of polygonization of the threading
edge dislocations in the slip bands. The process
occurred either during post-growth cooling or
during any post-growth high-temperature anneal-
ing. It is easy to visualize that if this wafer
was subsequently used as a seed in the PVT growth
process, the significantly high growth temperature
and long time would allow the polygonization
to complete. Through glide and/or climb, disloca-
tions introduced by slip could align themselves into
the pattern shown in Fig. 1. Thus, the domain
structure of pure tilt boundaries studied in this
work would be due to plastic deformation of the
already solidified crystal followed by dislocation
polygonization.

4. Summary

Threading dislocations forming etch pit arrays
along <1100) directions were revealed by KOH
etching on Si(0001) faces of [0001] grown 4H
SiC crystals. Conventional and high-resolution
TEM have identified pure edge dislocations lying
along the c-axis with Burgers vectors of the
a/3¢{1120) type. The Burgers vectors of the indi-
vidual dislocations in an array were identical and
perpendicular to the array direction. The misorien-
tations across the arrays were estimated to be in the
60-200arcsec range. The type of misorientation
was identified as a pure tilt corresponding to the
rotation around a common axis parallel to the
c-axis. Based on the distribution of dislocations in
secondary slip bands, the arrays were interpreted as
formed by polygonization of the threading edge
dislocations.
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