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The room-temperature plastic deformation behavior of 6H—SiC single crystals has been investigated by uni-
axial compression of micropillar specimens as a function of crystal orientation and specimen size. Plastic
flow is observed even at room temperature by basal and prism slip, latter of which have never been observed
in the bulk. The CRSS values for basal and prism slip are as high as above 5 and 6 GPa at the specimen size of
5 pum, respectively, each of which increases with decreasing specimen size, following an inverse power-law
relationship with a relatively small power-law exponent of ~0.10 and ~0.21, respectively. The CRSS values
for basal slip are not virtually affected by the existence of basal dislocations introduced at 1300 °C prior to
micropillar compression tests at room temperature. The majority of basal dislocations observed after micro-
pillar compression are perfect (undissociated) screw dislocations, and they are considered to be introduced
in the shuffle-set plane during micropillar testing, unlike widely dissociated dislocations introduced in the
glide-set plane in the bulk during high-temperature deformation. Prism dislocations are observed also to
glide as perfect (undissociated) dislocations and tend to align strongly along their screw orientation. The frac-
ture toughness values are estimated to be 1.37 + 0.13 and 1.57 + 0.13 MPa m'/2 by three-point bend tests for
chevron-notched single crystalline specimens with a notch plane being parallel to (0001) and {0110} planes,
respectively.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Plastic deformation of single crystals of various semiconducting
materials, such as Si, Ge, GaAs, InP and SiC has been the subject of
extensive studies, revealing that these semiconducting materials are
generally brittle at ambient temperatures and are plastically deform-
able by dislocation glide only at high temperatures under uniaxial
loading conditions [1—-9]. However, in these semiconducting materi-
als, dislocation activation on octahedral planes for cubic materials or
basal planes for hexagonal materials has been observed not only at
high temperatures but also at ambient temperatures if premature
fracture is successfully suppressed by the application of very high
hydrostatic pressure or under indentation conditions [10—16]. These
are clear indication that these semiconducting materials are not
intrinsically brittle but some external factors may be responsible for
the serious difficulty in activating slip systems at ambient tempera-
ture under uniaxial loading conditions.
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For hexagonal polytypes of SiC, i.e., 4H— and 6H-SiC, basal slip is
the easiest operative deformation mode at temperatures above room
temperature. The critical resolved shear stress (CRSS) value for basal
slip exhibits a very strong temperature dependence, which is gener-
ally interpreted to originate from the Peierls mechanism [8,9]. Pirouz
and his coworkers have proposed that the thermal activation process
that controls the glide of basal dislocations varies with temperature
based on the analysis of their activation parameters and dislocation
microstructures by transmission electron microscopy (TEM)
[9,17—19]. At high temperatures above 1100 °C, basal dislocations
are completely dissociated into two Shockley partials with a very low
stacking fault energy of about 2.5 mJ/m? [10]. At an intermediate
temperature range below 1100 °C, only leading partial dislocations
can glide so that wide stacking faults with various widths are formed
behind with the anchored trailing partials [18]. These observations
indicate that basal dislocations in hexagonal polytypes of SiC prefer
to glide in the glide-set plane at high temperatures as in the case of
the other semiconducting materials with the cubic structures such as
Si, Ge and GaAs [5,12,15,17]. At much lower temperature region
around room temperature, the coexistence of perfect (undissociated)
dislocations and dissociated dislocations has been observed in
4H-SiC deformed by compression under confining pressure or by
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indentation tests [20]. Based on the observations of perfect (undisso-
ciated) dislocations, it has been proposed that basal dislocations are
nucleated as perfect dislocations in the shuffle-set plane as in the
case of Si deformed at low temperature under very high applied
stress [14,15,21]. In addition, prism slip in 6H—SiC has been reported
to operate by indentation at room temperature while this is not the
case for other testing conditions including uniaxial compression [12].
However, details about the room-temperature deformation behavior
and mechanisms of hexagonal SiC, in particular the CRSS values and
their controlling mechanism for basal and prism slip systems, have
not been fully clarified yet.

Recently, micropillar compression testing, which was originally
introduced by Uchic et al. to investigate the mechanical response of
various metallic materials with the FCC or BCC structures at size-
scales of tens of micrometers or smaller [22], has been found to be a
very powerful tool in studying the deformation behavior of brittle
materials at temperatures far below their ductile to brittle transition
temperatures [22—35]. Micheler et al. were the first who applied the
method to GaAs and Si single crystals with cubic crystal structures
and successfully confirmed their relatively large room-temperature
plastic deformability comparable to that observed for single crystal-
line micropillar specimens of conventional FCC and BCC metals
[23,24,26]. Following their studies, deformation behavior of semicon-
ductors, ceramics (borides, carbides, oxides) and intermetallic com-
pounds has been studied by the micropillar compression method
[25—35]. We have investigated the deformation behavior of various
hard and brittle materials including transition-metal silicides, MAX
phase compounds and various intermetallic phases with complex
crystal structures by utilizing the micropillar compression method,
and have confirmed that most of them are plastically deformable
even at room temperature if the specimen size is reduced to the
micrometer size [36—40]. In our studies, we have utilized micropillar
specimens in a rectangular parallelepiped shape, instead of cylindri-
cal ones commonly used in most of the early studies, so as to facilitate
slip system identification for hard and brittle materials with hexago-
nal, tetragonal and lower symmetry, and have successfully identified
many operative deformation modes that had never been confirmed
with confidence [36—40]. Very recently, the micropillar compression
method has also been applied to submicron-sized cylindrical speci-
mens of 6H-SiC and 4H-SiC single crystals and the activation of
basal slip and the possible occurrence of deformation-induced phase
transformation at room temperature has been reported [41,42].
These previous studies clearly indicate that the micropillar compres-
sion method is actually capable of investigating room-temperature
deformation behavior of hexagonal SiC.

In the present study, we investigate the plastic deformation
behavior of single crystals of 6H—SiC in compression as a function of
crystal orientation at room temperature, paying special attention to
operative slip systems (other than basal slip), their CRSS values and
dislocation dissociation schemes to identify either the shuffle- or
glide-set for basal dislocation.

2. Experimental procedure

A bulk single crystal of n-type SiC with the 6H-type crystal
structure (hP12, Space group: P6smc (#186), a = 0.3073 nm,
¢ = 1.5117 nm) was purchased from TanKeBlue semiconductor
Co., Ltd. The micropipe density in the single crystal of the semi-
conductor-grade was estimated to be as low as 11 cm~2. Orienta-
tions of the bulk single crystals were analyzed by the X-ray Laue
back-reflection method. Two loading-axis orientations, [105 5 3]
(45° from both a- and c-axes) and [21 1 0], were selected for micro-
pillar compression tests. Oriented bulk specimens in a rectangular
parallelepiped shape (approximate dimensions: 6 x 2 x 1 mm?)
were cut from the bulk single crystals so that a pair of top and bot-
tom surfaces were perpendicular to the loading axis, and a pair of

side surfaces were parallel to (0 1 T 0). Each of the oriented bulk
specimens was kept fixed on a cylinder-shaped specimen mount
(12.5 mm in diameter and 5 mm in height) during the following
processes so as to minimize possible misalignment of the top sur-
face. The top surfaces were mechanically polished and finished
with diamond paste to mirror finish. Micropillar specimens with a
square cross section having an edge length L ranging from 1 to
7 um and an aspect ratio of about 1:3 were fabricated on the mir-
ror-finished top surfaces by the focused-ion beam (FIB) technique.
Micropillar compression tests were carried out at room tempera-
ture under the displacement-rate-controlled mode at a nominal
strain rate of 1 x 10~%s with an Agilent Technologies Nano
Indenter G200 nanomechanical tester equipped with a flat-punch
diamond tip. Microstructures of micropillar specimens before and
after compression tests were examined by scanning electron
microscopy (SEM) with a JEOL JSM-7001FA electron microscope
equipped with a field-emission gun. Dislocation structures in
deformed micropillars were investigated by transmission electron
microscopy (TEM) with a JEOL JEM-2000FX electron microscopes
operated at 200 kV. Specimens for TEM observations were prepared
by the FIB-SEM in-situ lift-out technique with a FEI Quanta 3D 200i
Dual-Beam system equipped with an Omniprobe nanomanipulator.

In order to investigate the influence of pre-strains on the subse-
quent micropillar deformation behavior, basal dislocations were
introduced in a bulk (millimeter-sized) single crystal specimen
(2 x 2 x 6 mm?) by uniaxial compression along [105 5 3] to about 7%
plastic strain at 1300 °C at a strain rate of 2.7 x 10~ /s. Micropillar
specimens were then fabricated from the central part of the pre-
strained specimen and were tested in compression, followed by
deformation microstructure observations by SEM and TEM, as
described above.

Fracture toughness was measured by single-cantilever bend
testing on chevron-notched micro-beam specimens (I: 12 um, W:
4.5 um, B: 3 um; see the inset of Fig. 7) with an Agilent Technol-
ogies Nano Indenter G200 nanomechanical tester equipped with a
Berkovich indenter tip at room temperature and at a constant
displacement rate of 5 nm s '. Two notch planes, (0001) and
(0 11 0), were selected, while the loading-axis direction was set
parallel to [2 11 0]. The fracture toughness value, Kic was evaluated
from the maximum load (P,,x) with numerical analysis using the
equations proposed by Deng et al. [39,43] The details of the micro-
beam specimens and the evaluation method for K¢ are detailed in
our previous paper [39].

3. Results
3.1. Stress—strain behavior and slip trace observation

Fig. 1(a) and (b) shows typical stress—strain curves for micropillar
specimens with the [1055 3] and [21 1 0] orientations tested in com-
pression. Most compression tests, including those presented in Fig. 1
were stopped before failure occurs for the ease of slip trace analysis.
Most specimens exhibit an abrupt transition of elastic to plastic flow
with the occurrence of a small strain burst that appears as a flat por-
tion in the stress—strain curve immediately after the elastic region,
regardless of the loading-axis orientation. Arrows in Fig. 1 indicate
yield point determined from the elastic limit, most of which were
detected from the first detectable strain burst. Yield stress values
obtained for micropillars with the [1055 3] and [2 1 1 0] orientations
are extremely high so as to exceed 11 GPa and 13 GPa, respectively,
exhibiting a tendency to increase with the decrease in the specimen
size (edge length L).

For the [10 5 5 3] orientation, intense deformation markings are
observed in a very localized manner along the trace of (0001) basal
planes on the (211 10) side surface, while they are faint on the (011 0)
side surface (Fig. 2(a)) for all specimens. The faint deformation markings
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Fig. 1. Typical stress—strain curves obtained by micropillar compression tests for 6H-SiC single crystals with the (a) [10553] and (b) [2110] orientations. Arrows indicate the yield

points determined from the elastic limit.

indicate that the slip direction is contained on the (0 11 0) side surface.
The occurrence of (0001)[2 1 1 0] basal slip is thus confirmed from trace
analysis regardless of the specimen size. For bulk single crystals, (0001)[
211 0] basal slip is observed only above 550 °C in uniaxial compression
[8,9]. For the [2 T T 0] orientation, intense deformation markings are
observed again in a very localized manner along the trace of (101 0)
prism planes on the (0 11 0) side surface, while they are faint on the
(0001) side surface (Fig. 2(a)) for all specimens. These observations indi-
cate the occurrence of (101 0)[12 10] slip. For bulk single crystals, (101
0)[1 2 10] slip has never been observed in uniaxial compression at any
temperatures.

3.2. Dislocation structures

Fig. 3(a) shows a TEM weak-beam image of dislocation structure
formed by (0001)[2 1 1 0] basal slip in a [105 5 3] -oriented micropil-
lar specimen. The thin foil was cut parallel to the (211 10) side sur-
face of a [105 5 3] -oriented micropillar specimen shown in Fig. 2(a).
A very high density of basal dislocations is observed to form a bright
band region extending along the trace of (0001), which corresponds

to shear deformation to form the step in the SEM images (Fig. 2(a)).

Most dislocations in the band are found to align along [21 1 0], i.e.
along their screw orientation and they appear as perfect (undissoci-
ated dislocations without any significant dissociation) (Fig. 3(b)). In
addition to these undissociated dislocations forming a band, some
groups of dislocations are observed in the vicinity of the dislocation
band. In these dislocation groups, perfect (undissociated) dislocations
are seen to coexist with dissociated dislocations with a tendency to
align along either the screw or 30°-orientations (Fig. 4).

The dissociation scheme of these a/3[2 1 1 0] dissociated and
undissociated dislocations was investigated by weak-beam imaging
as shown in Fig. 4(a)—(e). The dislocations marked A in Fig. 4(a)
(imaged with the reflection vector g=1 10 2), Fig. 4(b) (g =11 20),
Fig. 4(c) (=121 0) and Fig. 4(d) (g =1 01 2), are invisible when
imaged with g =011 2 (Fig. 4(e)). The dislocations marked A are
thus determined to be undissociated dislocations with the Burgers
vector b = a/3[2 1 1 0]. The dislocations marked B visible on the left
side of a stacking fault in Fig. 4(b) (g=1 1 20) are invisible when
imaged with g =1 21 0 (Fig. 4(c)). The Burgers vector of the partial
dislocations marked B is thus inferred to be a/3[1 01 0]. The disloca-
tions marked C visible on the right side of a stacking fault in Fig. 4(c)
(g=1 21 0) are invisible when imaged with g =1 1 20 (Fig. 4(b)),

Fig. 2. Deformation markings observed on two orthogonal surfaces of 6H—SiC single crystalline micropillars with the (a) [10553] and (b) [2110] orientations.
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Fig. 3. (a) A weak-beam image of deformation microstructure in a [10553] -oriented micropillar specimen deformed by basal slip and (b) a magnified view of the slip band

region in (a).

indicating that the Burgers vector of the partial dislocation C is
a/3[1100]. As marked with arrowheads in the weak beam images (Fig.
4(a)—(d)) and in a schematic illustration (Fig. 4(f)), some dislocation
nodes are formed so that a perfect dislocation A is connected with two
different partial dislocations B and C with a stacking fault in between.
This clearly indicates that a a/3[2 T T 0] perfect dislocation dissociates
into two Shockley partials with Burgers vectors of a/3[1 0 1 0] and
a/3[17 00] according to the following dissociation scheme.

a/3[2TTO]—>a/3[10TO] +a/3[1T00] (1)

The stacking fault energy estimated from the observed dissocia-
tion width (18—56 nm for the 30°-orientation) is 8 ~ 24 mJ/m?,
which is much higher than that (2.5 + 0.9 mJ/m?) previously reported
for 6H—SiC deformed in compression at 1520 °C[12].

The coexistence of perfect (undissociated) and dissociated disloca-
tions has not been observed in bulk-sized single crystals deformed in
compression above 1100 °C, in which all basal dislocations with
b =a/3[211 0] are reported to widely dissociate into two Shockley
partials [12]. The coexistence of perfect (undissociated) and dissoci-
ated dislocations is similarly observed only in 4H-SiC single crystals
deformed at 150 °C under hydrostatic pressure of 5 GPa [20], in
which dislocations are concluded to be nucleated as perfect (undisso-
ciated) dislocations of the shuffle type.

Shear deformation by (107 0)[12 10] prism slip is also found to be
extremely localized as seen in Fig. 2(b), and consequently, it is quite
difficult to image individual dislocations in the shear localized region
under the weak-beam imaging conditions. As in the case of the basal
slip in the [105 5 3] oriented-micropillar, some groups of dislocations
with a relatively low density, which are suitable for weak-beam
imaging, are found to exist in the vicinity of the shear localized
region. Fig. 5 shows a TEM weak-beam image of a dislocation struc-
ture formed by (1071 0)[12 10] prism slip in the vicinity of the shear
localized region. The thin foil was cut parallel to the (011 0) side sur-
face of a [2 T 1 0] -oriented micropillar. Most dislocations are con-
firmed to be screw dislocations with the Burgers vector of a/3[12
10] a/3[12 10] and they do not dissociate into partial dislocations,
at least at the spatial resolution of weak-beam imaging. {101 0} (
12 10) prism slip has never been observed in bulk-sized speci-
mens deformed in compression at any temperatures, except that
it has been reported to be introduced by indentation at room tem-
perature [12].

3.3. Effects of pre-straining

For the [10 5 5 3] orientation, influences of pre-straining on the
micropillar deformation behavior were investigated, as summarized

— A: b=a/3[27110]
— B: b=a/3[1010]
— C: b=a/3[1700]

Fig. 4. (a)—(e) Contrast analysis and (f) a schematic illustration of dislocation structures on basal planes in the area marked in (a).
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Fig. 5. A weak image of prism dislocations in a [2110] -oriented micropillar specimen
deformed in compression.

in Fig. 6. This was done because there is a possibility that dislocations
carrying the plastic strain by basal slip during micropillar compres-
sion testing are different from those carrying the plastic strain by
basal slip during bulk compression testing in terms of how disloca-
tions with b = a/3[12 10] are dissociated on basal planes (undissoci-
ated or widely-dissociated). A pre-strain of 7% was introduced in a
bulk-sized single crystals with the [105 5 3] orientation by uniaxial
compression at 1300 °C. The stress—strain curve obtained for the
pre-straining experiment exhibits a sharp yield drop followed by a
gradual increase in the flow stress with increasing strain (Fig. 6(a)).
The occurrence of a yield drop, which has commonly been observed
for covalent semiconductors [6], suggests a very low dislocation den-
sity in as-grown single crystals used in the present study. The CRSS
value estimated from the upper yield point is 14.2 MPa, the value of
which coincides well with that (~16 MPa) previously reported [8].
The bulk-sized specimen was pre-strained up to about 7% plastic
strain and then the central part of the specimen was used for the sub-
sequent micropillar compression testing. As seen in Fig. 6(b) and (c),
no apparent differences are noted in the characteristics of stress—
strain behavior, yield stress and deformation microstructure for virgin
and pre-strained micropillar specimens with the [105 5 3] orientation.
This indicates that (0001)[2 T T 0] basal slip activated in [105 5 3]

-oriented micropillars at room temperature are not influenced much
by (widely-dissociated) basal dislocations introduced by 7% pre-strain
at 1300 °C. Possible reasons for this will be discussed later in the dis-
cussion section.

3.4. Fracture toughness

Typical load-displacement curves obtained in three-point bend
tests for chevron-notched micro-beam specimens with a notch plane
parallel to either (0001) or (0 11 0) are shown in Fig. 7. All tested
micro-beam specimens fractured without exhibiting any detectable
plastic flow. Microstructure observations have confirmed the occur-
rence of cleavage fracture with a very flat fracture surface parallel to
the chevron-notch plane of either (0001) or (0 11 0). The values of
fracture toughness, Kic evaluated using Egs. (1, 2) in Ref. [39] is
1.37 + 0.13 and 1.57 + 0.13 MPa m'’? for the (0001)- and (011 0)
-notched micro-beam specimens, respectively. These values of frac-
ture toughness Kic are in good agreement with that (1.80 + 0.26
MPa m'/?, (0001)-notched) obtained by a double cantilever beam
compression tests of micron sized specimens [44] and those
(1.9-2.5 MPa m"/?) evaluated for the oriented-surfaces of bulk single
crystals by an indentation method [45].

4. Discussion
4.1. Critical resolved shear stress

Critical resolved shear stresses (CRSSs) for (0001)[2 T T 0] basal
slip and (101 0)[12 10] prism slip calculated with yield stress values
and Schmid factors (0.5 and 0.433) are plotted respectively in Fig. 8
(a) and (b) as a function of the specimen size (edge length L). The
CRSS values for each slip system follow an inverse power-law rela-
tionship with the specimen size L, i.e. Tcrss < L™, where n is a power-
law exponent. For (0001)[2 1 1 0] basal slip, the CRSS values and their
size dependence for virgin and pre-strained specimens are very simi-
lar, indicating that the influence of the dislocations introduced in the
bulk at 1300 °C on the onset of plastic deformation of micropillar
specimens is virtually negligible. The n values are estimated to be
about 0.10 and 0.21 for (0001)[2 1 1 0] basal slip and (101 0)[12 10]
prism slip, respectively. These n values are much smaller than those
reported for conventional BCC metals (0.2-0.5) and FCC metals
(0.5—-1.0) and are close to those (0.16—0.22) observed for a hard
intermetallic compound of MosSiB, with the D8, structure [39].

According to previous studies on micropillar deformation for FCC
and BCC metals, the CRSS values extrapolated from the power-law
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Fig. 6. (a) Stress—strain curve for a pre-straining compression test of a bulk-sized single crystal with the [10553] orientation deformed at 1300 °C, (b) typical stress—strain curves
and (c) deformation microstructure obtained by micropillar compression tests for pre-strained 6H—SiC single crystals with the [10553] orientation.



24 K. Kishida et al. / Acta Materialia 187 (2020) 19—-28

(a)0.8 Notch plane
/1{1100}
0.7 X Notch plane
Notch plane /1 (0001)
/1 (0001)
0.6 X

Load (mN)
o
N

Chevron Notch plane
notch /1{1100}

Indentation

02 i position
S—¥
0.1
100nm
0 -
Displacement

Fig. 7. (a) Typical load-displacement curves obtained in three-point bend test for chevron-notched micro-beam specimens and (b) and (c) SEM secondary electron images of the
fracture surfaces of micro-beam specimens with a notch-plane parallel to (b) (0001) basal plane and (c) {1100} prism plane.

(a) 50 (b) 50
20 -n 20 -n
—~ Terss € L —~ Terss € L
o o
91o- n~0.10 910w~0.21
@t e Sl o b R
0 5 . LAE TR L AR AR I TN w 5t T T e
(14 e | -
O @)
2+ eBasalslip 2
o Basal slip (7% pre-strained) o Prism slip
1 1 1 1 1 1 1 L1l 1 1 1 1 1 1 L 1 1 11 1 1
1 2 5 10 20 1 2 5 10 20
Edge length L (upm) Edge length L (um)
T(°C)
(C) 2000 1000 500 200 100 0
Lt LALLN B LN B T T T T
10 [ Peierls stress = == « == = ==+ = g == — . ]
E for shuffle-set g %
[ disls. in4H- K, OR— peemmeeeee @ ---
[ SiCatOK [ .
| (calc. [46]) ' ,’
' .
/(5\ 1 g Il ,"
o ] ,
< ;
0 01 74
(0)] E
o
(@)
0.01 3 @ Present work
F o Fujitaetal. (1987) [8]
[ © Samant and Pirouz (1998) [9,17]
0.001 L . L
0 1 2 3 4

1000/T (K™

Fig. 8. (a) Specimen size dependence of CRSS values for basal and prism slip and (b) comparison of estimated bulk CRSS at room temperature with those at high temperatures
reported in literatures [8,9,17].



K. Kishida et al. / Acta Materialia 187 (2020) 1928 25

curves of micropillar specimens of FCC and BCC metals coincide with
those obtained by mechanical tests of the corresponding bulk-sized
single crystals when the size of micropillar specimens is in the range
of 20-30 um [46,47]. Based on this, we can deduce the bulk
CRSS values at room temperature for (0001)(2 1 1 0) basal and
{0110}(2110) prism slip in 6H-SiC to be 4.8 + 1.0 GPa and
4.5 4+ 1.2 GPa, respectively. The bulk CRSS value is estimated as an
average value from the extrapolated values at L = 20 and 30 pm and
the errors are estimated based on the standard deviation of fitting
parameters for the power-law relationship. Surprisingly, the CRSS
values for (0001)(2110) basal and {0110} (2110) prism slip are
not so much different from each other.

Fig. 8(c) compares the extrapolated bulk CRSS values for basal slip
at room temperature obtained from the present micropillar compres-
sion tests with those obtained by high-temperature compression
tests for bulk single crystals [8,9,17]. CRSS values for basal slip
obtained by compression tests of bulk single crystals of 6H- and
4H-SiC have been reported to depend strongly on temperature and
strain rate [8,9,17—19]. For various semiconducting materials with
the diamond and zinc blende structures, the strain rate y can be
expressed generally as a function of CRSS 7. and temperature T with
the following equation.

y Tl exp(-Q/kT), (2)

where m is the stress exponent and k is the Boltzmann constant [8].
Fig. 8(c) shows the In 7. vs. (1/T) plot for basal slip in 6H-SiC (strain
rate: ~10~%/s) previously reported [8,9,17]. Two fitting curves with
different slopes intersect with each other at around 1100 °C, at which
the transition in the thermal activation processes is considered to
occur [17]. Detailed analysis of dislocation microstructures has sug-
gested that basal slip occurs by two different deformation mecha-
nisms depending on temperature; by (i) glide of completely
dissociated a/3 (12 10) dislocations and (ii) glide of single leading
partial dislocations, above and below a critical transition temperature
T (~1100 °C for 6H-SiC deformed at a relatively slow strain rate of
the order of 10~ /s), respectively [17]. If the basal slip occurs at room
temperature by the latter mechanism (ii) observed in bulk compres-
sion experiments below 1100 °C, the room temperature CRSS value is
expected to be on the corresponding fitted line. However, the room-
temperature bulk CRSS value deduced based on the present micropil-
lar compression tests is found to be much lower than that extrapo-
lated from the high-temperature data. This clearly indicates that the
thermal activation mechanism for basal slip operated at room tem-
perature for micropillar specimens is different from that operated
below 1100 °C for bulk single crystals. In the micropillar specimen
compressed at room temperature, we found that the majority of dis-
locations are perfect (undissociated) dislocations without exhibiting
apparent dissociation at least at the resolution of weak-beam imag-
ing. In addition, there exist some dissociated dislocations with an
average separation distance much narrower than those observed
after high-temperature deformation [12]. These observations suggest
that perfect dislocations are nucleated in the shuffle set plane during
loading and some of them cross-slip locally to dissociate in the glide
set plane either during or after loading. The much narrower separa-
tion distance of these dissociated dislocations together with the exis-
tence of dislocation nodes formed by perfect and dissociated
dislocations suggest that the cross-slip and subsequent dissociation
events may occur as a result of post mortem structure relaxation dur-
ing the unloading process from the high stress state, as previously
deduced for Si, GaAs and 4H-SiC deformed under high confining
pressure [13,15,20]. We thus conclude that the room-temperature
CRSS value for basal slip deduced based on the present micropillar
compression tests corresponds to the stress required to nucleate per-
fect dislocations in the shuffle set plane in the virgin specimen. This
conclusion is further supported by the fact that basal dislocations
(widely dissociated in the glide set plane) introduced by pre-straining

at 1300 °C do not affect the CRSS values for basal slip in micropillar
compression much, as shown in Fig. 8(a).

4.2. Dislocation nucleation during micropillar compression

In the case of single crystals of semiconducting materials such as Si,
GaAs and SiC, the density of grown-in dislocations is generally quite
low and therefore, it is highly probable that no dislocation is included
in virgin micropillar specimens. Then, the nucleation of dislocations
should occur during loading in micropillar compression tests most
probably from the specimen surface. Bei et al. [48] applied the proce-
dure proposed by Beltz and Freund [49] to explain the possible reason
for the relatively low CRSS observed in their micropillar specimens of
Mo when compared to the corresponding theoretical value and that
deduced from the results of nanoindentation experiments. They attrib-
uted the relatively low CRSS to the heterogeneous nucleation of half or
quarter dislocation loops at the surfaces or edges of micropillars [48].
We employ a similar analysis procedure to estimate the CRSS value for
basal slip in 6H-SiC observed in micropillar specimens at room tem-
perature. The self-energy of a half dislocation loop of a radius r on the
basal plane is expressed with the following equation.
E Ksb?r (2—v 1 smr

half = —g ( > ery’

1-v

3)

where K; and ry are the energy factor for a straight screw dislocation and
the core cut-off radius, respectively [49,50—52]. The parameter v, corre-
sponding to Poisson’s ratio for isotropic materials, is obtained by
v = (K. —K;) /K., where K. is the energy factor for a straight edge disloca-
tion in the basal plane [50—52]. A geometry-dependent correction factor
m is estimated to be about 0.535 for a half dislocation loop on the basal
plane using Eq. (17) in Ref. [49] with D = 0.216 estimated using the elastic
constants of c¢;; = 501, ¢33 = 553, ¢13 = 111, ¢43 = 52, c44 = 163 GPa [53].
The total energy change Un, by the introduction of a half dislocation
loop of a radius r is estimated to be

Uhalf = Ehalf + Eledge - Wstress, (4)

where Ejeqge and Wiress are the energy of the surface ledge formed by
a half dislocation loop of a radius r and the work done by the applied
load, respectively [49]. The total energy change Uy, Which is a func-
tion of the radius r and applied shear stress 7, takes a maximum value
Umax at a critical radius of r.. Similar analysis is made for the case of a

200

Quarter

0 5 10
Applied shear stress (GPa)

Fig. 9. Total energy change by nucleation of a basal dislocation loop from specimen
surfaces (a half loop), edges (a quarter loop) and inside (a full loop) as a function of
applied shear stress.
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Table 1
Material parameters used for the estimation of the critical shear stress 7t
for the spontaneous nucleation of a basal dislocation loop at 0 K (Fig. 8).

Ks(GPa)  K.(GPa) ©V(GPa) b(nm) Surface energy ys (J/m?)*

178.3 2274 0.216 0.308 1.71

Note: The surface energy ys for (0001) basal plane is evaluated from the
fracture toughness value Kic (= 1.37 MPa m'/?) estimated in this study (Sec-
tion 3.4) using the equation y, = KX(1—v?)/(2E'), where E’ and v’ are ani-
sotropic Young's modulus (= 544.1 GPa) and Poisson’s ratio (= 0.085)
calculated based on the elastic constants reported in [53].

quarter dislocation loop with the assumption that the m value is
equal to 0.3 based on the discussion made by Bei et al. [48]. Fig. 9
shows the Upax—7 plots for half and quarter dislocation loops
together with that for a full dislocation loop calculated with the core
cut-off radius of b and parameters summarized in Table. 1. The critical
shear stress i, above which the dislocation loop spontaneously
expands at 0 K, can be estimated to be about 4.8, 8.6 and 12.9 GPa for
quarter, half and full dislocation loops, respectively, from the 7 value
at which the Up,ax value is equal to zero. The estimated ., value for
a quarter dislocation loop nucleation is in fairly good agreement with
the room-temperature bulk CRSS value for basal slip deduced based
on the results of micropillar compression tests. This indicates that the
bulk CRSS values deduced in the present micropillar experiments are
likely to correspond to the stress required to nucleate dislocations
from the surface or edges of micropillar specimens. For micropil-
lar specimens fabricated by the FIB method, the surface damage
inevitably introduced during the FIB process could also affect the
dislocation nucleation process. In the present case of 6H-SiC, the
thickness of the surface amorphous layer introduced by the FIB
milling was confirmed to be relatively thin (less than about
15 nm) compared to the edge length L ranging from 1 to 7 um of
the micropillar specimens. In addition, the hardness and elastic
modulus of ion-beam induced amorphous SiC have been reported
to be lower than those of crystalline SiC [54—57]. Thus, we do
believe that the FIB damage causes only a minor effect on the dis-
location nucleation from the surface or edges of micropillar speci-
mens. However, further experiments should be required to clarify
the influence of the FIB damage.

The deformation behavior (CRSSs and stress—strain curves) by
basal slip in micropillar compression is not affected by the existence
of dislocations introduced by a high-temperature (1300 °C) deforma-
tion prior to micropillar compression. This is considered to originate
from the fact that dislocations introduced at 1300 °C, which are
widely dissociated dislocations gliding in the glide-set plane, do not
move and consequently cannot act as dislocation sources in micropil-
lar compression, while dislocations introduced and carry plastic
strain during micropillar compression are perfect (undissociated) dis-
locations gliding in the shuffle-set plane. This is consistent with the
results of theoretical calculation by Pizzagalli [58] that for disloca-
tions with b = a/3[2 1 1 0] gliding on the basal plane in hexagonal
4H-SiC, the Peierls stress is lower for those in the shuffle-set (in the
range of 9.4-9.5 GPa at zero K), while it is extremely high for those
in the glide set so as to be sessile at zero K.

4.2. Plastic deformability of micropillar specimens

In the present study, we have successfully observed plastic flow in
micropillar specimens of 6H—SiC single crystals at room temperature
under a simple uniaxial compression condition, while the corre-
sponding bulk single crystals do not exhibit any plastic flow under
similar testing conditions. Premature fracture of brittle materials
occurring in uniaxial compression has been discussed with many dif-
ferent models [59-62]. According to the model proposed by Ashby
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Fig. 10. Critical size of a pre-existing flaw that cause premature fracture as a function
of axial stress.

and his co-workers, premature fracture is assumed to occur by propa-
gation of cracks that originate from pre-existing flaws in a direction
parallel to the compression axis. The critical axial stress o for crack
propagation is approximated to be CK;c/(7ra)'/?, where a is a size of a
pre-existing flaw and C is a constant of the order of unity, depending
on material, geometrical configuration and the number density of
pre-existing flaws [60—62]. Fig. 10 plots the critical size of pre-exist-
ing flaws as a function of axial stress calculated with Kjc values of
1.37 and 1.57 respectively for basal and prism plane cracking and
C = 1. The critical sizes of pre-existing flaws to avoid premature frac-
ture under very high axial stress to activate basal and prism slip sys-
tems at room temperature are confirmed to be of the order of
nanometers. Such tiny flaws are considered to be avoided in micro-
pillar specimens, while they are inevitably included in bulk-sized
specimens. Successful elimination of pre-existing flaws is considered
to be the most probable reason why plastic flow is observed in micro-
pillar specimens of 6H-SiC single crystals under uniaxial compres-
sion. Some other models to describe the brittle-to-ductile transition
with respect to the specimen size in brittle materials have also been
proposed [25,28].

5. Conclusions

The results of micropillar compression tests for 6H-SiC single
crystals at room temperature are summarized as follows.

1. Basal and prism slip are operative at room temperature in
6H-SiC single crystals when the specimen size is reduced down
to the micron-meter order, in contrast to the case of the corre-
sponding bulk single crystals in which plastic flow by basal slip is
observed above 550 °C. The CRSS values are very high (above
5 GPa) and exhibit “a smaller is stronger trend” following an
inverse power-law relationship with a power-law exponent n of
~0.10 and ~0.21 for basal and prism slip, respectively. The bulk
CRSS values at room temperature are estimated to be 4.8 4+ 1.0
and 4.5 + 1.2 GPa for basal and prism slip, respectively.

2. Most dislocations with b = a/3[2 T 1 0] gliding on the basal plane
tend to align along their screw orientation and glide as perfect
(undissociated) dislocations during micropillar compression. Some of
them are partly dissociated into two Schokley partials with the disso-
ciation width in a range of 18—56 nm for 30° dislocations. The stack-
ing fault energy on the basal plane is estimated to be 8—24 m]J/m?,
which is much higher than that (2.5 + 0.9 mj/m?) estimated from
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the dissociation width of dislocations introduced in the bulk 6H—SiC
by high-temperature deformation (at 1520 °C) [12].

3. Dislocations with b = a/3[2 1 1 0] gliding on the prism plane also
exhibit a strong tendency to align along their screw orientation
and glide as perfect (undissociated) dislocations during micropil-
lar compression.

4. The deformation behavior (CRSSs and stress—strain curves) by
basal slip in micropillar compression is not affected by the exis-
tence of dislocations introduced by a high-temperature (1300 °C)
deformation prior to micropillar compression. This is because
dislocations introduced at 1300 °C do not move and conse-
quently cannot act as dislocation sources at room temperature in
micropillar compression.

5. The values of fracture toughness Kic are estimated to be
1.37 £ 0.13 and 1.57 & 0.13 MPa m'/? by three-point bend tests
for chevron-notched single crystalline specimens with a notch
plane being parallel to (0001) and {011 0} planes, respectively.
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