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Abstract

The deformation behaviour of single-crystal SiC nanopillars was studied by a combination of in situ deformation transmission
electron microscopy and molecular dynamics simulations. An unexpected deformation-induced phase transformation from the 4H hex-
agonal structure to the 3C face-centred cubic structure was observed in these nanopillars at room temperature. Atomistic simulations
revealed that the 4H to 3C phase transformation follows a stick—slip process with initiation and end stresses of 12.1-14.0 and
7.9-9.0 GPa, respectively. The experimentally measured stress of 9—10 GPa for the phase transformation falls within the range of these
theoretical upper and lower stresses. The reasons for the phase transformation are discussed. The finding sheds light on the understand-
ing of phase transformation in polytypic materials at low temperature.
© 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Polymorphism is a phenomenon in which a compound
exists in more than one crystalline structure. When the
crystalline structures have the same atomic plane, which
is usually a close-packed plane, and differ only in stacking
sequence along the direction normal to the plane, this
one-dimensional polymorphism is called polytypism.
Polytypism commonly occurs in II-VI, III-V and IV-IV
compound materials [1,2]. Silicon carbide (SiC) is a partic-
ularly important and interesting material since it has over
200 crystalline polytypic structures with common structural
units of face-centred cubic zinc blende (ZB), hexagonal
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close-packed wurtzite (WZ) and rhombohedral structures
[1]. Among these polytypes, the 4H-SiC structure with a
bandgap of ~3.2 eV possesses favourable electrical proper-
ties, including high electron mobility [3.,4], making SiC an
attractive candidate for “green energy” components in
high-power electronic applications because of the potential
for saving electric power and reducing CO, emission [5-10].
The mechanical behaviour of semiconductor materials is an
important topic since the performance (such as functional-
ity and reliability) of electronic devices strongly depends on
their mechanical properties [11-17].

Similar to most ceramics with a relatively limited tensile
strain (less than 0.1%), bulk SiC is brittle at room temper-
ature [18]. With the advancement of materials processing
technology, micro- and nanoscale SiC components can be
easily produced and they demonstrate promising
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applications in micro- and nanoelectromechanical systems
[19]. Available reports indicate that nanoscale SiC shows
large plastic deformation through lattice breakage, lattice
disorder and amorphization [20-22]. Phase transformation,
which may also introduce plastic deformation, has been
observed in SiC during annealing [23], thermal oxidation
[24] and stressing at high temperature [25-27]. At room
temperature, however, there is no experimental report on
phase transformation in SiC crystals, although ab initio
calculations suggest that a transformation occurs from tet-
rahedrally bonded SiC polytypes (e.g., ZB or WZ) to the
rock salt (RS) structure at high pressure (>60 GPa) [28-
30]. Since the occurrence of phase transformation may
degrade the performance of SiC-related devices [8,31], the
investigation of SiC polytypic phase transformation is
practically important and, fundamentally, it can provide
a better understanding of phase transformation in poly-
typic materials.

In this paper, we demonstrate solid evidence obtained
from in situ deformation transmission electron microscopy
(TEM) experiments that phase transformation can occur
among single-crystal tetrahedrally bonded polytypic SiC
nanopillars at room temperature. Additional insight into
the phase transformation was obtained from molecular
dynamics (MD) simulations. The reasons for the unex-
pected phase transformation in SiC nanopillars are dis-
cussed. Since polytypism is an interesting phenomenon in
nature, this finding adds new insight to the physical under-
standing of the polytypic evolution in materials.

2. Experimental section

A commercial single crystal 4H-SiC (000 1) sample with
a thickness of 300 pm was used in this study. The sample
was cut into small rectangular pieces with lengths of
2 mm along a (1120) direction and widths of 1 mm paral-
lel to a (1100) direction. Each piece was fixed to a 45°
inclined platform on a tripod with the (0001) plane faced
to the platform and then mechanically ground until one
edge of the sample was thinned to ~5 um. The ground sam-
ple was taken off the platform and then pasted on a mount
for pillar fabrication on the thin edge of the sample using a
Zeiss Auriga focused ion beam scanning electron micro-
scope. For coarse-milling, a 30 kV, 1 nA Ga' beam was
used to fabricate the pillars into diameters of ~2 um. The
pillars were finally thinned to flat-top circular nanopillars
with a diameter of ~180 nm using a 30 kV, 10 pA Ga™
beam. Because of the use of a 45° platform, the (0001)
basal plane was ~45° off to the pillar surface (the surface
normal is close to a (1104) direction), producing the large
Schmid factor and therefore the corresponding resolved
shear stress on the basal plane during deformation.

In situ deformation experiments of the pillars were con-
ducted with a Hysitron Picolndenter in a JEM-2100 TEM,
with a flat diamond punch at a constant displacement rate
of 10nms~'. Raw load-displacement records were
collected using the displacement-controlled mode of the

Picolndenter. The force and spatial resolutions are
~0.3 uN and 1 nm, respectively. Deformation processes
of the nanopillars in TEM were recorded at 30 frames s '
with a digital video recorder. From each recorded video
and its corresponding load—displacement curve, it is possi-
ble to obtain an instantaneous force with its contact area
between the diamond punch and nanopillar. To analyse
the in situ mechanical testing data, stress is defined as the
instantaneous force divided by the corresponding contact
area between the punch and the nanopillar. To obtain reli-
able and repeatable data, eight nanopillars were tested.
MD simulations were performed to analyse the defor-
mation process. A potential function consisting of pairwise
and three-body covalent interactions was adopted to model
the tetrahedral bonding in SiC [32]. To investigate the influ-
ence of diameter on the critical stress to initiate phase
transformation, three samples were examined. All these
samples have the same length of 32 nm with tip diameters
of 5, 7 and 9 nm, and base diameters of 7, 9 and 11 nm,
respectively. Atoms at the two ends of nanopillars with a
thickness of 1.5 nm were frozen; these could play similar
roles as the diamond punch and the base. The tapered
angle is 2° according to the geometry of samples in the
experiments. The [0001] orientation of the 4H structure
was inclined 45° with respect to the pillar axis. The motion
of atoms was integrated using a Verlet leapfrog algorithm
[33] with a time step of 2 fs. To obtain a free-standing con-
figuration, each sample was relaxed for 20 ps before com-
pression was applied. Compressive deformation was
achieved in two steps. First, a modified isothermal—-isobaric
ensemble was used to reduce the pillar length with a strain
rate of 2.5 x 107 ps™! for 1 ps. In this step, a nominal
strain of 0.25% was introduced at each deformation incre-
ment. The axial strain was then held and the pillar was
relaxed for 6 ps through a canonical ensemble to calculate
the mechanical properties of the pillar. The axial stress was
calculated by the force acting on the frozen end, i.e., the tip
with a diameter of 5, 7 and 9 nm, respectively, divided by
the contact area. All calculations were performed with
the DL_POLY2.20 package [34]. More details of the
numerical simulations are provided in Ref. [22].

3. Results and discussion

Fig. 1a shows a linear load—displacement curve of a 4H-
SiC pillar with a diameter of ~180 nm and a length of
~580 nm, respectively. The compressive deformation pro-
cess stopped at a load of 275 uN (a stress of 9.0 GPa) with-
out breaking the pillar. Fig. 1b and ¢ presents the TEM
images at the moment when the diamond punch just
touched the pillar and at the deformation stage marked
with the arrowhead in Fig. la, respectively. The TEM
images were extracted from Movie | in the Supplementary
materials. Three white arrows in Fig. I¢ indicate bending
contours in the pillar. These bending contours disappeared
and the pillar returned to its original shape after being fully
unloaded, as shown in Movie 1 in the Supplementary
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Fig. 1. (a) A load-displacement curve of a 4H-SiC pillar with a diameter of ~180 nm. (b, ¢) TEM micrographs extracted from Movie | in the
Supplementary materials, corresponding to the initial state of the pillar (b) and final state (c) at the tip of the curve marked with an arrowhead in (a).

Bending contours in (c) are marked with arrows.

materials, indicating the elastic nature of the deformation
process.

Due to the slight tapering in the pillar, a model was
derived to estimate the Young’s modulus E of a tapered pil-
lar based on the linear load-displacement record. It is
assumed that there is no bending during small elastic defor-
mations of the pillar. Fig. 2 shows a schematic diagram of a
tapered pillar with the diameters at the lower and upper
ends of d and D, respectively. Under a compressive load
P, the displacement of the pillar is obtained by

U= La(x)dx: Lidx (1)
0 o EA(x)

where L is the pillar length and ¢(x) and A(x) are the elastic
strain and area of a cross-section at the position x, respec-
tively. Based on the pillar geometry in Fig. 2, the area A(x)
is given by

N sulstratay

tp

Fig. 2. A schematic diagram of a tapered pillar used for the derivation of
Young’s modulus. The diameters at the lower and upper ends of the pillar
are d and D, respectively; L is the length of the pillar; and A(x)
corresponds to the cross-sectional area at the position.

A(x)=g<d+D;dx>2 (2)

Substituting Eq. (2) into Eq. (1), the Young’s modulus
of the tapered pillar becomes:

4 L
- nmdD (3)
where K (=P/u) is the stiffness, i.e., the slope from the
load—displacement curve. Using Eq. (3) and the load—
displacement data in Fig. la, the calculated Young’s
modulus of the 4H-SiC pillar oriented ~45° to the
(0001) plane was ~135 GPa, which is smaller than that
of [000 1}-oriented 4H-SiC due to the anisotropy [35].

Fig. 3a shows the load-displacement behaviour of the
pillar upon second loading to a higher load. There was a
linear load—displacement relationship up to the stress level
of 9.0 GPa (marked with a dotted arrow) with the slope 1
of the curve being the same as that in Fig. la. Beyond this
point, a non-linear load—displacement relationship was
observed with the load reaching 320 uN (a stress of
10.2 GPa). Interestingly, the unloading curve shows a dif-
ferent slope (slope 2) with respect to the loading curve.
Estimation using Eq. (3) indicates that the Young’s modu-
lus is ~100 GPa for the slope 2, which is smaller than that
for the slope 1. Fig. 3b (extracted from Movie 2 in the Sup-
plementary materials) shows the deformation state at the
peak stress marked with the arrowhead in Fig. 3a. Com-
pared with the state at a stress level of 9.0 GPa (see
Fig. lc), more dark contrast areas identified by solid
arrows were observed. After the pillar was fully unloaded,
~2% plastic strain remained in the pillar and some dark
contrast lines/clusters persisted (see the dark contrast lines
marked with solid arrows and dark contrast clusters
marked with dotted arrows in Fig. 3c). The area enclosed
by the load—displacement loop is the energy dissipated dur-
ing the loading—unloading cycle and it can be measured
with a digital planimeter. Dividing this by the volume of
the nanopillar gives the energy per unit volume, which is
~290 MJI m >,

To understand the possible sources for the huge energy
dissipation during mechanical deformation of the 4H-SiC

E
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Fig. 3. (a) A load—displacement curve of the pillar beyond elastic deformation. The load increased linearly with displacement up to the position marked by
a dotted arrow. The slope of the unloading curve (slope 2) is different from that of the loading curve (slope 1). (b, ¢c) TEM images extracted from Movie 2
in the Supplementary materials, corresponding to the peak load (marked with an arrowhead in (a)) (b) and the final state after being fully unloaded (c).
Dark contrast lines are marked with solid arrows while dark contrast clusters are indicated by dotted arrows.

nanopillars, detailed TEM characterization using selected
area electron diffraction (SAED) and dark-field diffraction
contrast imaging was conducted. Fig. 4a shows a diffrac-
tion pattern from a 4H-SiC matrix region without dark
contrast in Fig. 3c. Although the diffraction pattern was
not on a zone axis due to the single tilting nature of the
TEM holder, a clear 4H-SiC related diffraction feature
[36] was observed. At the dark cluster regions indicated
by dotted arrows in Fig. 3c, a (110) zone axis diffraction
pattern from the cubic 3C SiC structure was obtained
(Fig. 4b), indicating the occurrence of 4H — 3C phase
transformation. A dark-field diffraction contrast image
(Fig. 4c) obtained using a {002} diffraction spot shows
two bright contrast areas marked with arrows, which cor-
respond to the transformed 3C SiC phase areas embedded
in the 4H matrix. Comparison of the stress levels shown in
Figs. la and 3a indicates that the 4H — 3C phase transfor-
mation at room temperature occurs at a stress level exceed-
ing 9.0 GPa. The phase transformation leads to the
variation of the slopes (or corresponding Young’s moduli)
between the loading and unloading curves (3C is softer
than 4H [35]), and the significant energy dissipation.

To identify the underlying mechanisms of the phase
transformation, it is appropriate to recall the available
reports on this issue. Table | lists the experimental and the-
oretical results of phase transformation in SiC under

Fig. 4. SAED patterns obtained from a 4H-SiC matrix region (a) and a
dark cluster region (b). (c) A dark-field TEM image of the pillar taken
using a fcc {002} diffraction spot. The 3C regions (bright regions) are
indicated using solid arrows.

different conditions. Since the 3C polytype introduces a
quantum well (QW) structure in the 4H structure [4,8,37],
energy would be gained through electrons entering the
QW-related states, which is energetically favourable for
the 4H — 3C phase transformation during high-tempera-
ture annealing (>1000 °C) [23,38]. The 3C — 6H transfor-
mation occurs during annealing at ~2000 °C because the
3C polytype is stable at low temperature while 6H is the
high temperature stable phase [39,40]. Oxidation-induced
phase transformation is attributed to the lattice-
mismatch-induced stress stemming from the doping differ-
ence between a SiC epilayer and its substrate [24]. Phase
transformations during deformation at the temperature
range of 400-1200 °C are due to the shear stress [25,27],
thermodynamically favourable transition from a hexagonal
structure to the stable 3C phase [26,27] and QW-related
energy gain [26], respectively. In simulations, phase trans-
formations from a ZB or WZ structure to a RS structure
occur because most materials with low coordination num-
ber (CN) structures (for ZB and WZ, CN =4) transform
into a more compressed crystalline form with a higher
CN (e.g. RS, CN =6) at high pressure [28-30,41]. How-
ever, our experiments were conducted through deformation
at room temperature, which is obviously different from
those cases mentioned above.

The applied high stress should play a key role in the
phase transformation of 4H-SiC nanopillars. In ceramic
materials, a fracture process generally involves the initia-
tion and subsequent propagation of cracks [42,43]. Crack
initiation usually occurs at crystalline imperfections, which
leads to stress concentration on the surface and in interior
defects of materials. In bulk or thin film SiC crystals, dislo-
cation motion and subsequent cracking limit the flow stress
to only hundreds of MPa [27,44.,45]. It is known that the
number of pre-existing defects in a ceramic material dimin-
ishes with reducing material dimensions and that a defect-
free crystal would be achieved when the dimensions are
reduced to the nanoscale. This was the case for the nano-
scale SiC single crystal examined in this study. The
defect-free nature of the crystal significantly delayed the
crack initiation in the SiC nanopillar, increased the strain
and consequently the flow stress of the pillars. After the
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Table 1

A summary of literature showing phase transformation and corresponding driving force in SiC.

Phase transformation Conditions Driving force Refs.
4H — 3C 1150 °C annealing QW action [23,38]
4H — 3C 1150 °C oxidation Lattice mismatch [24]
4H — 3C Compression at 400-700 °C Phase stability + QW action [26]
4H — 3C Deformation (~120 MPa) at 900-1100 °C Stress + thermodynamics [27]
6H — 3C Indentation (~50 MPa) at 1170 °C Shear stress [25]
3C— 6H ~2000 °C annealing Phase stability [39,40]
ZB — RS >60 GPa (simulation) High pressure [28-30]
WZ — RS 600-700 GPa (simulation) High pressure [41]

flow stress exceeded 9.0 GPa as shown in Fig. 3, the phase
transformation of 4H — 3C occurred.

MD simulations were performed to understand the
experimental results. Fig. 5a shows the original state of a
4H-SiC nanopillar with a tip diameter of 5 nm. At the ini-
tiation stage of phase transformation, strain concentration
occurs on the free surface of the sample, as shown in
Fig. 5b, where atomic coordinates are extracted at a strain
of 8.6% (point A in Fig. 5¢) and the strain distribution is
generated by means of the least squares atomic strain
[46]. The 4H to 3C phase transformation is initiated at
positions with strain concentration. Further analysis on
the samples with a tip diameter of 7 and 9 nm demonstrates
that such a behaviour is independent of diameters. The
stress—strain curve of the 4H-SiC nanopillar with the tip
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diameter of 5 nm indicates that prior to a strain of 8.6%,
the compressive deformation is purely elastic, with the
stress reaching the maximum value of ~14.0 GPa. As the
strain exceeds 8.6%, the stress quickly drops to 8.4 GPa
due to the slip on the (0001) basal plane. Structural anal-
ysis reveals that, at a strain of 9.3%, a 3C grain is generated
in the middle of the sample after the first slip (Fig. 5d).The
phase transformation follows a stick—slip process with each
stress drop corresponding to a slip event, where there is a
stress range between which the phase transformation
occurs. It indicates that the stress to initiate the first slip
in the 4H-SiC nanopillar with a tip diameter of 5 nm is
~14.0 GPa while the stress of 8.4 GPa corresponds to the
ending of the first slip. Fig. 5e shows the growth of the first
3C grain and the formation of the second 3C grain at the
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Fig. 5. (a) An image of a sample with a length of 32 nm and diameters of 5 and 7 nm at the tip and base, respectively. (b) The strain distribution at the
initiation stage of phase transformation, where arrowheads denote positions of strain concentration. (c) A typical stress—strain curve obtained from MD
simulations. (d) A 3C grain forms in the middle of the sample after the first slip. (e) A snapshot image of the nanopillar at a strain of 14.4%. Areas in which
the 3C phases formed are marked by two dashed parallelograms. (f) The critical stress to initiate phase transformation decreases as the diameter of 4H-SiC

nanopillars increases. Dashed curves show the expected trends.



B. Chen et al. | Acta Materialia 80 (2014) 392-399 397

tip of the sample after multiple slips. The locations of the
two 3C grains are indicated using two dashed parallelo-
grams in Fig. Se. The locally formed 3C grains in the 4H
matrix remain after the external load is removed. The
phase transformation sites are consistent with in situ exper-
imental observation. It is seen from Fig. 5c that the unload-
ing curve has a slightly lower slope than that of the loading
one, which is less obvious than that displayed in the exper-
imental data. This is because the atomic interactions for
4H- and 3C-SiC structures are indistinguishable in the
potential function [32] used in the modelling. Moreover,
as the tip diameter increases to 9 nm, the critical stress to
initiate phase transformation reduces to 7.9-12.1 GPa
(Fig. 5f). Note that the stress values obtained from MD
simulations are higher than but still in relatively good
agreement with the experimental ones (see Fig. 5f). The dif-
ference between experiments and simulations are due to
three possible reasons: (i) the strain rate in MD simulations
is generally in the order of 108 s™! [47-49], which is signif-
icantly larger than that in experiments (~107%s™"); (ii)
since calculations for large objects are extremely time-
consuming, only small sample dimensions with diameters
of 5-9 and 7-11 nm at the contact and base sites, respec-
tively, were used in the MD simulations, which are much
smaller than the sample diameters of 180-220 nm in the
experiments; and (iii) the electron-beam irradiation during
the deformation experiments may lower the energy barrier
for the phase transformation through providing extra
energy to the samples.

The MD simulations also indicate that the 4H to 3C
phase transformation originates from the slip between the
neighbouring close-packed planes. In the tetrahedral bond-
ing cases of SiC structures, there are three basic close-
packed sites denoted as A, B and C, see Fig. 6a. The 4H
structure adopts the periodic ABCB stacking sequence.
Each ABC stacking unit in a 4H cell can be regarded as
a 3C inclusion; see the shadowed area in column “Step
0” in Fig. 6b. Thus, a boundary divides the 4H structure

Step O

and the 3C inclusion into two parts. Slip of the 4H region
along the boundary with a Burgers vector of 1/3(1100)
changes the stacking sequence in the 4H region, i.e.,
A — C, B— A and C — B, respectively. Fig. 6b shows
three original 4H units, containing 12 layers. The boundary
lies between the third and fourth layers. The first slip (Step
1 in Fig. 6b) moves the fourth B layer to site A, leading to
the growth of the original 3C seed from ABC to ABCA.
Thus, the boundary ascends one layer up to between the
fourth and fifth layers. At Step 2, ongoing slip shifts the
fifth, sixth and seventh layers to sites B, C and A. Then,
the 3C grain grows to ABCABCA, with the boundary
ascending the layers up to between the seventh and eighth
layers. The 3C grain continuously grows by repeating Steps
1 and 2, resulting in the growth of the 3C region in the 4H
matrix.

It is worth noting that the effect of electron-beam irradi-
ation on the phase transformation cannot be ruled out
since the deformation experiments were conducted in
TEM. However, the electron-beam irradiation effect should
not be a major driving force because: (i) one of the pillars
was tested in the TEM under irradiation (without mechan-
ical stress) for more than 2 h and no phase transformation
was observed; (ii) the irradiation-induced temperature rise
should be small since the electron beam intensity was very
weak (~107° A cm?); and (iii) MD simulations indicated
that the 4H — 3C phase transformation occurs without
any electron-beam irradiation.

To understand the deformation behaviour after the
phase transformation, the pillar was further compressed
until fracture. Fig. 7 shows its load—displacement curve
and corresponding TEM images. The TEM images were
extracted from Movie 3 in the Supplementary materials.
The slope of the loading curve (indicated by a solid line)
is the same as that of slope 2 after the occurrence of the
4H — 3C phase transformation in Fig. 3a, indicating that
the phase transformation is permanent. Fig. 7b shows a
TEM image of the pillar at the deformation stage just

Step 1

a b

Step 0 Step 1 Step 2

B > A > cC

cC > B > A

B > A > cC

A > Cc > B

B > A > cC
c > B > A

B > A > cC

A > Cc > B

A B > A A

( \ 70 c c

c B B B B

~ A A A

Fig. 6. (a) Three tetrahedral A, B and C stacking sites are represented by circles (O), boxes ([J) and triangles (A), respectively, on a close-packed crystalline
plane. Slip along a direction on the (000 1) plane with a Burgers vector of 1/3 (1100) moves atoms at A, B and C sites to C, A and B sites, respectively.
The slip sketch is also depicted at the lower panel. (b) Each ABC stacking unit in a 4H structure consists of a 3C seed (the shaded region). The 3C grain
grows via repeated slips between 4H and 3C structures along their boundaries (dashed lines). Green arrows represent the slip direction. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. (a) The load-displacement curve of the 4H-SiC pillar for the final fracture testing. (b, c) TEM images extracted from Movie 3 in the Supplementary
materials, which correspond to the states of the pillar just before (marked with the arrowhead in (a)) and after fracture.

before fracture (the top 3C inclusion is marked with an
arrow), which corresponds to the tip marked with an
arrowhead in the load—displacement curve in Fig. 7a. Frac-
ture occurred at a place near the top 3C phase region
(Fig. 7c). The total strain of the SiC nanopillar at fracture
was estimated to be ~15%. The large deformability is
attributed to the size effect that crack initiation is signifi-
cantly delayed because of the absence of flaws inside the
nanoscale pillars.

4. Conclusions

Room-temperature in situ deformation TEM investiga-
tion shows that 4H-SiC nanopillars can be elastically com-
pressed up to a stress level of 9.0 GPa. Further
deformation leads to the 4H — 3C phase transformation,
resulting in the change of the Young’s modulus of the
nanopillars. Based on the MD simulations, the phase trans-
formation initiates at a stress of 12.1-14.0 GPa; however,
the stress quickly drops to 7.9-9.0 GPa after the slip, which
is close to the experimentally measured transformation
stress of 9-10 GPa. The phase transformation due to the
slip on the (0001) plane along a (1100) direction and
the corresponding atomistic layer transformation from
4H to 3C have been simulated. The observed phase trans-
formation is attributed to the high flow stress accessible in
nanoscale pillars.
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Appendix A. Supplementary data

Movies 1-3, from which the snapshot images were
extracted and presented in Figs. 1, 3 and 7, respectively,
are provided. Supplementary data associated with this arti-
cle can be found, in the online version, at http://dx.doi.org/
10.1016/j.actamat.2014.07.055.
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