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Strain engineering has attracted great attention, particularly for epitaxial films grown on a different substrate.
Residual strains of SiC have been widely employed to form ultra-high frequency and high Q factor resonators.
However, to date the highest residual strain of SiC was reported to be limited to approximately 0.6%. Large
strains induced into SiC could lead to several interesting physical phenomena, as well as significant improvement
of resonant frequencies. We report an unprecedented nano strain-amplifier structure with an ultra-high residual
strain up to 8% utilizing the natural residual stress between epitaxial 3C-SiC and Si. In addition, the applied
strain can be tuned by changing the dimensions of the amplifier structure. The possibility of introducing such a
controllable and ultra-high strain will open the door to investigating the physics of SiC in large strain regimes,
and the development of ultra sensitive mechanical sensors.

Strain engineering plays an important role in electronic
devices1,2. For instance, in complementary metal ox-
ide semiconductor (CMOS) technology, scaling down the
device to sub 100 nm regime encounters several chal-
lenges due to the degradation of carrier mobility3,4. To
enhance the performance of silicon CMOS with shrink-
ing size, the introduction of strain into Si channel has
been a key concept to compensate the decrease in carrier
mobility5–7. In addition, micro/nano electromechanical
systems (MEMS/NEMS) have also benefited from strain
engineering where the residual strain was applied between
epilayers to enhance the resonant frequency (f) and the
quality (Q) factor following Euler-Bernoulli theory8.

Silicon carbide, a wide band gap material, has showed
its high potential in MEMS/NEMS applications9,10. The
large band gap makes SiC an excellent candidate for high
temperature electronics applications where Si has limita-
tion. The large Young’s modulus of above 300 GPa offers
SiC resonators higher resonant frequencies in comparison
to Si based counterparts11,12. Other physical properties
such as the piezoresistive effect and the thermoresistive ef-
fect in SiC have also been employed to develop mechani-
cal and thermal sensors for structural health monitoring
(SHM)13–20. Cubic SiC (3C-SiC) is the only polytype,
among over 200 SiC polytypes, that can be grown (epitaxi-
ally) on Si substrate and thus is the most suitable polytype
for MEMS/NEMS applications9,21. This allows the reduc-
tion of SiC/Si wafer cost as well as makes it compatible
with the conventional micromachining process developed
for Si. The epitaxial growth of SiC on Si further results
in a large residual stress within the SiC film due to the
lattice and thermal mismatches between the SiC film and
the Si substrate22. This residual stress can be potentially
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applied to enhance the f×Q of the resonators. Resonators
with high frequencies up to several GHz and f ×Q factors
up to 1011 have been developed through the application of
residual stress22–24.

In most previous studies, the maximum strain induced
into SiC ranged from 0.1% to 0.6%27–30. It should be noted
that the larger strain is induced, the higher resonant fre-
quency can be achieved. In addition, large strains up to
10% could also lead to several significant changes in elec-
trical/optical properties, which have been observed in sev-
eral materials31,32. A large stress could also cause unin-
tended properties such as wafer bow and cracks, making
the realization of ultra-high strain in SiC a challenging is-
sue. Therefore, in order to make extremely high strain in
SiC possible, it is important to locally amplify strain in a
specific area, while keeping the strain in the other parts of
the film in a relatively small regime.

We propose here a method to induce extremely high
strain into SiC by using a nano strain-amplifier. For the
proof of concept, we demonstrate the feasibility of intro-
ducing a strain of approximately 8% into a SiC nano-spring
structure, which is at least one order of magnitude larger
than that reported in the literature. The possibility of
inducing such a high strain will pave the path for experi-
mental investigations of the physics of SiC in high strain
regimes as well as for the development of highly sensitive
SiC sensors. Our methodology should also be applicable
for not only SiC but other materials including graphene
and transition metal dichalcogenides (TMD), where high
strain regimes are of significant interest.

Figure 1(a) illustrates the basic concept to induce large
strain into SiC devices. The nano strain-amplifier consists
of a SiC micro bridge which is released from a Si substrate,
and a modified area which is located at the centre of the
bridge. In addition, the modified area is designed to exhibit
a smaller stiffness in comparison to the remaining areas of
the SiC bridge. To soften this modified area, the following
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FIG. 1. (a) Concept of devices to induce large strain into inter-
ested area; (b)(c) Principle of the nano strain-amplifier based
on planar residual stress and stress gradient (side-view sketch).

techniques can be utilized. First, the width of the middle
area can be shrunk down to nanometer scale so that the ra-
tio of the stiffness between the nanowire and micro-frame is
significantly diminished. Second, the middle section can be
softened by modifying its structure; as such a nano-spring
can offer much larger elongation than that of a nano rod
with the same dimension. Furthermore, by changing mate-
rial from single-crystalline to amorphous, it is also possible
to tune the stiffness of a specific region25,26. In the sub-
sequent experiment, we selected the structure modification
approach to form the soft area, as it can provide large elon-
gation which eases the strain observation using scanning
electron microscopy (SEM).

The key finding of our structure is that the low stiff-
ness of the modified nano-area allows it to follow the de-
formation of the serially connected micro structures. As
3C-SiC has a smaller lattice size than Si, the SiC film
typically undergoes a considerable tensile stress when be-
ing epitaxially grown on the Si substrate. When a SiC
bridge is released, its lattice constant tends to return to
its original size, which subsequently shrinks the size of the
bridge. Because this phenomenon is more dominant in the
SiC micro-areas, the nano-are will be stressed following the
motion of these micro-area, Fig. 1(b). Furthermore, in a
epitaxial film, large stresses typically distribute near the
interface between top layer and the substrate. The resid-
ual stress gradually decreases with increasing film thickness
or even relax for sufficiently thick films. This variation of
the residual stress will cause a stress gradient along the
thickness dimension, resulting in a bending moment once
the film is suspended from the substrate. Therefore, under
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FIG. 2. Properties of the SiC films. (a) X-Ray Diffraction; (b)
Raman spectroscopy; (c) Transmission electron microscopy.

the residual bending moment, the micro-frames will deflect
vertically, leading to an elongation in the softened nano-
area, Fig. 1(c). Combining the two phenomena of in-plane
shrinking and out-of-plane deflection, an ultra-high strain
is expected to be induced into the SiC nano structures.

The SiC film was prepared on a Si (100) wafer us-
ing low pressure chemical vapor deposition (CVD) where
silane (SiH4) and propylene (C3H6) were employed as the
precursors35. As aforementioned, SiC and Si have signif-
icant lattice and thermal expansion mismatch of ∼20%
and ∼8% respectively. The growth temperature was kept
at 1000◦C utilizing alternating supply epitaxy (ASE) ap-
proach. X-Ray Diffraction (XRD) method was utilized to
investigate the crystallinity of the SiC film. Figure 2(a)
shows diffraction peaks at 35.6◦ and 90◦, corresponding
to 3C-SiC(200) and 3C-SiC (400) orientations. In addi-
tion, besides these two peaks, only a peak at 69.1◦ was
observed, corresponding to Si(400). This result indicated
that single crystalline 3C-SiC (100) was grown on a Si sub-
strate. The thickness of the films was found to be 294 nm
using NANOMETRICS Nanospec/AFT 210.

The Raman scattering measurement was performed us-
ing �Renishaw inVia Raman microscopy 514 nm wave-
length, Fig .2(b). The peak observed at 794 cm−1 corre-
sponds to the transverse optical (TO) vibration of 3C-SiC.
Our TO peak was relatively smaller than that of stress-free
3C-SiC which was reported to be 795.9 cm−1. Therefore,
the left shift of the TO peak indicates the existence of a
tensile stress in the epitaxial 3C-SiC film. The average ten-
sile strain (εr) in the SiC film can be quantified using the
coefficient reported by Rohmfeld et al.27:

ωTO

cm−1
= (795.9 ± 0.1) − (1125 ± 20)εr (1)

Consequently, the average strain induced into the as-
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deposited SiC film was approximately 0.16% to 0.2%, which
was in the same range with other epitaxial 3C-SiC film re-
ported previously. Once the SiC bridge was suspended, the
residual stress was released and SiC tended to return to its
stress-free state. Furthermore, as the SiC micro frames are
much harder than the nano-spring (or other nano struc-
tures) located at the centre, the shrink of these frames are
much more dominant. Assuming that the micro frames
completely shrink down to their strain-free state, the strain
induced into the nano-spring (εns) can be approximated
using the following equation:

εns =
Lf

Lns
εr (2)

where Lf and Lns are the length of the frame and the
nano-spring, respectively.

Additionally, the quality of the SiC film was character-
ized using transmission electron microscopy (TEM). The
TEM image shown in Fig .2(c) indicates a high density of
defects near the SiC/Si interface. Most defects were found
to be stacking faults in [111] crystallographic orientation
due to the lattice mismatch between SiC and Si. Quality
of the SiC film was evidently improved with increasing film
thickness, exhibiting less crystal defect on the top layers.
This observation also indicates a stress gradient through
out the film. As such, in our previous report, a large stress
was observed in the bottom layers of 3C-SiC (100) films,
while the stress decreased or relaxed at layers near the top
surface34. The bending moment exerted on SiC can be esti-
mated from the Young’s modulus of SiC and the deflection
of free standing SiC cantilevers. Accordingly, the deflection
(δ) of a suspended SiC cantilever is given by:

δ =
Ml2

2EI
(3)

where M is the bending moment; and l, E and I are the
length, Young’s modulus, and moment of inertia of the

Z- deflection

(δ)
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δ = z/sin 60° = 24 μm
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FIG. 3. Observation of the out-of-plane deflection in a released
3C-SiC cantilever due to residual stress gradient (fall color).

SiC cantilever. As a result, the bending moment caused
by stress gradient is given by: M = 2EIδ/l2. Figure 3
shows a large out-of-plane deflection of a SiC cantilever
due to residual stress gradient observed in a Focused Ion
Beam (FIB) equipment with a tilt angle of 60◦. From the
deflection of 24 µm, the dimensions of the cantilever of 200
µm × 5 µm × 0.3 µm, and the SiC Young’s modulus of
350 GPa, the bending moment is estimated to be 5 µN.µm.
Consequently, this relatively large bending moment exerted
on the micro frames in nano strain-amplifier would cause
a large vertical displacement, and thus results in a large
tensile strain in the bridging nano-spring.

Figure 4(a) shows the fabrication process of the proposed
devices. For the proof of concept, we used a spring struc-
ture since it offers a lower spring constant in comparison
to nanowires with the same width and thickness. The use
of long SiC springs also allows a direct measurement of
strain using a typical SEM. Initially, silicon carbide micro
structures were patterned using inductive coupled plasma
etching (HCl + O2) with an etching rate of approximately
100 nm/min36. The SiC bridges were then released from
the substrate by under-etching Si using TMAH at 90◦C for
approximately 1 hour (step 1). The width of the bridges
was fixed at 5 µm, while their length was varied from 100
µm to 500 µm. Consequently, SiC nano-springs and sup-
porting wires were then formed at the middle of the bridge
using focused ion beam (Ga+) (step 2)37. The length of the
spring was 27.71 µm, and the cross-sectional area was 294
nm × 300 nm. Finally, the supporting wires was removed
by FIB (step 3), releasing the nano-spring.

Figure 4(b) shows the SEM image of suspended SiC
bridges prior to releasing the nano-spring. Evidently, the
bridges were in almost flat shape, indicating a uniform
strain contributing along its longitudinal direction. Fig-
ure 4(c) presents the SEM image of the nano-spring after
removing the supporting wires. The micro cantilevers on
each side of the bridge were deflected vertically, leading
to a large displacement in the nano-spring. Furthermore,
the cantilevers were bent downward, indicating that a large
compressive stress distributed at the bottom layer with re-
spect to that of the top layers, Fig. 4(d). This result
was in good agreement with the TEM observation men-
tioned above. Interestingly, because the two cantilevers
were deflected at almost the same degree, the nano-spring
remained in the lateral plane. Therefore, the length of
the nano-spring can be accurately measured from the top
view SEM image. In addition, as shown in Figure 4(e), to
represent the visibility of large strains induced using the
proposed structure, we fabricated a pair of nano springs in
which one was completely released (top), while the other
once was supported on both sides using two micro wires
(bottom). Accordingly, a significant increase in the length
of the nano spring was observed after removing the sup-
porting wires. Let L and ∆L be the initial length and the
elongation of the nano spring observed using SEM, respec-
tively, the induced strain is estimated to be: ε = ∆L/L.

Figure 5 plots the strain in SiC nano-springs against the
ratio between the length of the nano-spring to that of the
suspended bridge (Lns/Lf ). A strain of 7.6% in the SiC
nano-spring was observed when Lns/Lf was 0.055, which
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is the largest strain reported in SiC so far. Additionally,
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leads to an increase in the strain of the nano-spring.

increasing the Lns/Ls results in a decrease in the applied
strain, which is in solid agreement with Eq. 2 and Eq.
3. More importantly, the dependence of the strain of the
nano-spring on Lns/Lf indicates that ultra-high strain is
controllable by changing the device dimensions. This could
be applied to tune the resonant frequency in SiC nano res-
onators.

Another interesting property in our nano-strain ampli-
fier is that the strain was only concentrated in the locally
formed nano-spring, while the micro frame (i.e. the SiC
cantilever on each side of the bridge) can be almost freely
deformed to release the residual stress. It means that the
strain can be solely amplified at interested segments, re-
taining initially small strain in others. Therefore, the pro-
posed structure can be applied to locally induce extremely
high strain into 2D materials such as graphene or transi-
tion metal dichalcogenide, where the Van der Walls adhe-
sion force between them and the substrate (e.g. Si, PDMS,
glass) typically cannot withstand 1% strain38–41. It should
also be pointed out that as 2D materials typically have only
a few atomic layers, the stress gradient is expected to be
negligible. Therefore, the strain amplification in these ma-
terials is considered to be dominated by the in-plane com-
pression of micro frames with respect to locally fabricated
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nano structures, as described in Eq. 2. The capability of
inducing ultra-high residual strains into 2D materials could
open up promising possibilities for the development of high
frequency and high Q factor nano resonators42–44.

In conclusion, this work presents a mechanical approach
to apply extremely large strain to SiC utilizing a nano
strain-amplifier and the residual stress. We demonstrated
an extremely high strain up to nearly 8% in a SiC nano-
spring structure. The proposed platform shows its poten-
tial for further investigations into the physics of SiC nano
structures in high strain regimes, as well as the develop-
ment of high frequency, high Q factor, and ultra-sensitive
SiC mechanical sensors.
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