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High-Strength Amorphous Silicon Carbide for
Nanomechanics

Minxing Xu, Dongil Shin, Paolo M. Sberna, Roald van der Kolk, Andrea Cupertino,
Miguel A. Bessa,* and Richard A. Norte*

For decades, mechanical resonators with high sensitivity have been realized
using thin-film materials under high tensile loads. Although there are
remarkable strides in achieving low-dissipation mechanical sensors by
utilizing high tensile stress, the performance of even the best strategy is
limited by the tensile fracture strength of the resonator materials. In this
study, a wafer-scale amorphous thin film is uncovered, which has the highest
ultimate tensile strength ever measured for a nanostructured amorphous
material. This silicon carbide (SiC) material exhibits an ultimate tensile
strength of over 10 GPa, reaching the regime reserved for strong crystalline
materials and approaching levels experimentally shown in graphene
nanoribbons. Amorphous SiC strings with high aspect ratios are fabricated,
with mechanical modes exceeding quality factors 108 at room temperature,
the highest value achieves among SiC resonators. These performances are
demonstrated faithfully after characterizing the mechanical properties of the
thin film using the resonance behaviors of free-standing resonators. This
robust thin-film material has significant potential for applications in
nanomechanical sensors, solar cells, biological applications, space
exploration, and other areas requiring strength and stability in dynamic
environments. The findings of this study open up new possibilities for the use
of amorphous thin-film materials in high-performance applications.

1. Introduction

Advances in nanotechnology have revolutionized various fields,
with the development of tensile-loaded, thin-film mechanical
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devices playing a pivotal role in state-of-the-
art force, acceleration, and displacement
sensing.[1–7] Two approaches are used to
boost the sensitivity of nanomechanical
resonators under tensile loads. One ap-
proach fabricates the resonators using
different materials in pursuit of films with
inherent high-stress and low mechan-
ical loss tangents (i.e high mechanical
quality factors). In room temperature
environments, high-tensile amorphous
silicon nitride (a-Si3N4) nanomechanical
resonators have marked some of the best
performing devices in ultrasensitive me-
chanical detectors.[8–13] Crystalline thin film
materials (e.g. crystalline silicon (c-Si),[14]

crystalline silicon carbide (c-SiC)[15,16])
and graphene are expected to have higher
theoretical limits, but their projected per-
formance relies on having perfect crystal
structures with no defects (including edge
defects). Additionally, it is difficult to attain
crystalline films[14,15] that can be easily
deposited, have good film isotropy,[17]

and few lattice imperfections.[14,15]

The other approach to boost sensor
performance involves innovative resonator designs that concen-
trate stress in key areas. These designs are constrained by the thin
film materials’ tensile fracture limits or ultimate tensile strength
(UTS). Nanostructuring reduces the UTS due to introduced
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Table 1. LPCVD a-SiC deposition parameters and the corresponding mechanical properties. From left to right columns, recipe name, gas flow ratio
(GFR), deposition pressure P, thickness t, deposition stress 𝜎, density 𝜌, Young’s modulus E, Poisson ratio 𝜈, intrinsic quality factor Q0 (per 100 nm),
and ultimate tensile strength (UTS), are shown. All a-SiC recipes have a deposition time 3 h 20 min, except a-SiCR2FS (3 h 47 min). Note that the
mechanical properties of a-SiCR2FS are characterized with alternative methods presented in Section S(A5) (Supporting Information).

Recipe GFR P [mTorr] Substrate t [nm] 𝜎 [MPa] 𝜌 [kg m−3] E [GPa] 𝜈 Q0 UTS [GPa]

a-SiCR2 2 600 Silicon 71 760 2830 223 0.203 5175 12.04
(±0.72)

a-SiCR2FS 2 600 Fused
Silica

82 1404 2555 187 0.222 4416 -

a-SiC170 2 170 Silicon 86 636 2966 220 0.218 4485 10.27
(±0.62)

a-SiCR3 3 600 Silicon 81 960 2962 210 0.199 4692 11.12
(±0.45)

a-SiCR4 4 600 Silicon 137 670 3087 200 0.162 1035 <3.5

crystalline defects.[18,19] For example, the UTS of a-Si3N4 thin film
has been shown to be 6.8 GPa.[20] To date, only crystalline and
2D materials have experimentally demonstrated UTS surpass-
ing 10 GPa after being top-down nanofabricated.[21–24] Among
2D crystalline materials, graphene harbors one of the highest
theoretical UTS,[23,25] but practically reaching the limit is also
challenging due to lattice imperfections,[26] atomically irregular
edges,[24] or sparser grain boundaries[27] resulting from nanos-
tructuring processes, which lead to a reduced fracture limit when
it is tensile-loaded. In this regard, amorphous thin films with
high UTS offer more design freedom for free-standing nanos-
tructures, due to their lack of both crystalline defects and sensi-
tivity to notches.[28–31] Apart from allowing the enhancement of
the Q factor of nanomechanical resonators, higher material UTS
can enable the devices to perform better in diverse and harsh vi-
brational environments.

Amorphous SiC (a-SiC) thin film is gaining traction due to
its remarkable mechanical strength and versatile properties.[32–34]

It holds unique advantages over its crystalline counterparts,
such as lower deposition temperature and adaptability to various
substrates,[35,36] enabling deposition on large wafer scales. This
material stands out in applications requiring protective coatings
and in the development of MEMS sensors and integrated pho-
tonics, due to its resilience to mechanical wear[37] and chemical
corrosion.[38] Its potential in high-yield production of diverse de-
vices paves the way for advancements in sensing[6] and quantum
technology.[39]

In this work, we demonstrate wafer-scale amorphous films
that harbor an ultimate tensile strength over 10 GPa after nanos-
tructuring, a regime that is conventionally reserved for ultra-
strong crystalline and 2D materials. Using delicate nanofabrica-
tion techniques, we produce several different nanomechanical
resonators that can accurately determine the mechanical prop-
erties of SiC thin films such as density, Young’s modulus, Pois-
son ratio, and ultimate tensile strength. Notably, our highest
measured tensile strength (>10 GPa) is comparable to the val-
ues shown for c-SiC[21] and approaching the experimental val-
ues obtained for double-clamped graphene nanoribbon.[24] We
achieve mechanical quality factor up to 2 × 108 with a-SiC me-
chanical resonators, and measure loss-tangents on par with other
materials used in high-precision sensors. Beyond sensing, these
strong films open up new possibilities in high-performance nan-

otechnology, including thin solar cell technologies,[40] mechani-
cal sensing,[41] biological technologies[42] and even lightsail space
exploration.[43]

2. Fabrication of Amorphous SiC Resonators

In pursuit of thin film materials for nanomechanical resonators
with low mechanical dissipation, high film quality and high ten-
sile stress are desirable. The low-pressure chemical vapor depo-
sition (LPCVD) technique is preferred for these requirements,
since its low pressure and high temperature deposition environ-
ment ensures lower defect density and higher thermal stress. The
non-stoichiometric LPCVD a-SiC films used in this paper are de-
posited with different gas flow ratios (GFR) between SiH2Cl2 and
5% C2H2 in H2 (GFR = 2, 3, 4), various deposition pressures (170
and 600 mTorr), and on both silicon and fused silica substrates
(Table 1). This variation of deposition parameters allow us to sys-
tematically characterize the mechanical properties of LPCVD a-
SiC thin films. All a-SiC thin films were deposited for the same
period of time (3 h 20 min) at a temperature of 760 °C in order to
better determine the effect of various deposition environments
while maintaining the films in the amorphous form.[44] With the
fabrication process demonstrated in the Experimental Section,
nanomechanical resonators made of a-SiC can be suspended over
the substrates with high yield using dry etching processes due to
their extremely high chemical selectivity.

Higher chemical stability and inertness of thin films is par-
ticularly useful for suspending nanostructures; usually a crucial
and difficult step in fabricating free-standing structures. LPCVD
a-SiC films can be deposited on various substrates, patterned,
and then suspended as nanomechanical resonators by remov-
ing the substrate underneath (i.e. undercutting). A high selec-
tivity between the thin film and the substrate allows for higher
yield and accuracy in fabricating suspended nanostructures. Sim-
ilar to their crystalline counterpart, LPCVD a-SiC thin films have
been reported to have very high chemical inertness to various
wet etchants.[35] Likewise, we found that a-SiC also has high
chemical inertness to the widely used dry etchants, such as SF6
isotropic plasma etching for silicon substrate, and vapor hy-
drofluoric acid etching for silicon oxide substrate, as illustrated in
Figure 1a. The excellent chemical stability implies high selectiv-
ity between a-SiC and various commonly used substrates during
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Figure 1. a) Schematic of dry undercut processes with cryogenic SF6
plasma isotropic etching (top) and vapor hydrofluoric acid etching (bot-
tom), to suspend a-SiC nanomechanical resonators (green) on silicon
(orange) and fused silica (blue) substrates, respectively. b) Etch rates of
cryogenic SF6 plasma isotropic etching (log scale) and vapor hydrofluo-
ric acid etching (linear scale), on four commonly used Si-based materi-
als: Si, SiO2, a-Si3N4, and a-SiC. c) Ultimate tensile strength compari-
son between LPCVD a-SiC, crystalline (blue), and amorphous (red) ma-
terials. References: SiO2,[45] steel,[46] Kevlar,[47] InGaP,[17] a-Si3N4,[9,20]

c-Si,[41,48] a-SiC,[49] 6H-SiC (crystalline),[21] 3C-SiC (crystalline),[21] and
graphene.[22,24] The solid and transparent colors of bars represent the
lower and upper limits of the materials’ ultimate tensile strengths, respec-
tively.

undercutting, as shown in Figure 1b. Dry etchants are pre-
ferred for suspending high-aspect-ratio nanomechanical struc-
tures, since they help to avoid stiction during liquid etchant evap-
oration and thus improve the yield rate of working devices. To
demonstrate the range of devices possible with higher chemical
inertness, we fabricated nanomechanical resonators with con-
tinuous films down to 5nm, as shown in SEM pictures in Sec-
tion SF (Supporting Information). In Section SH (Supporting
Information) ,we show the measured chemical composition of
these films, and demonstrate the chemical integrity of the 5 nm
SiC after etching.

The undercut method based on dry etchants introduces little
perturbation to the suspended nanostructure, making it possible
to perform delicate, on-chip tensile testing. The precision of the
undercut method is pivotal for the reliability of material strength
testing as it mitigates the risks associated with introducing frac-
tures and defects during the loading/gluing of a material into a
tensile testing setup, which could compromise the integrity of
maximum tensile strength measurements. This chemical inert-
ness of a-SiC serves a functional role in the fabrication process, al-
lowing for a high degree of compatibility with various undercuts
and ensuring the integrity of the nanostructures during the sus-
pension process. The inertness contributes to the overall reliabil-
ity and accuracy of the UTS measurements by inducing minimal
forces during both fabrication and testing. In Section 4, we fab-
ricate suspended nanostructures with different maximum ten-

sile stresses to accurately determine the ultimate tensile strength
(UTS) of a-SiC films. As a result, we demonstrate that a-SiC films
have UTS up to 10–12 GPa, which are the highest among amor-
phous materials after patterning and are approaching the UTS
of strong materials like c-SiC[21] and graphene nanoribbons,[24]

both of which are known for their high UTS. The comparison of
UTS between LPCVD a-SiC and other materials commonly used
for nanomechanics is shown in Figure 1c.

3. Mechanical Property Characterization With
Resonance Method

In order to design desired nanomechanical resonators with a spe-
cific thin film material, it is necessary to accurately character-
ize the material’s mechanical parameters, such as film stress,
Young’s modulus, Poisson ratio and density. Various methods
are developed to measure these parameters, including static
methods, like nano-indentation[50,51] and dynamic methods like
resonance response.[52–55] Many studies aiming to design high-
performance nanomechanical resonators have relied on mechan-
ical parameter values obtained from the literature without con-
sidering potential variations of thin film properties due to dif-
ferent deposition environments, such as commonly used mate-
rials like a-Si3N4,[10,12] c-Si,[14] and c-SiC.[15,16] While these adap-
tations are usually reasonable and align well with experimental
results, characterizing the exact parameters of the materials used
would be beneficial when exploring the optimal performance of
nanomechanical resonators.[52,56] In this section, we present a
simple and universal method to systematically characterize the
important mechanical parameters of LPCVD a-SiC thin films.

The characterization flow of the method begins with measur-
ing the thickness of the a-SiC thin film (t) after LPCVD deposition
using a spectroscopic ellipsometer, which is an optical technique
to confirm the thin film thickness and investigate its dielectric
properties simultaneously. We then identify the film stress (𝜎) us-
ing the wafer bending method. After dicing the wafer into small
chips, we pattern the a-SiC thin film and suspend it in the form
of membranes, cantilevers, and strings with different lengths (L).
The suspended nanomechanical resonators are measured with
a laser Doppler vibrometer (LDV) in the vacuum environment
down to 10−7 mbar. The measured resonant frequencies of the
fundamental modes of the membranes (fmem), cantilevers (fcan),
and strings (fstr) can be fitted with their corresponding analytical
expressions, which reveal the Young’s modulus (E), Poisson ra-
tio (𝜈), and density (𝜌) of the a-SiC thin film, respectively. During
the fitting process, finite element method (FEM) simulation is
used to describe the patterned resonators more precisely by tak-
ing into account the holes on the membranes and the overhangs
from under-cutting adjacent to the cantilevers and strings. More
detailed information about the measurements, analytical fitting,
and simulations are shown in Sections SA and SB (Supporting
Information)..

Using the above measurements, we can characterize the im-
portant mechanical parameters of LPCVD a-SiC thin films, then
design and fabricate nanomechanical resonators with desired
performance. Note that this straightforward and non-contact
method can be universally applied to characterize the mechan-
ical properties of other tensile thin film materials that can be
fabricated into resonators with various geometries, for example
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Figure 2. a) Schematic of systematically characterizing mechanical properties of a tensile stress thin film material. a-i) Measuring film thickness with
ellipsometry. a-ii) Measuring the film stress via wafer bending technique after film deposition. a-iii) Extracting material density. a-iv) Young’s modulus. a-v)
Poisson ratio of a-SiC thin films by fitting resonant frequencies of square membranes/cantilevers/strings of different sizes, respectively. a-vi): Designing a-
SiC nanomechanical resonators with desired performance. b) Characterizing the mechanical properties of LPCVD a-SiC thin film (a-SiCR2) by numerically
fitting the measured resonant frequencies of suspended resonators with different geometries and dimensions, including squared membranes (top),
cantilevers (middle), strings (bottom). The resonant frequencies of the resonators mentioned above are measured with a laser Doppler vibrometer
(LDV, Polytec PSV-4).

cantilevers, strings, and membranes. This allows for quality con-
trol of thin films deposited in different batches or under var-
ied deposition environments. As a result, nanomechanical res-
onators manufactured for various applications can be character-
ized in an efficient and economical manner, resulting in higher
reliability for both industrial and academic applications. With all
the relevant mechanical parameters accurately measured, we can
fabricate a series of suspended devices specifically designed for
characterizing the ultimate tensile strengths of a-SiC thin films
in the following section.

4. Ultimate Tensile Strength of Amorphous SiC

Ultimate tensile strength (UTS), or sometimes coinciding with
yield strength for brittle materials such as a-SiC,[49] describes the
maximum tensile stress a material can endure before breaking
while being stretched. High UTS has been shown for nanowires
fabricated with various materials, whose small cross-section ar-
eas minimize the appearance of defects,[57,58] and for nanome-
chanical membranes without nanopatterning to avoid the pres-
ence of rough sidewalls.[59] However, both scenarios above do not
allow for further shape modification, reducing interest in their
potential for various applications. While the crystalline form of
materials usually tend to be mechanically stronger than their
amorphous forms due to long-range order, examples such as
glassy metal[60] and synthesized AM-III carbon[61] demonstrate
extraordinary mechanical properties comparable to their crys-
talline counterparts in terms of fracture toughness and yield
strength, or hardness and compressive strength, respectively.
This correspondence remains between c-SiC and a-SiC. While c-
SiC has shown a UTS as high as 12–18 GPa via micro-pillars,[21]

a-SiC nanowires have been measured to have a UTS up to 8.8 GPa
via a tensile test with its two ends fixed by silver epoxy,[49] which

is higher than the ones shown for LPCVD a-Si3N4 (6.8 GPa[20])
and Si (7.6 GPa[41]).

With the aim of characterizing the design space of nanome-
chanical resonators using LPCVD a-SiC thin film, we charac-
terized its UTS by geometrically tapering the suspended a-SiC
thin film in order to concentrate the tensile stress up to the frac-
ture point. Unlike other tensile test methods,[62] the presented
method allows to determine the UTS of the tensile nanostruc-
tured film accurately, while avoiding the ambiguity caused by ex-
ternal loads, glues, and limitations of nanofabrication; for exam-
ple, limited accuracy of nanopatterning and stiction during wet
undercut. With the mechanical parameters characterized in Sec-
tion 3, a-SiC hourglass-shaped devices consisting of a short and
narrow tether surrounded by long and wide pads on both sides
that are designed and suspended to measure the UTS of LPCVD
a-SiC thin films. The devices have a total length of 1500 μm, with
pads on both sides that have a width of 15 μm, and the middle
tethers that have varying lengths and a width of 500 nm, as shown
in Figures 2 and 3a. After being suspended with dry etchants, the
tensile stress on the hourglass-shaped device will redistribute and
result in an increase of stress on the middle tether due to the
pulling of the pads caused by residual stresses arising from the
fabrication. The re-distributed stress profile in Figure 3a is ob-
tained via the finite element method (FEM). The devices are de-
signed to have varying tether lengths from short to long, which
are then arranged adjacently as shown in Figure 3b.

To establish a force equilibrium between the tether and the
pads on each device, the ratio between the tensile stresses on
the tether and the pads is inversely proportional to the ratio be-
tween their widths. Combined with a small proportion of the
lengths between the two, which enhances the strain (percent-
age of elongation) on the tether, the tensile stress on the tether
in our hourglass-shaped devices can be significantly amplified
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Figure 3. Tensile test experiment to measure the ultimate tensile strength of a-SiC thin films. a) Simulated stress profile of a hourglass-shaped geometry
of 50 μm tether length made with a-SiCR2, the tensile stress is concentrated at the middle narrow tether up to 10 GPa, different maximum stress can
be obtained with different tether lengths. b) SEM image of a pad of a-SiCR2 hourglass-shaped structures with 18 different tether lengths, from 30 to
115 μm. Below a certain tether length, the maximum stress surpass the ultimate tensile strength of the material, and the tethers break in the middle
region after under-cutting, indicating the ultimate tensile strength of a-SiC. A zoom-in view of the hourglass-shaped geometry with a 50 μm tether length
is shown on the left. c) The stress profiles along the hourglass-shaped geometries with different tether lengths. d) Survival ratios of hourglass-shaped
geometries with maximum stress correspond to different stress interval (orange columns) for a-SiCR2 (top), a-SiC170 (middle), and a-SiCR3 (bottom).
The maximum stresses shown for unbroken devices fabricated with a-SiCR2/a-SiC170/a-SiCR3 are 12.04/10.27/11.12 GPa, respectively.

during stress relaxation after suspending. As shown with FEM
simulation in Figure 3c, devices with shorter tether lengths con-
tain higher maximum concentrated tensile stresses on the teth-
ers. This method allows the determination of the UTS of the
nanostructured a-SiC thin films by counting the number of sur-
viving devices after suspension. As shown in Figure 3b, a series of
hourglass-shaped devices are fabricated with a-SiCR2. The 18 de-
vices have tether lengths ranging from 30 to 115 μm, correspond-
ing to stresses from 12.53 to 5.97 GPa, respectively. The adjacent
devices have tether lengths that differ for 5 μm, the shorter the
tethers are, the larger difference in concentrated stress the de-
vices contain, for example the concentrated stress difference be-
tween devices with 115 and 110 μm tether lengths is 0.18 GPa,
while one between devices with 35 and 30 μm is 0.72 GPa. In the
case of each a-SiC thin film, the survival rate of each tensile in-
terval shown in Figure 3d is determined, by employing 36 to 72
devices for testing.

The survival of the suspending hour-glass-shaped device with
the tether length below 50 μm, corresponds to a UTS above 10
GPa for a-SiCR2. Similarly, we can identify the UTS for all a-
SiC thin films used in this study to be >10 GPa, as shown in
the histograms of ratios of survival devices in Figure 3d. The his-
tograms also show that, with relatively higher deposition pres-
sure and lower gas flow ratios, a maximum UTS up to 12 GPa
can be achieved with a-SiCR2, which is almost twice that of the
UTS shown for nanostructured LPCVD a-Si3N4 films. The mea-
sured UTS of a-SiCR4 is below 3.5 GPa, which is not attractive
for further characterization. In the future, with a larger number
of fabricated devices and a denser range of tether lengths, one
can determine the UTS of the LPCVD a-SiC thin films more pre-
cisely. In practice, the nanopatterning with electron beam lithog-
raphy can readily achieve an accuracy of 10 nm, which allows

for the method’s accuracy to be as low as 1.2 MPa on a-SiCR2,
that is, an error of <0.2% when measuring the UTS. Higher
UTS is found for recipes deposited with lower gas flow ratios
(a-SiCR2/3/4), which might due to a higher carbon composition
in the thin film,[44] and C-C chemical bonds are stronger than
Si-C and Si-Si bonds.[63] For a-SiC films deposited with different
pressure, a-SiCR2 (600 mTorr) is found to have a higher UTS,
while a-SiC170 (170 mTorr) exhibits better yield under lower
concentrated stresses as shown by the survival rates. Accord-
ing to the relationship between strength and Young’s modulus
E of SiC shown in ref. [49], UTS (or fracture strength) is 5.3%
of E, therefore the theoretically predicted UTS for a-SiCR2/a-
SiC170/a-SiCR3, are 11.82/11.66/11.13 GPa, respectively, match-
ing well with the experimentally extracted data from the survived
devices 12.04/10.27/11.12 GPa shown in Table 1. The small off-
set for the values of a-SiC170 may be due to its rougher surface
as shown in Section S(G) (Supporting Information).

With strain engineering techniques, one can amplify the me-
chanical quality factor Q = DQQ0 of a nanomechanical resonator
by boosting their dissipation dilution factor DQ, where Q0 is the
intrinsic quality factor of the thin film material.[10,64] Since the
upper bound for DQ of a nanomechanical string vibrating at a cer-
tain frequency 𝜔 is given by DQ ≤ 12E𝜀2

UTS∕(𝜌t2𝜔2), where 𝜀UTS
denotes the UTS of the thin film material,[65] thin-film materi-
als with higher UTS and lower thickness are advantageous to
obtain a higher DQ. Among all a-SiC thin films shown in this
work, a-SiCR2 is the most promising one to maximize the Q fac-
tor, thanks to its high Q0 and UTS. The superior chemical re-
sistivity of a-SiC enables the fabrication of thin films into sus-
pending resonators with a thickness as low as 5 nm (shown in
Section S(F), Supporting Information). This combined with its
elevated ultimate tensile strength 𝜀UTS, which measures above
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Figure 4. Intrinsic quality factor characterization and high Q factor a-SiC nanomechanical resonators optimized using Bayesian optimization. a) The
geometry of the defect mode, of a 20 unit-cell (UC) PnC nanostring with unit cell length Luc and defect length Ldef. b) The measured frequency spectrum
of a 20 UC PnC nanostring made with a-SiCR2. The yellow shaded area represents the engineered phononic bandgap. c) The intrinsic quality factor Q0
of a-SiCR2 is measured with 20 to 44 UC PnC nanostrings. d) Ringdown measurements of 20 UC PnC nanostring made with a-SiCR2 (orange) and with
a-SiCR2FS (blue). e) Comparison of the intrinsic quality factors Q0 of a-SiCR2 (orange) and a-SiCR2FS (blue) with PnC nanostrings of 20 to 26 UC. The
hollow rings and the solid line represent the measured Q factors and the numerical fittings respectively. f) The stress distribution (top) and mode shape
of the defect mode (bottom) of the 6 mm tapered a-SiCR2 PnC nanostring optimized by Bayesian optimization. The optimized tapered PnC nanostring
has 24 unit cells and a maximum stress of 1.2 GPa concentrated on the middle. g) Ringdown measurement of the optimized tapered PnC nanostring,
high Q factor up to Qexp = 1.98 × 108 is measured.

10 GPa in thicker films, makes a-SiC string resonators highly
promising in achieving a supreme upper bound for DQ at a cer-
tain frequency 𝜔.

5. Intrinsic Quality Factor and High Q Mechanical
Resonators

In this section we characterize the intrinsic quality factor Q0 of
LPCVD a-SiC, then design and fabricate high-Q nanomechanical
resonators with it. High mechanical quality (Q) factor nanome-
chanical resonators are desirable for various applications, rang-
ing from precise force/acceleration sensing,[1,6] microwave-to-
optical conversion,[66] to quantum optomechanics.[67,68] Follow-
ing the method introduced by LIGO,[69] the field of strain engi-
neering is advancing rapidly, boosting the Q factor of nanome-
chanical resonators by several orders of magnitude. A variety of
strategies have been proposed aiming to improve the Q factors
of tensile-loaded nanomechanical resonators. These include pat-
terning 2D geometries appropriately,[9,11–13,70,71] modifying mass
distribution[2,72] and mode of interest (e.g., from fundamental to
higher order or from flexural to torsional modes[2]), in situ an-
nealing for surface cleaning,[73] as well as cooling down to cryo-
genic temperatures.[14,74] The methods mentioned above can ben-
efit from utilizing the LPCVD a-SiC thin film we characterized in
this work, due to its high deposition film tensile stress, superior
chemical resistivity, and impressive ultimate tensile strength.

The intrinsic quality factors Q0 of a-SiC thin films are iden-
tified by experimentally measuring the Q factors of phononic
crystal (PnC) nanostrings,[10] whose many spurious loss mech-
anisms are eliminated, and dissipation dilution factor DQ is well
defined, leading to an expected intrinsic Q factor Q0 = Q/DQ. For

thin nanomechanical resonators, Q0 can be assumed to depend
linearly on the film thickness, since it is predominantly deter-
mined by surface loss rather than bulk loss.[64] We fabricate a se-
ries of uniformly corrugated high-aspect-ratio (PnC) nanostrings
with a length of 4 mm, varying unit-cell lengths Luc and defect
lengths Ldefd in the middle (Figure 4a), leading to PnC nanos-
trings with unit-cell numbers from 20 to 44. The widths of the
wide and narrow parts of the nanostrings are 3 and 1 μm respec-
tively. The vibration amplitude of the nanostrings as a function of
frequency is acquired (Figure 4b) with a custom balanced homo-
dyne detection interferometer at the vacuum environment of 4 ×
10−9 mbar (see the schematic in the Experimental Section). Us-
ing the ringdown method, the Q factors of defect modes for each
PnC nanostring are measured. For example, the ones of 10 unit-
cells PnC nanostrings fabricated wtih a-SiCR2 and a-SiCR2FS are
plotted in Figure 4d. Using FEM simulation, the dilution factor
DQ of each PnC nanostring geometry can be numerically calcu-
lated. Together with the Q factors of the corresponding nanos-
tring measured experimentally, the intrinsic Q factor Q0 of the
different a-SiC thin films are determined. For example, the Q0 of
a-SiCR2 and a-SiCR2FS are shown in Figure 4c, e, respectively.
The Q0 of the other a-SiC films are shown in Table 1, and the
corresponding measurement data can be found in Section S(D)
(Supporting Information). In order to compare the Q0 of a-SiC
thin films with different thicknesses, we present them with the
unit Q0 per 100 nm, as Q0 of a thin film is shown to be a func-
tion of thickness.[56] Deposited with the same recipe, a-SiCR2
(5175/100 nm) and a-SiCR2FS (4554/100 nm) have similar Q0.
The similar performance on the transparent substrate allows for
integrating high-Q nanomechanical sensors into free-space op-
tical systems in a practical manner. By reasonably assuming the
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Figure 5. Fabrication process flow to fabricate a-SiC (green) nanomechanical resonators on both silicon (orange) and fused silica substrates (blue). i)
Start with a die of the wafer. ii) Spin coat e-beam resist AR-P 6200.13 at spin speed 1500 rpm, then bake at 150 °C for 3 min. iii) E-beam pattern of the
desired pattern, afterward developing the pattern by sequently immersing the die in pentyl acetate, MiBK:IPA = 1:1, IPA solutions for 1 min. iv) Transfer
the pattern into the a-SiC film with reactive ion etching (Sentech Etchlab 200), with CHF3/Ar plasma at a power of 60 W. v) Remove the e-beam resist with
hot dimethylformamide solution in a supersonic bath, following by Piranha and diluted hydrofluoric acid cleaning. vi) Undercut the silicon substrate to
suspend a-SiC resonators with cryogenic (−120 °C) SF6 plasma etching. vii) Undercut the fused silica substrate to suspend a-SiC resonators with vapor
hydrofluoric acid (at 35 to 60 °C).

films have similar mechanical properties on different substrates,
a-SiCR2FS is measured to have a deposition stress of 1596 MPa,
a factor of two higher than a-SiCR2 due to a larger thermal ex-
pansion coefficients difference between the a-SiC thin film and
fused silica substrate. Worth noting is that the Q0 of a-SiCR2 is
the highest among all LPCVD a-SiC investigated, indicating that
a lower and a moderate deposition pressure (600 mTorr) is bene-
ficial to have better film quality.

To exploit the sensing potential of LPCVD a-SiC, we designed
and optimized a tapered PnC nanostring with a length of 6mm
and a thickness of 71 nm using a a-SiCR2 thin film. Bayesian
optimization[12] was used to find designs with high Q-factor—
more details can be found in Section S(E) (Supporting Informa-
tion). This simulation-based optimization is largely possible due
to the accurate characterization of the material properties of the a-
SiC thin films in previous sections. As shown in Figure 4f, the op-
timized PnC nanostring consists of fixed 24 unit cells with differ-
ent widths and lengths, leading to a stress concentration of up to
1.2 GPa toward its center part. Within the phononic bandgap gen-
erated by the optimized tapered PnC nanostring, a soft clamped
defect mode with a simulated Q factor, Qsim = 2.11 ± 0.17 × 108

appears at the frequency of fsim = 921 kHz, as shown at the bot-
tom of Figure 4f. The optimized tapered PnC nanostring was fab-
ricated based on the design at the top of Figure 4f, and it was
measured at an interferometer under ultrahigh vacuum of 4 ×
10−9 mbar. As a result, an high Q factor mechanical mode with
Q = (1.98 ± 0.03) × 108 was measured experimentally at a fre-
quency of f = 896 kHz at room temperature, shown by its ring-
down curve plotted in Figure 4g. This result demonstrates, for
the first time, a mechanical quality factor exceeding 108 for sili-
con carbide nanomechanical resonators, as predicted by simula-
tion. This also suggests that future design strategies to enhance

resonator performance can be carried out using the LPCVD a-SiC
thin films.

In addition, the quality factor-frequency product of the opti-
mized LPCVD a-SiC tapered PnC nanostring is Q × f = 1.791 ×
1014, which is significantly higher than the quantum limit Q ×
f = 2𝜋kBT/ℏ = 6.24 × 1012. This paves the way toward engineer-
ing quantum states in room temperature environments.[9,68] This
high quality factor of the nanomechanical resonator with an ef-
fective mass meff = 1.27 × 10−13 kg corresponds to a force sen-
sitivity of

√
SF =

√
4kBTmeff ⋅ 2𝜋f ∕Q = 7.7 aN Hz−1/2 at room

temperature, which is comparable to a typical atomic force mi-
croscope cantilever operating at liquid helium temperature. With
the high quality factor shown above, LPCVD a-SiC is shown to
be the third material that can reach Q > 108 at room tempera-
ture using strain engineering, after conventional a-Si3N4

[10] and
strained silicon.[14] Moreover, the superior chemical and mechan-
ical properties of LPCVD a-SiC allow for the fabrication of thin-
ner and stronger resonators, enabling it to be more compatible
with the dissipation dilution method. With advantages such as a
relatively simple and low-cost fabrication process, compatibility
with various substrates, including transparent ones, its high-Q
performance, LPCVD a-SiC is a promising material for fabricat-
ing commercial mechanical sensors.

6. Conclusion and Outlook

Our study has uncovered an amorphous silicon carbide thin
film with a ultimate tensile strength above 10 GPa, the highest
value ever measured for a nanostructured amorphous material
and approaching the experimental values shown by graphene
nanoribbons.[24] Their robustness to chemicals allow us to
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Figure 6. Schematic of the balanced homodyne interferometer used for performing ringdown experiments. The nanomechanical resonator, placed in an
UHV chamber, is resonantly driven by a piezoelectric actuator, and its motion is measured with the interferometer. Abbreviations: VOA: variable optical
attenuator; FPC: fiber polarization controller; 𝜑: phase shifter; PID: proportional-integral-derivative controller.

fabricate nanostructures with very high fidelity even when their
geometries make them delicate high-aspect-ratio structures. This
ability to reliably produce structures also allow us to measure
the film’s mechanical properties with high precision. We deposit
amorphous silicon carbide in varying deposition conditions and
substrates to understand new approaches toward increasing ulti-
mate yield strength. Then using the a-SiC with the highest UTS,
we designed and fabricated a variety of well-understood nanos-
tructures such as cantilevers, membranes and doubly clamped
strings to measure the thin films mechanical properties such as
density, Young’s modulus, Poisson ratio, and mechanical loss
tangent. For the latter we employ nanostrings patterned with
phononic bandstructures which conventionally show some of the
lowest mechanical dissipations in literature, and this allows us
to measure very low mechanical dissipation. The a-SiC nanos-
trings support soft-clamped mechanical modes with quality fac-
tors exceeding 108 at room temperature; a new regime for SiC
devices and on par with the state-of-the-art SiN resonators. This
corresponds to a high force sensitivity of

√
SF = 7.7 aN Hz−1/2.

We demonstrate a robust characterization process based on the
simple fabrication and optical techniques which does not rely on
complex tension loading setups.

From molecular analysis of chemical composition (shown in
Section S(H), Supporting Information), it appears that the ele-
vated tensile strength in our a-SiC films is likely attributed to a
higher prevalence of robust C–C bonds compared to weaker Si–
Si bonds. This insight not only sheds light on the intricate in-
terplay of bond structures and deposition parameters in deter-

mining mechanical resilience but also lays an understanding for
further exploration in harnessing the unique properties of amor-
phous materials.

The discovery of this amorphous SiC material represents an
advancement in the field of high-strength material science that is
conventionally dominated by crystalline and 2D materials. How-
ever, our findings demonstrate that amorphous materials have
the potential to surpass crystalline materials in certain appli-
cations due to their inherently isotropic mechanical properties,
which allow for more design freedom and ease of fabrication. The
high ultimate tensile strength of this amorphous material is par-
ticularly attractive for mechanical sensors, as it enables greater
flexibility in strain engineering. This discovery opens up new pos-
sibilities for the use of amorphous materials in a variety of high-
performance applications.

7. Experimental Section

7.1. Fabrication Process

Low pressure chemical vapor deposition (LPCVD) non-
stoichiometric a-SiC films were used in this paper, deposited
with different gas flow ratios (GFR) between SiH2Cl2 and 5%
C2H2 in H2 (GFR = 2, 3, 4), at various deposition pressures
(170/600 mTorr), and on both silicon and fused silica substrates
(Table 1). The variation in deposition parameters allowed to
systematically characterize the mechanical properties of LPCVD
a-SiC. All a-SiC films were deposited at a temperature 760 °C for
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the same period of time (3 h 20 min) to avoid film property differ-
ences caused by thermal effects and to ensure that the SiC films
were composited of amorphous form instead of polycrystalline
form.[44,75]

After LPCVD a-SiC deposition, the wafers were diced into
smaller chips. The chips were then exposed to electron beam
lithography to create desired patterns on the e-beam resist coated
on top. Subsequently, these patterns were transferred into the
a-SiC films using CHF3 anisotropic plasma etching. Next, the
patterned chips were cleaned with dimethylformamide and Pi-
ranha solution, followed by the undercut of the silicon substrate
or fused silica substrate using cryogenic SF6 isotropic plasma
etching or vapor hydrofluoric acid. Finally, the designed a-SiC
nanomechanical resonators were fabricated.

7.2. Ringdown Measurement with Homodyne Detection

A balanced homodyne interferometer was used for performing
ringdown experiments on a-SiC nanoemchanical resonators. As
shown in Figure 5 and Figure 6, the a-SiC nanomechanical res-
onator (green) on top on the substrate (brown) was placed in
an ultrahigh vacuum (UHV) chamber under a pressure <10−8

mbar. This avoided mechanical losses due to gas damping. Ring-
down measurements were performed via a piezoelectric actuator
that resonantly drived the corrugated nanostrings. After reaching
maximal amplitude, the drive was stopped to observe the rate at
which mechanical energy was dissipated from the nanostrings.
The vibration amplitude of the resonator was measured optically
with a fiber coupled infrared laser (1550 nm). The power of the
laser was divided into two parts, 90% of it was used for inter-
ference reference (local oscillator), while the other 10% termi-
nated with a lensed fiber shines on the resonator. The reflected
light from the resonator then compared its phase to the one from
the local oscillator using the balanced homodyne measurement
setup, with which the amplitude of the resonator was measured.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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