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Monolithic 4H -SiC nanomechanical resonators with high intrinsic quality factors
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We present an extensive study of 4H -SiC nanomechanical resonators electrochemically etched out of a
monocrystalline wafer. Combining piezo-driven interferometric determination of the mechanical spectra
with scanning laser Doppler vibrometry, an unambiguous assignment of resonance peaks to flexural and
torsional modes is achieved. The investigation of multiple harmonic eigenmodes of singly and doubly
clamped resonators with varying geometry allows for a comprehensive characterization. Excellent intrin-
sic mechanical quality factors up to 2 × 105 are found at room temperature, approaching the thermoelastic
limit at eigenfrequencies exceeding 10 MHz. Mechanical stress is essentially absent. Young’s modulus is
in agreement with the literature. These findings are robust under postprocessing treatments, in particular
atomic layer etching and high-temperature thermal annealing. The resulting on-chip high-quality mechan-
ical resonators represent a valuable technological element for a broad range of applications. In particular,
the monolithic architecture meets the requirements of spin-based photonic quantum technologies on the
upcoming SiC platform.

DOI: 10.1103/vclj-v8qx

I. INTRODUCTION

Silicon carbide (SiC), in particular its 4H -SiC poly-
type, has a unique potential as a technology platform for
monolithically integrating classical technologies and quan-
tum applications on the very same chip. Being a prime
candidate for high-power electronic applications, there are
today excellent SiC single-crystal materials at the wafer
scale commercially available as well as a mature process
technology. Moreover, SiC provides excellent spin- car-
rying color centers, for which coherent operations with
long coherence time have been reported [1]. Photonic
waveguides and resonators have been fabricated using
SiC-on-insulator technologies [2,3]. The interest in pho-
tonic waveguides is motivated on the one hand by gain-
ing photonic access to the spin, and on the other hand
by an unusual combination of nonlinearity parameters:
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both χ(2) and χ(3) coefficients are significant, providing a
rare opportunity for nonlinear photonics on the SiC plat-
form [4,5]. Beyond these unique research opportunities for
charge, spin and photons, we focus here on mechanical
degrees of freedom, that is, high-quality nanomechanical
resonators. Mechanical oscillations interact with all of the
above quantities. In particular, their interplay with spin
(e.g., in silicon vacancies VSi) is expected to lead to a
hybrid spin-mechanical state, which further enhances the
quantum-classical portfolio of SiC [6,7]. As the ground
state of the silicon vacancy is sensitive to strain [8], color-
center-based quantum technologies benefit from a strain-
free crystal structure. To realize the full potential of SiC
spin mechanics, the C3 symmetry of the silicon vacancy
VSi should remain unperturbed.

In consequence, neither of the tensile-strain related
strategies to enhance the mechanical quality factor [9,10],
including dissipation dilution, soft clamping, or strain
engineering, can be exploited. It is thus essential for
the performance of the hybrid spin-mechanical device
to achieve benchmark values of the intrinsic mechanical
quality factor. This may be facilitated by another favorable
property of SiC, which also stands out as a unique mechan-
ical material. It has been pointed out that the Akhiezer
damping in SiC is significantly lower than in any other
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material as a result of its remarkably low Grüneisen param-
eter [11]. This damping mechanism related to phonon scat-
tering processes sets the ultimate limit of dissipation, and is
referred to as the quantum limit of dissipation [11]. Unlike
in other materials, quality factors reaching the Akhiezer
limit are yet to be accomplished in SiC [11,12]. However,
following the successful suppression of all other dissipa-
tion mechanisms, unprecedented intrinsic quality factors
can be expected.

This work describes the first important step towards
this goal. In order to access the regime in which dissipa-
tion is governed by fundamental phonon-related processes
including thermoelastic damping or the Akhiezer effect,
extrinsic damping from environmental effects and intrinsic
mechanisms related to material imperfections have to be
addressed [13]. The former includes damping from the sur-
rounding medium, which can be mitigated by conducting
the experiment in a vacuum at a sufficiently low pressure,
as well as clamping loss, which is targeted by appropriate
resonator layouts. The latter involve defects residing both
in the bulk and on the surface of the resonator material.
Depending on the thickness of the resonator, one or a com-
bination of these often limit the performance. This guides
our attention to the correlation of process technology and
the quality factor.

For the targeted hybrid spin-mechanical device archi-
tectures, we opt for a monolithic fabrication scheme
[14]. It is only with a monolithic scheme that the best
crystal quality and the full portfolio of high-temperature
SiC process technology is available. This includes high-
temperature annealing to remove crystal imperfections
and undesired point defects, allowing for accurate con-
trol of the defect budget, which is of utmost importance
for quantum technologies [15]. Even more, the growth of
epitaxial graphene on the SiC (0001) surface at temper-
atures well beyond 1300 °C allows for accurately termi-
nated surfaces and entails novel functionalities [16]. All
in all, our approach is in stark contrast to the SiC-on-
insulator technology that has been developed for photonic
applications [2].

At first glance, however, it is challenging to fabricate
three-dimensional (3D) structures out of a monocrystalline
and nearly inert wafer. This is why we have developed
an isotropic electrochemical etching scheme that can tailor
the geometry by accurate control of the doping contrasts.
In combination with the anisotropic dry etching, a rich
variety of 3D devices such as singly clamped, doubly
clamped resonators, membranes and disk resonators can
be monolithically manufactured out of a single wafer [14].

Here, we present an extensive characterization of 4H -
SiC mechanical resonators and demonstrate remarkably
high intrinsic quality factors. We will identify the evolution
of quality factors, Young’s modulus, and prestress condi-
tions in the course of subsequent processing steps pointing
out strategies for further improvement.

II. METHODS

A. Sample fabrication and mechanical
characterization

Two chips (sample A and sample B) have been pre-
pared from monolithic 4H -SiC utilizing the electrochem-
ical etching process previously described [14]. A total of
eight mechanical resonators, four from each sample, have
been selected for detailed analysis and will be discussed
in the following. They comprise both singly and doubly
clamped resonators (subsequently denoted as cantilevers
and beams, respectively). Their length ranges from 15 to
344 μm; examples are depicted in Fig. 1.

For the characterization of surface quality and geome-
try, we employ scanning electron microscopy (SEM) and
atomic force microscopy (AFM). SEM and AFM images
are recorded with a Zeiss Supra 40 and a Park Systems
NX10 atomic force microscope in noncontact mode at
ambient conditions with a nominal resolution of 10 nm,
respectively.

For the analysis of the mechanical mode shapes, we
use a scanning laser Doppler vibrometer (LDV, Polytec
MSA-600) with the sample in a vacuum (approximately
10 mbar). No external excitation was applied; the mea-
surement relies solely on thermomechanical motion. A
532-nm-wavelength continuous-wave laser with less than
2 mW power is used and focused to about 2.3 μm with a
plan-corrective objective. The vibrational map was gener-
ated by a pointwise recording of mechanical spectra with a
phase reference near the center of the resonator. The scan-
ning step size was adapted to the sample size with typical
values between 2 and 3 μm. Integration times were chosen
significantly large such that the frequency resolution of our
results was not affected.

In order to precisely determine the remaining mechani-
cal properties, specifically the quality factor, the Young’s
modulus, and eventual residual stress, we measure
mechanical resonances also in a different, interferometric
setup both by spectral analysis and ringdown measure-
ments under vacuum conditions sufficient to suppress gas
damping (p < 10−3 mbar). The samples were excited with
a piezo shaker. The measurement is performed using opti-
cal interferometric readout as described in more detail
in Fig. 10, using a Koheras BasiK E15 1550-nm laser
with 100 μW optical power on the device under investiga-
tion. The laser power of 100 μW is large enough to attain
a high signal-to-noise ratio and much smaller than the
power at which laser heating effects become apparent (see
Appendix G). Spectral analysis is performed by sweeping
the drive frequency across each resonance, and by prob-
ing the response to the drive at each drive frequency using
a vector network analyzer. The drive power is adjusted
for each mode not to exceed the linear response regime,
and set close to the upper edge of the dynamic range to
maximize the signal-to-noise ratio. The eigenfrequency ω0
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FIG. 1. Examples of investigated devices on sample B. Top (a)–(c) and bottom (d) feature a 344 µm × 10 µm beam and a
70 µm × 8 µm cantilever, respectively. (a) Optical and scanning electron micrographs of the beam; the green color indicates under-
etched areas. (b) Mode shapes obtained as laser Doppler vibrometry maps (red and blue indicate opposite directions of the relative
amplitude with respect to a reference point; 594 scan points (6 along width, 99 along length) form a 2D surface representation with
interpolated data). Out-of-plane modes are labeled o, in-plane modes i. and torsional modes t. (c) Spectrum from 0 MHz to about
80 MHz recorded with interferometric readout and a closeup into the low-frequency range. Comparison of (b) and (c) enables a unique
mode assignment, which we further confirm by COMSOL simulations (Fig. 12). (d) Optical and scanning electron micrographs of a
70 µm × 6 µm cantilever.

and damping � are extracted from the resulting ampli-
tude spectra by fitting to the linear response curve (see
Appendix F).

Ringdown measurements are obtained by coherently
driving the mode exactly on resonance, before switching
off the drive power abruptly. The resulting transient decay
of the intensity is recorded with a spectrum analyzer and
fitted with an exponential function to extract � via the
energy decay rate (see Appendix F).

All measurements discussed in this work are performed
at room temperature.

B. Sample postprocessing and surface optimizations

Sample A was exposed to several thermal annealing
(TA) steps, already described in Ref. [14]. Here, we char-
acterize the mechanical properties of the sample in its
final state. The investigation of sample B followed an

overall strategy of alternating sample processing steps and
characterization, in order to understand the correlation
between surface modifications and mechanical properties
(i.e., quality factor). In total, sample B was exposed to
a sequence of four processes: two atomic layer etching
(ALE) steps followed by two TA steps.

The TA process was performed in a vertical cold-wall
furnace with 900 mbar argon pressure (purity 5.0) [16]
for 15 to 30 min. The ALE process was performed at
room temperature in an Oxford Instruments PlasmaPro 100
Cobra System under 25 mTorr with consecutive chlorine
and argon steps.

III. RESULTS

A. Mode identification

Figure 1 gives an example of sample geometries, the
resulting vibrational mode maps, and the recorded spectra.
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With this extended set of data, a clear assignment of
the mechanical resonances can be performed. In the opti-
cal image on the left of Fig. 1(a), a 344 µm × 10 µm
SiC beam is displayed, the underetched part of which
appears in green. The closeups depict two SEM images
that illustrate the free-standing geometry of the long beam
resonator. The mechanical spectra have been recorded
using two complementary techniques. Spatial mode maps
of the observed mechanical resonances recorded using
the LDV are depicted as false-color images in Fig. 1(b)
(red/blue = positive/negative displacement). Out-of-plane
(o), in-plane (i) and torsional modes (t) are labeled in
green, gray, and blue, respectively, where the numbers
indicate the harmonic mode index. A wide spectrum from
10 kHz to 75 MHz recorded with the optical interferome-
ter is displayed in Fig. 1(c), along with a closeup of the
low-frequency range. The measured eigenfrequencies of
the modes observed in Figs. 1(b) and 1(c) do not com-
pletely coincide, as the high laser power employed in
the LDV measurement induces heating of the sample and
thus slightly lowers the eigenfrequencies (see Appendix
Fig. 12). However, an unambiguous assignment of each
vibrational mode map to a spectral peak can be obtained.
The modes that are indicated with green and blue arrows
are identified as out-of-plane flexural and torsional modes,
respectively. Due to the imperfect, slightly oblique clamp-
ing, which can be discerned in the optical micrograph in
Fig. 1(a), a certain admixture between torsional and flexu-
ral modes can in principle appear beyond the first torsional
mode t1. However, any signs of hybridization are absent in
the mode maps shown in Fig. 1(b). The lowest hybridized
torsional-flexural mode pair we observed in this device
is found at close to 6 MHz and entails o15 and t5 (see
Fig. 9). For the first six out-of-plane modes labeled o1 to
o6, lying below the first torsional mode t1, the admixture
of torsional components can be neglected. Interestingly,
the mode close to 1 MHz labeled by a gray arrow is not
observed by the LDV and only appears in the interfero-
metric data. We interpret this resonance as the fundamental
in-plane mode i1. The reason for the peak’s absence in
the LDV data may be the small thermal vibration ampli-
tude due to the beam’s large width. The interferometric
detection involves a piezo drive, whereas the LDV mea-
surements in this work rely on Brownian motion. Both
techniques are predominantly sensitive to out-of-plane
motion, but alignment or device geometry imperfections
may allow for the detection of in-plane modes. The eigen-
frequency of i1 is consistent with the expected in-plane
fundamental eigenfrequency, which is obtained by scaling
the o1 frequency by the ratio of the area moments of inertia
of the beam in in-plane and out-of-plane directions.

For the entity of resonances, by combining interfer-
ometric readout data with the LDV data as well as
Euler-Bernoulli theory, we obtain a convincing assignment
scheme that continues up to about 10 MHz. For higher

frequencies, we interferometrically observe further res-
onances to up to 75 MHz, which can be quantitatively
analyzed with Euler-Bernoulli theory. The complementary
mode-mapping information is not available in this fre-
quency regime as a result of an insufficient signal-to-noise
ratio in the LDV due to the absence of external excitation.

B. Intrinsic mechanical quality factors exceeding 105

The interferometric measurement setup is employed to
analyze the mechanical quality factor Q = ω/� . Figure 2
provides an overview of the results for sample A, which
features a cantilever of length 50 μm and beams of length
150, 200, and 300 μm, encoded by color. It includes all
detected modes up to 40 MHz. Quality factors obtained
from spectral (linewidth) and ringdown measurements are
denoted by different symbols (x, +) and illustrated in
the upper and lower inset of Fig. 2, respectively. We
observe high mechanical quality factors exceeding 105 for
frequencies up to approximately 10 MHz.

These quality factors are denoted intrinsic quality fac-
tors in Fig. 2, as the investigated samples exhibit only
marginal residual stresses (see Sec. III C). Dissipation dilu-
tion, by definition the only effect that results in measured Q
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FIG. 2. Mechanical quality factors of sample A as a function
of frequency. The dataset comprises three beams and one can-
tilever, indicated by different colors in the legend, and combining
data obtained from spectral (x) and ringdown (+) measurements.
The insets display example traces (green dots) for spectral and
ringdown measurements with the respective fits (black solid
line). The expected Q of pure thermoelastic damping Qted and
the combined (Q−1

ted + Q−1
d )−1 are indicated by the gray and red

shaded areas, respectively. The width of the shaded areas arises
from the uncertainty in the determination of E (see Sec. III C).
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TABLE I. Overview of reported values for the highest measured intrinsic Qintr and the highest reported volume and surface loss
contributions Qvol and β. The first five results as well as 4H -SiC [17] were obtained from prestressed devices by mathematically
excluding the effects of dissipation dilution. The quality factors for Si [18] were measured after in situ thermal annealing. The prefix
“a” denotes amorphous materials, otherwise crystalline resonator materials are assumed. For results marked (∗) a conclusive analysis of
Qvol and β is not feasible, because not enough device thicknesses have been investigated. In this case, we give lower bounds deduced
from the highest reported Qintr. For the results marked (∗∗), there is no sign of saturation to a Qvol even for the thickest cantilevers.

Mat. Thickness (µm) Qintr Qvol β · 100 nm

a-SiN [19] 0.03–2 2.8 × 104 2.8 × 104 6 × 103

3C-SiC [20] 0.07–0.34 8 × 103 8 × 103 1.2 × 104

a-SiC [21] 0.07–0.14 7.3 × 103 7.3 × 103 (∗) 5.2 × 103

InGaP [22] 0.073 8 × 103 8 × 103 (∗) 1 × 104 (∗)

AlN [23] 0.29 8 × 103 8 × 103 (*) 3 × 103 (∗)

GaAs [24] 0.1 1.2 × 104 1.2 × 104 (∗) 6 × 103 (∗)

Si [25] 0.07 and 1.3 3.8 × 105 −(∗∗) 1 × 104 (∗)

Si [18] 1.5 1.4 × 106 1.4 × 106 (∗) 9.3 × 104 (∗)

diam. [25] 0.1–1 1.8 × 106 −(∗∗) 1 × 105

4H -SiC [26] 0.9 2.3e × 105 2.3 × 105 (∗) 2.6 × 104 (∗)

4H -SiC [17] 0.12–0.5 4 × 104 1.5 × 105 1.2 × 104

4H -SiChere 0.58 1.4 × 105 1.4 × 105 (∗) 2.4 × 104 (∗)

exceeding Qintr, therefore only minimally affects the qual-
ity factor. Given that we cannot exclude a certain extrinsic
contribution (Appendix H), the measured Q should be
seen as a lower bound of Qintr. The highest quality factors
around 2 × 105 are observed for the 200- and 300-µm-long
beams at frequencies between 0.9 and 2.2 MHz (blue and
orange data in Fig. 2). Note that the Q value of each of
these modes is obtained from averaging the fit results of
at least eight response curve or ringdown measurements,
respectively. Spectral and ringdown analysis methods yield
consistent Q results.

The highest observed quality factors for a cantilever
device with a length of 50 μm are highlighted by slightly
larger symbols and displayed in the inset of Fig. 2.
The singly clamped geometry of the cantilever guar-
antees a stress-free resonator, such that even marginal
dissipation dilution effects can be excluded. We empha-
size the excellent data quality. Again, the quality factors
extracted from spectral (Q = 1.3 × 105) and ringdown
data (Q = 1.2 × 105) are in very good agreement.

The observation of intrinsic room-temperature quality
factors in excess of Qintr > 105 is a remarkable find-
ing. Most materials considered so far for nanomechanical
resonators with submicrometer thicknesses show intrinsic
quality factors Qintr < 5 × 104 for flexural modes at room
temperature (Table I). Three materials are known to exceed
this range significantly: diamond [25], Si [18,25] and
monolithically etched 4H -SiC [26,27], for which intrinsic
quality factors up to Qintr ≈ 1.8 × 106, Qintr ≈ 1.4 × 106,
and Qintr ≈ 2.3 × 105 have respectively been reported.
Recent measurements of 4H -SiC-on-insulator cantilevers
and bridges [17] were consistent with a volumetric Qintr of
1.5 × 105, but were limited to Qintr ≈ 4 × 104 by surface

losses. Even higher intrinsic quality factors at room tem-
perature have only been reported for sapphire [28] and
quartz [29] macroscopic bulk acoustic resonators.

The analysis of sample B yields results qualitatively
similar to those of sample A, which had already undergone
the posttreatment described in Ref. [14]. All measured
quality factors of sample A and the pristine sample B
before postprocessing are compiled in Fig. 11. However,
the Q values observed in sample B are slightly lower than
those found in sample A, with a maximum Q of 1.3 × 105

for doubly clamped beams and 6 × 104 for cantilevers. The
overall trend in Figs. 2 and 11 suggests a 1/f scaling of the
quality factor, irrespective of the structural length. Notice
that the modes on the lower left corner of both figures
exhibiting significantly lower quality factors despite dis-
playing a good signal-to-noise ratio are likely attributed to
experimental artifacts caused by the piezo drive.

In Fig. 3 we show that the 1/f behavior can be
accounted for by thermoelastic damping. The gray
shaded area represents the theoretical low-frequency limit
for the thermoelastic damping of flexural out-of-plane
4H -SiC resonators (orders of magnitude below the Debye
frequency). In this limit, Qted · f has a constant value
for flexural modes of beams which is entirely defined by
bulk material parameters and the thickness in the direc-
tion of vibration. It thus sets an upper bound for Q · f
values of flexural modes. Note that the gray shaded area
includes a comparatively large error. This is a conse-
quence of the large error on Young’s modulus E, which we
determine from cantilever frequency measurements (see
Sec. III C). The result we obtain for E has an uncertainty
of approximately 20% due to geometric imperfections
of our devices. It is thus important to propagate this E
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FIG. 3. Q · f products of samples A and the pristine sample B.
The dataset comprises three beams and one cantilever on sample
A and one beam and three cantilevers on sample B, indicated by
different colors in the legend, and combining data obtained from
spectral (x) and ringdown (+) measurements. Larger symbols
were chosen for resonators with only a few data points. The gray
and red lines trace the Q · f products for Qted and (Q−1

ted + Q−1
d )−1

with a frequency-independent Qd = 1.38(9) × 105, respectively,
analogous to Fig. 2. The width of the shaded areas arises from
the uncertainty in the determination of E (see Sec. III C).

uncertainty throughout the analysis to recognize potential
error amplification.

When further assuming frequency-independent intrin-
sic damping represented by Qd, a common hypothesis
for defect-mediated losses [30–34], the resulting expecta-
tion is

Q · f = (Q−1
d + Qted

−1)−1 · f . (1)

We apply a least-squares fit to all data with Q > 104 to
estimate the value of Qd.

One may be concerned about the feasibility of this fit,
because some measured Q lie below the common trend or
exceed Qted. As the theoretical model underlying Qted is
only valid for flexural modes and thermoelastic damping
is negligible in torsional modes, we hypothesize the out-
liers exceeding Qted to be torsional modes (see Fig. 1) or
of torsional admixture (Fig. 9), supported by LDV mode
shape analysis. However, the majority of the data follows
the trend implied by Eq. (1), suggesting a predominant
flexural character of these modes. Lacking an unambigu-
ous criterion to classify the observed modes, we include
all data points in the fit, and only omit those with Q < 104

attributed to resonances damped by local contamination or
to drive piezo artifacts.

Fortunately, the large dataset enables a robust fit
despite the presence of these outliers and is shown in
Figs. 2, 3, and 11 by the area shaded in red, yielding
Qd = 1.38(9) × 105. The good agreement between the fit
and the majority of the data confirms that the outliers did
not significantly distort the fit result. The width of the
shaded areas in Figs. 2, 3, and 11 represents the prop-
agated effect of the E uncertainty on the Qted and Qd
analysis. Having been obtained by a fit, our Qd result may
be affected by small extrinsic contributions in the data
(Appendix H).

At about 10 MHz, both contributions, Qted and Qd have
equal weights. For lower frequencies, the value of Qd
limits the Q·f product, while for higher frequencies, the
Qted contribution dominates. It is remarkable to find qual-
ity factors close to the thermoelastic limit for resonators
with a thickness of only 500 nm. In this regime, a pro-
nounced influence of surface-limited dissipation [18,19]
is expected, which in our case clearly does not constitute
the dominant contribution to the quality factor. From the
resulting Qd = 1.38(9) × 105 of the above analysis, we
deduce lower bounds for the entailed surface and volume
contributions using

Qd
−1 = Qvol

−1 + (β h )−1, (2)

with the volume quality factor Qvol and the surface qual-
ity factor per thickness β. We exploit the fact that Eq. (2)
implies lower bounds for Qvol and β h when Qd is
known. Therefore, we conclude Qvol � 1.4 × 105 and
β � 2.4 × 104/100 nm. This bound for Qvol is compa-
rable to a recent work on 4H -SiC-on-insulator [17] and
approximately 30% lower than the reported Q in a previ-
ous work on monolithic 4H -SiC [26], which reports on a
50% thicker device, however (Table I). The surface quality
factor bound β � 2.4 × 104/100 nm that we find is com-
parable to the previous monolithic 4H -SiC results [26] and
exceeds the β found for 4H -SiC-on-insulator devices [17]
by a factor of 2.

C. Young’s modulus and residual stress

The detailed mode analysis of sample A allows us to
quantitatively extract the Young’s modulus E of 4H -SiC
from the experimental data [35]. Due to the crystal direc-
tion of our samples, we measure the Young’s modulus in
the SiC (0001) plane. We investigate 11 cantilevers with
lengths l ranging from 14 μm to 50 μm with a common
thickness h = 574 ± 28 nm. A twelfth cantilever exhib-
ited an irregular eigenfrequency and was excluded from
the analysis. For the determination of Young’s modulus,
we consider the Euler-Bernoulli framework of a vibrating
plate, yielding

fres = λn
2/l 2

√
E h 2/[12(1 − ν 2)ρ ] (3)
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(a) (b)

(d)

(e)

(c)

FIG. 4. Characterization of Young’s modulus and tensile prestress. (a) Cantilever data for determination of Young’s modulus. Fun-
damental resonance frequency (blue symbols) as a function of length and fit with Eq. (3) (green line) for 11 cantilevers on sample
A, yielding a Young’s modulus E = 437(90) GPa. Eigenfrequencies simulated using COMSOL Multiphysics using this value as
an input parameter are indicated by black circles to illustrate eventual deviations from the Euler-Bernoulli assumptions. The uncer-
tainty of E obtained from propagating the uncertainties of the cantilever lengths [see error bars, thickness h = 574 ± 28 nm, density
ρ = 3.2(1) × 103 kg m−3 and Poisson ratio ν = 0.25(10)] is indicated by a green shading. (b),(c) Beam data for determination of
tensile prestress. Eigenfrequencies of the first six modes of the 344 µm beam of sample B (crosses), and fit with simply supported (line)
and clamped boundary conditions (open circles), respectively. State of postprocessing discussed in Sec. III D indicated by color. (d)
Tensile prestress obtained using both boundary conditions after each processing step. (e) Comparison of determined Young’s modulus
(blue) with literature values of 4H -SiC in the (0001) plane (black). Squares and diamonds correspond to theoretical results obtained
with ab initio calculation and experimentally determined values using various methods, respectively. For references specifying only
elastic constants, we calculate the Young’s modulus (see Appendix K). The value reported in Ref. [39] was determined through calcu-
lations based on the resonant frequencies provided in the original reference. The result of Ref. [47] was not calculated for 4H -SiC in
particular, but for hexagonal SiC in general.

with mode number n, density ρ, Poisson ratio ν, and
λ1 = 1.8751. This formula is valid under the assumption
of a long beam geometry [36], exhibiting l/h � 1 and
w/h > 5. In our dataset, all cantilevers satisfy this with
l/h > 25 and w/h > 12. To further ensure that the geom-
etry ratios are sufficiently large, we performed COMSOL
simulations (Appendix C). We find that the frequency
deviations between Eq. (3) and the COMSOL model are
below 2.5% for all investigated cantilevers. The measured
eigenfrequencies as a function of length are displayed in
Fig. 4(a). The green curve is a least-squares fit of Eq. (3) to
the data yielding E = 437(90) GPa. The uncertainty of the
obtained Young’s modulus is dominated by the geometric
uncertainty.

The determination of Young’s modulus allows for a
more detailed analysis of the doubly clamped, 344-µm
beam on sample B, revealing an eventual fabrication-
induced prestress which may lead to dissipation dilu-
tion effects. To this end, we fit the frequencies of the
observed out-of-plane modes with increasing mode num-
ber (n = 1, . . . , 6) with the Euler-Bernoulli prediction for
a stressed plate with simply supported boundary condi-
tions [cf. Equation (J3) in Appendix J] using stress as the
only free parameter. For comparison, we numerically solve
the corresponding Euler-Bernoulli equation with clamped
boundary conditions, which is more accurately suited to
our monolithic device geometry (see Appendix J). The
best fits are displayed in Figs. 4(b) and 4(c). We find
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a tensile prestress below 10 MPa (less than 2.5 × 10−5

strain), as shown in Fig. 4(d). Notice that the simply sup-
ported boundary condition only approximately describes
the clamping conditions and slightly overestimates the
stress.

This finding confirms our initial assumption that the
monolithic fabrication process results in nearly unstressed
devices, even for doubly clamped geometries. The effect
of the postprocessing steps discussed in Sec. III D is also
illustrated in Figs. 4(b)–4(d).

Finally, we discuss the obtained value of E =
437(90) GPa in comparison with experimental values and
theoretical predictions of Young’s modulus for the same
crystal direction [see Fig. 4(e)]. This value is in good
agreement with previous literature, where the squares and
diamonds indicate theoretical and experimental results,
respectively.

D. Influence of postprocessing protocols on mechanical
parameters

The properties of on-chip mechanical devices critically
depend on process protocols. In particular, surface condi-
tions may have critical influence on both quality factors
and strain. In the following, we use sample B to shed light
on the impact of postprocessing routines on the mechanical
quality and to obtain insights into the role of the underly-
ing surface modifications. The data of sample B discussed
in the context of Figs. 1, 3, and 11 were obtained on
the pristine sample, that is, right after the electrochemi-
cal etching (ECE) protocol [14] used to realize the freely
suspended devices, where Q = 1.3 × 105 was found for
the 344-µm-long beam and Q ≈ 5 × 104 was found for
the three cantilevers with lengths 26, 31, and 50 um. Here
we employ this complete characterization as the starting
point of a further analysis. Sample B is exposed to a
series of surface treatments, consisting of ALE and TA.
After each step, the sample is thoroughly recharacterized.
This iterative scheme allows us to map out the effect of
the individual procedures, and to identify the optimum
postprocessing protocol. Figure 5 traces the effect of the
postprocessing steps on the eigenfrequency and the qual-
ity factor. A more detailed summary of the quantitative
analysis of all sample parameters monitored during the
postprocessing is included in Table II.

(a)

(b)

FIG. 5. Evolution of frequencies and quality factors of sam-
ple B after stepwise atomic layer etching and thermal annealing.
Colors indicate device and symbols indicate mode index. (a) Nor-
malized frequency shifts of the first three out-of-plane modes
o1–o3. (b) Highest mechanical quality factor observed for each
device.

As a first step, sample B is exposed to an ALE process
consisting of 98 cycles resulting in a mild and accurately
controlled 20-nm-deep etch of the SiC surface. According
to the AFM images depicted in Figs. 6(a) and 6(b), this
procedure has removed nanometer-sized pointlike contam-
inations and has further smoothened the step edges on
the SiC(0001) surface (4°-off-axis). With its low plasma
power ALE is expected to introduce only minor dam-
age to the bulk material [48,49]. However, the appar-
ent improvement of the sample surface quality does not
favorably affect the mechanical performance as shown in
Fig. 5. The quality factor of the 344-µm-long beam drops
to approximately 8 × 104. Given the small reduction of
the thickness, the resonance frequency remains essentially
unchanged. This result is further confirmed by a second
ALE process consisting of 340 cycles to remove approxi-
mately 140 nm of SiC. The AFM characterization suggests
a further improvement of the surface morphology with

TABLE II. Sample B parameters after each processing step: stress σ , highest observed mechanical quality factor Qmax, intrinsic
quality factor Qintr, thickness of the devices h, and root-mean-square (RMS) surface roughness.

Last process step σ (MPa) Qmax Qintr Thickness (nm) RMS roughness (pm)

ECE 4.4 ± 4.3 1.2 × 105 5 × 104 ± 2 × 104 585 ± 21 322 ± 12
ALE 20 nm 3.1 ± 3.2 8.0 × 104 4 × 104 ± 2 × 104 565 ± 21 283 ± 15
ALE 140 nm 3.2 ± 2.6 5.0 × 104 2 × 104 ± 1 × 104 425 ± 8 185 ± 8
Annealing at 1200 °C 7.4 ± 3.8 1.2 × 105 4 × 104 ± 1 × 104 425 ± 8 160 ± 10
Annealing at 1700 °C 3.8 ± 2.6 1.2 × 105 3 × 104 ± 1 × 104 427 ± 16 1880 ± 120
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after ECE: rms = 322 ± 12 pm

[112̄0]

after ALE1: rms = 283 ± 15 pm

[112̄0]

after ALE2: rms = 185 ± 8 pm

[112̄0]

after annealing (1200 °C):
rms = 160 ± 10 pm

[112̄0]

after annealing (1700 °C):
rms = (1.88 ± 0.12)·103 pm

[112̄0]

(a) (b)

(d) (e)

(c)

FIG. 6. AFM scans in the [112̄0] direction of sample B after each postprocessing step. Scan size is roughly 5 µm × 5 µm. Scale bar:
2 μm. (a) After ECE: pointlike contaminations were masked in this particular processing protocol in order to facilitate the comparison
of root-mean-square values. (b) After ALE1 (20 nm SiC removed). (c) After ALE2 (additional 140 nm SiC removed). Smoother
surface with low and homogeneously distributed terraces. (d) After first annealing at 1200 °C. (e) After stepwise annealing to 1700 °C:
step-bunching and pronounced terrace formation.

low and homogeneously distributed terraces, as apparent
from Fig. 6(c). However, Fig. 5 shows that the mechan-
ical quality factor is further reduced to approximately
6 × 104, while the resonance frequency slightly decreases
as expected for the diminished thickness of the device.
The data on cantilevers follows a similar trend. While a
mild quality factor reduction due to the increased contri-
bution of surface loss is expected for the thinned devices,
the observed Q reduction clearly exceeds the reduction
in thickness of approximately 10% (Table II). This indi-
cates that ALE induces additional mechanical damping.
We conclude that ALE is well suited to smoothen the sam-
ple surface and to adjust the thickness of the resonator and
hence the resonance frequency in a very controlled fash-
ion. However, the quality factor deteriorates significantly,
such that ALE is not a suitable postprocessing technique to
optimize the mechanical performance.

As a next step, we perform high-temperature anneal-
ing on sample B. SiC on-chip devices have proven to
withstand TA up 1550 °C without a reconfiguration of the
device geometry [14]. Initially, the sample is annealed
at 1200 °C under 900 mbar Ar atmosphere. As shown
in Fig. 5, this significantly increases the quality factor,
approximately reestablishing the quality of the pristine
device. The increase in the quality factor is accompanied
by a further reduction of the surface roughness according
to Fig. 6(d). In a subsequent step, sample B is annealed
at 1700 °C under Ar atmosphere, with minor effects of the
quality factor. Under these conditions, epitaxial graphene
growth is observed, along with significant reconfigurations
of the surface terraces [see Fig. 6(e)]. For the freely

suspended devices under investigation, this even leads to
minor modifications of the device shape [14].

All in all, the postprocessing procedures are interpreted
as follows. While ALE leads to a reduction of the quality
factor, TA at 1200 °C effectuates a significant improve-
ment. We hypothesize that TA of the pristine sample
immediately following the ECE procedure will increase
the mechanical quality beyond the values reported in this
work. As ALE allows to fine-tune the device thickness, a
combination of ALE and TA can be employed to adjust the
eigenfrequencies without compromising the quality factor.
There is no significant change in Young’s modulus and the
tensile stress [cf. Figs. 4(b)–4(d)].

IV. SUMMARY

We explore the vibrational properties of mechanical res-
onators monolithically fabricated from crystalline 4H -SiC
by means of electrochemical etching. Our modal anal-
ysis of singly clamped cantilevers and doubly clamped
beams shows excellent intrinsic quality factors. While the
explored cantilevers are guaranteed stress-free, the beams
are shown to exhibit a negligible fabrication-induced ten-
sile stress, with an upper bound of approximately 10 MPa.
Hence, effects of dissipation dilution are imperceptible in
all of the explored structures, such that the observed quality
factors are interpreted as intrinsic values. The out-of-plane
flexural modes feature quality factors up to 105, and are
shown to approach the fundamental limit of thermoelas-
tic damping. Even more, we find higher-order modes of
admixed character involving torsional components that
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feature even higher quality factors approaching 2 × 105.
This corresponds to a Q·f product exceeding 1012 Hz.

Furthermore, we study the effect of postprocessing treat-
ments such as ALE and TA on the mechanical quality.
While atomic layer etching leads to a decrease of the qual-
ity factor, it is shown to be restored under high-temperature
annealing at 1200 °C and 1700 °C, pointing to a potential
pathway toward further improvement of the mechanical
quality. The value found for the Young’s modulus is in
agreement with the literature.

The outstanding quality factors observed in monolith-
ically etched crystalline 4H -SiC are in line with previ-
ous work [26,27]. A recent study on 4H -SiC-on-insulator
nanomechanical resonators reports quality factors up to
2 × 107 [17], albeit under the influence of a more sig-
nificant fabrication-induced tensile prestress leading to
dissipation-dilution. Comparing the underlying surface
quality factors, SiC-on-insulator falls short compared with
monolithic architectures. This is likely a consequence
of surface imperfections induced in the wafer bonding
and polishing procedure employed for the creation of the
4H -SiC-on-insulator hybrids.

The unparalleled quality of 4H -SiC nanomechani-
cal resonators suggests 4H -SiC as a promising material
for applications targeting highly coherent vibrations, for
example, in quantum opto- or electromechanics, as well as
spin-mechanical applications, additionally incorporating
color centers.
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APPENDIX A: FABRICATION AND
POSTPROCESSING OF SAMPLES

Sample A was fabricated and exposed to multiple ther-
mal annealing steps before the mechanical characterization
described in this work. Details on process and postprocess-
ing routines are described in Ref. [14].

Sample B was processed as follows.

(1) Electrochemical etching (ECE) of resonators, see
Ref. [14].

(2) Initial sample characterization with AFM, SEM,
LDV, and interferometry.

(3) First atomic layer etching (ALE):
(a) number of ALE cycles, 98;
(b) reactive ion etching (RIE) power, 10 W;
(c) SiC thickness reduction, 20 nm.

Recharacterization of the sample with AFM, SEM, LDV,
and interferometry.

(4) Second ALE:
(a) number of ALE cycles, 340;
(b) RIE power, 8 W (note that the power was reduced

to 8 W, as this power resulted in the smoothest surfaces in
previous measurements);

(c) SiC thickness reduction, 140 nm.
Recharacterization of the sample with AFM, SEM, LDV,
and interferometry.

(5) First thermal annealing (TA):
(a) temperature, 1200 °C;
(b) atmosphere, 900 mbar argon;
(c) duration, 30 min.

Recharacterization of the sample with AFM, SEM, LDV,
and interferometry.

(6) Second TA:
(a) Temperature sequence, 1275 °C (15 min), 1350 °C

(15 min), 1400 °C (15 min), 1550 °C (15 min), 1700 °C
(15 min);

(b) Atmosphere, 900 mbar argon;
(c) Total duration, 75 min.

Recharacterization of the sample with AFM, SEM, LDV,
and interferometry.

Sample B was annealed at exactly the same tempera-
ture sequence as sample A, the only difference being that
sample A was removed after each annealing step and
exposed to ambient air for surface characterization [14].
Additionally, all annealing durations for sample B were
standardized to 30 minutes.

APPENDIX B: AFM ROUGHNESS
MEASUREMENTS

AFM scans are conducted with a Park System NX10
at ambient pressure. Typical scan rates are 0.20 Hz with
a lateral resolution of 10 nm per pixel. AFM scans were
performed in the [112̄0] direction. Steps and terraces natu-
rally occur due to the 4◦-off-axis n-type wafer. Gwyddion
is used to analyze the AFM data. All scans are corrected
by subtraction of a second-order polynomial to remove
artifacts of the tip. Surface roughness is calculated for a
500 × 500 pixel area (see Fig. 6).
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APPENDIX C: CONFIRMATION OF VALIDITY OF
EULER-BERNOULLI ASSUMPTIONS

Our stress and Young’s modulus analysis is based on
Euler-Bernoulli plate theory and therefore relies on the
Euler-Bernoulli assumptions. Because of the intermediate
width-to-thickness ratios w/h of our structures, it is not
immediately clear whether the bending rigidity of a slen-
der beam, or that of a plate, is adequate. Therefore, we
compare the predictions for an Euler-Bernoulli beam and a
plate to a COMSOL finite-element model for a wide range
of length- and width-to-thickness ratios l/h and w/h .
Figure 7 depicts the relative error, that is, the difference of
the calculated to the simulated eigenfrequency, normalized
to the latter. Figures 7(a) and 7(b) show the relative devia-
tion for a singly clamped cantilever geometry [cf. Eq. (3)].
The frequency is slightly overestimated when the bend-
ing rigidity of a plate is used [see Fig. 7(a)] and slightly
underestimated assuming the bending rigidity of a beam
[see Fig. 7(b)]. Figures 7(c) and 7(d) show the correspond-
ing results for a doubly clamped geometry with clamped
boundary conditions (but no prestress). Again frequencies
are slightly overestimated in case of the plate assump-
tion [see Fig. 7(c)] and slightly underestimated assuming
a beam [see Fig. 7(d)]. However, special care has to be
taken for very short doubly clamped beams with l/h < 20,

(a) (b)

(c) (d)

error (%)

FIG. 7. Relative deviation of predicted fundamental mode fre-
quencies of Euler-Bernoulli and COMSOL models as a function
of the length-to-thickness (l/h ) and width-to-thickness ratios
(w/h ). Deviations are shown for (a) a singly clamped plate with
ν �= 0, (b) a singly clamped beam with ν = 0, (c) a doubly
clamped plate with ν �= 0 and (d) a doubly clamped beam with
ν = 0. The black rectangles in (a) and (b) indicate the parameter
range of cantilevers discussed here.

where errors up to 10% occur. Fortunately, this regime is
of no concern to us, since all devices discussed in this work
feature l/h > 25.

Overall, we find the smallest errors (less than 2.4%) for
the discussed device geometries when using the bending
rigidity of a plate, which we therefore apply in our analysis
of stress and Young’s modulus.

APPENDIX D: TORSIONAL ADMIXTURE IN
FLEXURAL CANTILEVER MODES

We observe a notable phenomenon whereby, at eigen-
frequencies exceeding the first torsional mode, typically
following the second or third torsional mode, distinct out-
of-plane modes exhibit significant torsional admixture.
This aspect becomes apparent in the form of a doublet,
with two mirror symmetric mode shapes, that are found
in pairs. Figure 9 displays two modes close to the expected
frequency for the 15th flexural out-of-plane mode, exhibit-
ing a lower frequency contribution at 6.3416 MHz, and a
higher frequency contribution at 6.5800 MHz.

The mixing of torsional and flexural modes is likely
caused by the clamp point asymmetry in our devices.
Figure 8 shows COMSOL simulations varying the clamp
point angle θ with all other parameters matching the device
shown in Fig. 9. For θ = 0 (symmetric case) we find the
fifth torsional and the 15th out-of-plane mode in our simu-
lation at frequencies matching for the two measured modes
(Fig. 9). As the clamp angle is gradually increased in the
simulation, mixing of the two modes is observed.

Two important characteristics of the measured mode
shapes are reproduced in the mixed mode shapes obtained
in our simulation, namely the number of antinodes and the
alternating positions of the antinodes’ deflection maxima
on the sides of the beam. The simulated geometry does
not intend to accurately model the clamp geometry of our
fabricated devices. However, it succeeds in grasping the
effects of asymmetric clamps and showing how this may
give rise to torsional-flexural mode mixing.

APPENDIX E: INTERFEROMETRIC
CHARACTERIZATION SETUP

Figure 10 shows a sketch of the interferometric mea-
surement setup. We focus 1500-nm laser light onto the
structure under investigation on the sample surface and
collect the reflected light with a fast photodetector. Due to
the interference of reflections from substrate and resonator
surface, vibrations of the resonators are imprinted on the
reflected light intensity, which in turn is demodulated
by the vector network analyzer for frequency response
measurements or by the spectrum analyzer to conduct
ringdown measurements. We use an infinity-corrected
objective with NA = 0.7 and 100× magnification. The
estimated depth of field is 3 μm, which is larger than

034005-11



A. HOCHREITER et al. PHYS. REV. APPLIED 24, 034005 (2025)

(a)

(c)

(d)

(e)

(f)

(g)

(h)

(b)

FIG. 8. Simulation results supporting the interpretation of mode shapes shown in Fig. 9 as hybridized torsional-flexural pairs, where
hybridization is possible due the asymmetric clamp geometry. (a) Geometry of the COMSOL simulation. The two clamps of the bridge
have a variable angle θ ; the average length l of the beam is fixed to 344 μm. All further parameters match the COMSOL simulation
shown in Fig. 12. (b) Eigenfrequencies found by COMSOL in the vicinity of the measured modes shown in Fig. 9 for varying θ . The
angle θ = 0 corresponds to the symmetric case; increasing θ corresponds to increasing asymmetry. The modes plotted in orange and
green match the measured frequencies shown in Fig. 9. For θ = 0, the orange branch corresponds to the fifth torsional mode and the
green branch corresponds to the 15th out-of-plane mode. (c)–(e) Mode maps of the orange branch of (b) for three different choices of θ .
(f)–(h) Corresponding mode maps of the green branch of (b). All mode maps are scaled for clarity without aspect ratio preservation,
therefore the value of θ does not match the angle expected from the image contours in (c)–(h).

the vertical distance between resonator surface and sub-
strate of approximately 1.5 μm, ensuring that light reflected
from the resonator surface and the substrate is collected
simultaneously.

We employ the following routine to select an optimal
measurement position. We begin by placing the spot posi-
tion on the edge of the resonator structure and set the
focus in between the resonator surface and substrate. Sub-
sequently, we fine-tune x, y, and z positions to maximize
the mechanical response signal.

To navigate on the sample, an additional LED and a
camera are coupled to the beam path with weakly reflecting
92 : 8 mirrors. The sample is moved by attocube position-
ers. The high-frequency drive is applied by a piezo plate
underneath the chip. During the measurement, the focus

(a)

(b)

FIG. 9. Measured mode shapes of 344 µm × 10 µm beam
obtained as laser Doppler vibrometry maps (red and blue indi-
cate opposite directions of the relative amplitude with respect
to a reference point; 594 scan points (six along width, 99 along
length) form a 2D surface representation with interpolated data).
Fifteenth flexural out-of-plane mode with pronounced torsional
admixture. (a) Lower eigenfrequency and (b) higher eigenfre-
quency mode of the doublet.

objective, the sample, and the xyz positioner are held in
vacuum better than 1 × 10−3 mbar.

Increasing the drive power applied to the piezo shaker
increases the amplitude of the mechanical response and
thus improves the signal-to-noise ratio. However, too large
drive powers result in a nonlinear mechanical response,
which is impractical for the purpose of determining eigen-
frequency and linear damping rate. Therefore, for each
resonance that we measure, we first determine the drive
power at which nonlinear effects become visible and then
record the response curve at drive powers well below the
onset of nonlinearity. This strategy allows us to obtain the
linear frequency response curve of each resonance with the
optimal signal-to-noise ratio.

Because of the large size of our dataset it is difficult to
distinguish the individual Q data in the main text Figs. 2
and 3. For more detailed insights, Fig. 11 displays all data
shown in Figs. 2 and 3 without the space limitations of the
main text. All data in hdf5 format are available from the
repository described in the data availability statement.

To demonstrate the agreement between optical interfer-
ometry and LDV measurements, Fig. 12 shows large span
spectra of both techniques for a doubly clamped beam. In
the frequency range up to 5 MHz (range of mode maps
in Fig. 1) we can match optical interferometry and LDV
resonance peaks unambiguously. The small deviation of
frequencies obtained by the two methods is not surprising,
because the chamber pressure of the LDV (approximately
10 mbar) significantly exceeds the chamber pressure of
the interferometric setup (less than 1 × 10−3 mbar). Fur-
thermore, the setups use different laser wavelengths, laser
powers (100 μW at 1550 nm for the interferometer, up to
2 mW at 532 nm for the LDV), and objectives. Frequencies
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Laser (1550 nm) Collimator

λ/4

λ/4

λ/2

PBS

PD

VNA

SA
LEDCamera

92:8 92:8Objective x100
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Piezo

xyz S
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FIG. 10. Interferometric measurement setup. The sample is placed in a vacuum chamber and actuated with a piezo glued to the chip.
PBS, polarizing beam splitter; PD, photodetector; VNA, vector network analyzer; SA, spectrum analyzer.

and mode type found by a COMSOL simulation agree well
with both LDV and interferometric data, supporting the
results of our LDV mode shape analysis.

APPENDIX F: FREQUENCY RESPONSE AND
RINGDOWN FIT FUNCTIONS

The symbol conventions used in this paper are implied
by the following equation of motion for the driven damped
harmonic oscillator:

ẍ + � ẋ + ω0
2x = Ad cos(ωd t), (F1)

where x denotes the deflection, � is the damping rate
(i.e., energy decay rate), ω0 = 2π f0 is the resonance fre-
quency, ωd is the driving frequency, Ad is the driving force
normalized to effective mass, and t denotes time. The fit
functions used for the measured amplitude response curves
and amplitude ringdown traces are given by

Aresponse(ωd) = � ω0 A0√(
ω0

2 − ωd
2
)2 + �2ωd

2
+ Anoise, (F2)

Aringdown(t) = A0e−t �/2 + Anoise, (F3)

FIG. 11. Plot analogue to Fig. 2 but with all measured Qs on both samples. The areas shaded in gray and red trace Qted and(
Qted

−1 + Qd
−1

)−1 with Qd = 1.38(9) × 105. The width of the shaded area represents the propagated uncertainty of the Young’s
modulus E = 437(90) GPa that we obtained (Sec. III C). The color code is identical to that of Figs. 2 and 3.
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FIG. 12. Micrograph and spectrum of a 344-µm-long beam on sample B, taken with LDV (blue) and interferometry (red) before
postprocessing. The amplitude of the spectrum obtained by interferometry is expressed in arbitrary units scaled for clarity. The vibra-
tional amplitude of the LDV data is calibrated and can be expressed in meters. The spectrum corresponds to the LDV maps in Fig. 1.
It is averaged over the 200 spectra taken at each individual point of the measurement grid. The corresponding spectrum measured on
the same resonator in the optical interferometry setup is shown in arbitrary units. Faint vertical gray lines are placed at the peaks of the
LDV spectrum, highlighting the good correspondence of LDV peaks with interferometry peaks up to approximately 5 MHz. The inset
shows a magnified view of the same data up to 4 MHz. In the zoom-in, circles indicate the frequencies of a COMSOL model using
a tensile stress of 5 MPa. The circle colors indicate the mode family obtained from the COMSOL model: green, out-of-plane; gray,
in-plane; blue, torsional.

with the signal amplitude A0 and the experimental noise
floor Anoise. The parameters A0, ω0, �, and Anoise are free fit
parameters. All damping rates and amplitudes mentioned
in the main text follow these conventions.

APPENDIX G: LASER POWER DEPENDENCE OF
EIGENFREQUENCIES AND QUALITY FACTORS

For all interferometric measurements shown in this work
we choose an optical power of 100 μW incident on the
sample. This power is a tradeoff between lower powers,
which make detection of resonances cumbersome due to
the diminishing signal-to-noise ratio, and higher powers
at which thermal expansion induced by laser absorption
and the resulting heating shifts the frequencies of doubly
clamped structures.

To find the optimal laser power, we measure frequencies
and quality factors of the first six resonances of a doubly
clamped beam with length 150 μm and a singly clamped
cantilever with length 30 μm different from those discussed
in the main text. We measure the laser power incident
on the sample using a power meter at the 92 : 8 beam

splitter output opposing the LED (see Fig. 10). The precise
splitting ratio is determined by a priori calibrations.

Figure 13 shows frequencies and quality factors mea-
sured as a function of laser power for the two structures.
All resonances except for #5 of the doubly clamped struc-
ture display a shift to lower frequencies for laser pow-
ers above 10 mW and a superimposed slow overall drift
toward lower frequency. We attribute the shift at less than
10 mW laser power to laser absorption heating and the
slow drift to the change of ambient temperature over the
6 h of measurement. The frequency stability of resonance
#5 and the singly clamped cantilever are better than 1 kHz.
The cantilever frequency has a vanishing susceptibility to
thermal expansion because no stress can be established,
which explains the stability. Resonance #5 is likely of tor-
sional character. The susceptibility of torsional modes to
thermal expansion and the related stress change is much
smaller than that of flexural modes.

The quality factors of the doubly clamped structure
shown in Figs. 13(d)–13(f) and 13(j)–13(l) fluctuate by
up to 20% for the first two resonances and by less than
10% for the remaining resonances. No significant correla-
tion with the applied laser power is visible, confirming that
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j)

(m) (n)

(k) (l)

FIG. 13. Frequency and quality factor measurements of the first six resonances of a doubly clamped (a)–(l) and of the fundamental
mode of a singly clamped (m)–(n) beam on sample A, for laser powers between 1 μW and 30 mW. Each frequency and quality factor
is recorded multiple times at every laser power; error bars indicate minimum, maximum, and median of the recorded values. All
frequency axes are set up to span 10 kHz, and all quality factor axes are set up to span ±25% to facilitate comparison. Faint gray
arrows indicate the order in which measurements were taken. The data for the doubly clamped structure were recorded over a time of
approximately 6 h, and the singly clamped data was recorded over a time of approximately 2 h. Five minutes of waiting time after each
change of laser power were spent to allow for thermalization.

detection laser absorption has no significant influence on
the measured Q. For the cantilever, a reduction of the mea-
sured Q by approximately 10% at the highest investigated
laser power is observed.

Overall, we find less than 1% frequency shifts and no
significant change of the measured quality factors for laser
powers up to 10 mW, which is a factor of 100 above the
power we employ in the interferometric measurements
reported in the main text. We conclude that laser absorption
heating and other laser power effects have are negligi-
ble for the results obtained by interferometric readout
reported in this work. For the results obtained by LDV,
we did not evaluate the laser power dependence, because

the validity of the LDV mode maps does not hinge on the
minor frequency shifts caused by potential laser absorption
heating.

APPENDIX H: ESTIMATION OF EXTRINSIC
DAMPING CONTRIBUTIONS

Two extrinsic damping mechanisms have potential rele-
vance for our experiments: gas damping and clamping loss.
In the following, we estimate the corresponding extrinsic
Q and their scaling with parameters we varied experimen-
tally. Comparison with our data shows that the extrinsic
damping contributions in our measurements are negligible.
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Gas damping. The gas damping Q scales with fre-
quency, therefore the measured low-frequency Q are most
susceptible to gas damping. The lowest frequency relevant
in the main paper is 70 kHz, given by the fundamental
mode of the longest measured beam. Assuming residual
gas with a molar mass of dry air and the worst-case pres-
sure p = 1 × 10−3 mbar, the predicted gas damping Q
[36] at 70 kHz amounts to 7.5 × 105. The measured Q of
these low-frequency modes is less than 7 × 104, yielding
a worst-case gas damping contribution of approximately
10%. The vast majority of data were measured at higher
frequencies and thus have an even smaller gas damping
contribution. We conclude that the effects of gas damping
are negligible for the statements presented in our paper.

Clamping loss. Exact formulas for the clamping loss
of singly and doubly clamped beams have been derived
[51,52]. The resulting scaling behavior of the clamping
loss with the geometry parameters of the nanomechan-
ical resonator depends strongly on the modeling of the
clamp point and substrate. For instance, assuming finite-
or infinite-thickness substrate results in radically different
O(l ) or O(l 5) scaling, respectively [51].

For the shortest singly clamped cantilever presented
here with l = 15 µm, Refs. [51,52] predict a fundamen-
tal flexural mode clamping loss Q > 106 for both for
finite- and for infinite-thickness substrate. The clamping
loss Q increases for longer cantilevers according to both
references.

Reference [52] derives clamping loss expressions for
arbitrary mode numbers n of singly and doubly clamped
beams, predicting the clamping loss scaling as Q ∼ n−4

for higher-order flexural modes. Our observation that the
measured Q for the various device lengths follows the
same 1/f trend is incompatible with the predicted length
and mode number scaling of clamping loss. This leads
us to the conclusion that clamping loss is not relevant
for our analysis. We cannot, however, ultimately exclude
the possibility that some data we show have a measur-
able clamping loss contribution, because of the delicate
dependence of clamping losses on the clamp point geome-
try and the fact the our clamp geometries deviate from the
idealized geometries used in Refs. [51,52].

APPENDIX I: CALCULATION OF
THERMOELASTIC LOSS Qted

We apply the thermoelastic damping model for flexural
modes of thin beams derived by Zener [36,53,54],

� = E Tα2
th

ρ cp
, (I1)

τ = ρcph2

π2κ
, (I2)

TABLE III. Material parameters and literature values for the
calculation of Qted.

Mass density ρ = 3.2 × 103 kg m−3 [55]
Young’s modulus E = 437(90) GPa Sec. III C
Th. expansion coeff. α = 4.5 × 10−6 (for 6H -SiC) [56]
Thermal conductivity κ = 370 W m−1 K−1 [56]
Specific heat capacity cv = 690 J kg−1 K−1 [56]
Temperature T = 300 K

Q−1
ted(f ) = �

2π f τ

1 + (2π f τ)2 , (I3)

with the relaxation strength �, relaxation time τ , Young’s
modulus E, temperature T, thermal expansion coefficient
αth, mass density ρ, specific heat capacity cp , thickness
in bending direction h, thermal conductivity κ , frequency
f , and the thermoelastic quality factor Qted. The cho-
sen values for the material parameters and the respective
references are listed in Table III.

APPENDIX J: DETERMINATION OF STRESS σ

The investigated singly clamped cantilevers are assumed
to be fully relaxed and stress-free; hence their dynamics is
well described by Eq. (3).

To extract the tensile stress of doubly clamped beams
from the measured eigenmode spectra, the eigenfrequen-
cies of a stressed Euler-Bernoulli plate have to be derived
from its equation of motion [36],

E I
d4u (x, ω )

dx4 − σ A
d2u (x, ω)

dx2 − ω 2ρ Au (x, ω) = 0,

(J1)

with the Young’s modulus E, area moment of inertia I , the
deflection u, the position along the beam x, the angular fre-
quency ω, the tensile stress σ , the beam’s cross-sectional
area A, and the mass density ρ. Applying simply supported
boundary conditions

u(x = 0) = u (x = l) = d2u
dx2

∣∣∣∣
x=0

= d2u
dx2

∣∣∣∣
x=l

= 0, (J2)

with the beam length l. yields the convenient analytic
solution [36]

ωn = n2π2

l2

√
E h2

12(1 − ν2)ρ

√

1 + 12(1 − ν2)σ l2

n2π2E h2 (J3)

for the eigenfrequency ωn of the nth mode. Note that we
apply the area moment of inertia for a plate, because our
devices feature a width-to-thickness ratio w/h > 5. In our
measurements the only unknown in this equation is the
stress σ , which we obtain by performing a least-squares
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fit of the first six measured eigenfrequencies of a doubly
clamped beam.

However, simply supported boundary conditions allow
for arbitrary du

dx values at the clamp points, which is not
realistic for the devices under consideration. Applying the
more accurate clamped boundary conditions

u (x = 0) = u (x = l ) = du
dx

∣∣∣∣
x=0

= du
dx

∣∣∣∣
x=l

= 0 (J4)

renders an analytic solution as in Eq. (J3) impossible. To
obtain a numerical solution, we start with the general solu-
tion of the fourth-order differential equation (J1). From the
four integration constants of the general solution, three can
be eliminated by inserting the first three boundary condi-
tions from Eq. (J4). The fourth constant can be arbitrarily
chosen to 1, for example, because it sets the arbitrary
eigenmode amplitude. This procedure is possible with-
out any further assumptions, with either a great deal of
patience or the use of computer algebra software. We do
not show the resulting expression here because it fills many
pages.

This exact expression for u (x ) thus satisfies Eq. (J1)
and the first three boundary conditions of Eq. (J4), with
the last remaining unknown being the frequency ω. As
mentioned before, an overall exact solution does not exist,
therefore it is not surprising that inserting the expression
into the fourth boundary condition does not yield an analyt-
ically solvable equation. However, we can efficiently solve
the resulting equation numerically by using the eigenfre-
quencies of the simply supported problem Eq. (J3) as start-
ing values, finally arriving at numerically exact values for
the eigenfrequencies with clamped boundary conditions,
which are discussed in Figs. 4(c) and 4(d).

APPENDIX K: CALCULATING YOUNG’S
MODULUS FROM THE ELASTIC CONSTANTS cij

Not all references shown in Fig. 4(e) specify an explicit
value for the Young’s modulus of 4H -SiC, but instead
present the elastic constants cij . The stiffness matrix C
relates stress σ and strain ε. In order to calculate the
Young’s modulus along crystallographic directions, one
has to invert the stiffness matrix C of hexagonal SiC [35],

C =

⎡

⎢⎢⎢⎢⎢⎢⎢
⎣

c11 c12 c13 0 0 0
c12 c11 c13 0 0 0
c13 c13 c33 0 0 0
0 0 0 c44 0 0
0 0 0 0 c44 0

0 0 0 0 0
c11 − c12

2

⎤

⎥⎥⎥⎥⎥⎥⎥
⎦

, (K1)

which results in the compliance matrix S,

S =

⎡

⎢⎢⎢⎢⎢
⎣

s11 s12 s13 0 0 0
s12 s11 s13 0 0 0
s13 s13 s33 0 0 0
0 0 0 s44 0 0
0 0 0 0 s44 0
0 0 0 0 0 s66

⎤

⎥⎥⎥⎥⎥
⎦

, (K2)

with the relevant sij for our calculations,

s11 = c11c33 − c2
13

c2
11c33 − 2c11c2

13 − c2
12c33 + 2c12c2

13
. (K3)

The Young’s modulus E for hexagonal SiC is isotropic in
the basal plane (0001), resulting in E1 = E2 = 1/s11:

E = c2
11c33 − 2c11c2

13 − c2
12c33 + 2c12c2

13

c11c33 − c2
13

. (K4)

Consequently, we exclusively use the Young’s modulus
E = E1 = E2 within the basal plane, as all our devices
are oriented along this plane, which is orthogonal to the
wafer’s c-axis.
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