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Signatures of two-level defects in the temperature-dependent damping of nanomechanical silicon
nitride resonators
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The damping rates of high quality factor nanomechanical resonators are well beyond intrinsic limits. Here,
we explore the underlying microscopic loss mechanisms by investigating the temperature-dependent damping
of the fundamental and third harmonic transverse flexural mode of a doubly clamped silicon nitride string. It
exhibits characteristic maxima reminiscent of two-level defects typical for amorphous materials. Coupling to
those defects relaxes the momentum selection rules, allowing energy transfer from discrete long-wavelength
resonator modes to the high frequency phonon environment.

DOI: 10.1103/PhysRevB.89.100102

Silicon nitride (SiN) is a material widely used for resonant
micro- and nanomechanical devices because of its superior
mechanical properties [ 1-12]. The transverse flexural modes of
string resonators fabricated from prestressed SiN thin films ex-
hibit extremely high mechanical quality factors [2,8—10]. They
originate from the fact that an increase in tensile stress only
slightly increases the mechanical damping rate I';,,, whereas
it dramatically increases the resonance frequencies f,, and
thereby the quality factor Q = 2n f,,,/ ', [8]. Nonetheless,
the observed damping is significantly larger than expected
from intrinsic loss mechanisms such as clamping losses caused
by the direct radiation of phonons at frequency f, into
the supporting clamping points [13,14] or by thermoelastic
damping [15]. In an attempt to shed light on the limiting loss
mechanisms, damping was found to be proportional to the local
bending within the resonator and governed by both bulk and
surface defects [8]. More recently, the damping has been shown
to be dominated by T;-like energy relaxation processes [16].
Such processes involve a transfer of energy from discrete
resonator modes at comparably low frequencies f;, into the
high frequency phonon bath that dominates the heat capacity
and thermal conductivity. However, their different dispersion
relations inhibit a direct energy transfer via two-particle
scattering. It takes local defects to enable energy transfer into
the bath via three-particle scattering and to relax momentum
conservation. Such defects are omnipresent in amorphous
materials. For example, a local configurational change of
the atomic structure gives rise to a double-well potential
separated by an energy barrier, which at low temperatures
can be modeled as a two-level system (TLS). These TLS are
known to lead to characteristic maxima in the temperature
dependence of the sound absorption in the temperature range
10-100 K [17-20]. The signature of TLS has also been
observed in the damping characteristics of a micromechanical
silica resonator [21] and in a backaction-evading measurement
on a SiN membrane performed at mK temperatures [22].

To clarify whether the microscopic nature of the damping
in high O SiN nanoresonators is dominated by local defect
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scattering induced by such two-level systems, we study
the temperature-dependent damping of nanoscale string res-
onators fabricated from prestressed SiN films. Simultaneous
measurements of the fundamental and third harmonic flexural
mode of such a resonator allow one to not only test the charac-
teristic temperature, but also the frequency dependence of the
established TLS model. Our findings demonstrate that the two-
level defect states thus found in silicon nitride are rather similar
to the ones found in silica [19] and amorphous silicon [20].
In contrast to high-purity silica, our SiN resonators feature
a second maximum in the temperature-dependent damping,
which might be attributed to hydrogen contamination during
thin film deposition. An only weakly temperature-dependent
damping background most likely originates from damping via
surface defects. Our findings will enable further increase of
quality factors of nanomechanical resonators towards intrinsic
limits set by the energy transfer to the environment [13—15].
For the fundamental string resonator mode at a frequency
of about 6.8 MHz studied below, the dominant limit, set by
clamping losses, is estimated to be about 3 million [23] at
room temperature, an order of magnitude above the observed
QO of 0.3 million.

The nanomechanical resonator, exemplarily shown in this
work, is a 100-nm thick, 250-nm wide, and 55-um long doubly
clamped string fabricated from a prestressed silicon nitride
film deposited on a fused silica substrate [24]. It is flanked by
two lower-lying gold electrodes which are used for gradient-
field-induced dielectric actuation [25] and simultaneously [26]
allow for sensitive electrical detection of its motion via the
coupling to a microwave cavity [24] with frequency f. > f,
(m = 1,3). Illustrations of the resonator and the experimental
setup can be found in [24,26]. The mechanical resonator is
investigated at pressures below 5 x 10~> mbar inside a pulse
tube cooler [16] to avoid gas damping. Control of the pulse tube
operation in combination with a powerful ohmic heater allows
one to stabilize the temperature of the sample (measured inside
the brass sample holder a few millimeters below the fused silica
chip) anywhere between 7 and 350 K with a precision of at
least 0.1 K.

The microwave detection scheme exerts radiation-pressure-
induced optomechanical backaction forces on the mechanical
resonator [24,27]. This causes the measured damping I' =
2r Af, extracted from the linewidth Af of the dielectrically
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FIG. 1. (Color online) Total mechanical damping of the funda-
mental resonator mode vs microwave cavity drive frequency (black
dots) at 10.5 K. The total damping I' =27 Af consists of the
intrinsic mechanical damping I',, and an optomechanical damping
contribution I'oy. By fitting the total damping vs cavity drive
frequency curve (red line), the intrinsic mechanical damping Iy,
(m = 1) and the cavity resonance frequency f. can be extracted for
the respective temperature. Two exemplary spectra with Lorentzian
fits, corresponding to maximal (right, green) and zero (left, blue)
optomechanical damping (see colored dots in the main figure), are
shown in the inset.

actuated [25,26] mechanical resonance, to characteristically
depend on the detuning of the microwave drive frequency f;
from the cavity resonance frequency f. [24]. We extract the
intrinsic damping I';, (im = 1,3) at f; = f. where backaction
effects are negligible, as shown in Fig. 1. To account for the
temperature dependence of the cavity resonance, mechanical
resonance curves are recorded for a multitude of cavity drive
frequencies f; at every temperature. This measurement is
conducted in parallel for the fundamental out-of-plane mode
with a resonance frequency f; = 6.8 MHz and the third har-
monic mode at f;3 = 20.2 MHz using two network analyzers
multiplexed via power splitters. Exemplarily, Fig. 1 shows the
response of the fundamental mode at 10.5 K. A fit of the
optomechanically influenced [24,27] total damping ['(f;) =
[ + Cope(fa) (corresponding to the linewidth Af; see inset)
yields the net intrinsic damping I'; of the fundamental mode
and also the precise cavity resonance frequency f, at this
temperature. The intrinsic damping of the third harmonic mode
I'; is obtained by taking the average over the 20 closest data
points to the cavity resonance frequency f.. A direct fit is not
possible as the optomechanical damping of this mode is too
weak, however, it is point symmetric around f, (cf. Fig. 1)
such that averaging yields the intrinsic I's.

The temperature of the cryostat is now varied between 7.5
and 349.5 K in steps of 1 K, and the above procedure is
repeated for every temperature. Figure 2(a) shows the obtained
temperature dependence of the intrinsic damping I'1(7T) of
the fundamental mode with error bars indicating the errors
extracted from the optomechanical fits. The damping of the
third harmonic I'3(T) is plotted vs temperature in Fig. 2(b);
here the error bars correspond to the standard deviation of the
20 data points closest to f,. Both spectra similarly exhibit two
distinct maxima, one at approximately 50 K and the other one
near 200 K.

The lower-temperature peak is a clear signature of the two-
level system defects in the amorphous SiN. These configura-
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FIG. 2. (Color online) The measured mode damping I'; of the
fundamental mode and I'; of the third harmonic mode is shown vs
temperature in panels (a) and (b), respectively. The error bars in (a)
represent the errors of the optomechanical fits like the one shown in
Fig. 1, whereas the ones in (b) correspond to the standard deviation
of the averaged measurements.

tional changes in a glassy material can be modeled by a particle
in a double-well potential with barrier height V and asymmetry
A between the two wells which tries to overcome the barrier
with an attempt frequency 7, 1'[19]. As there are a multitude
of different defects, both V and A are distributed over a certain
range, characterized by two cutoff parameters V and Ac, as
well as a dimensionless coupling parameter C [19]. At the
elevated temperatures studied in this experiment, thermally
activated processes dominate over resonant tunneling, leading
to a pronounced maximum in the damping rate when the
thermally excited traverse rate across the barrier, i. e., the
inverse of T = 15e"/T (V and A are always given in units of
temperature) is equal to the mechanical oscillation frequency
27 f,, of the respective mode. Assuming a mode-dependent
background of the inverse quality factor, probably caused by
surface defects, the low-temperature peaks of both modes can
be fitted with a single set of parameters employing Eq. (9a)
of Ref. [19]. To this end, the measured damping constants are
converted into an inverse quality factor 0 ' =T, /Qnafw),
which is the commonly used quantity in the field of TLS
damping. Note, however, that inverse quality factors can only
be used to compare the internal friction of resonators with
equal stress, as tensile stress increases f;, with little change in
I',, [8]. The data points of both modes and the respective
fits [19] (solid lines) are shown in Fig. 3(a). The dashed
lines, which are obtained by plotting the resulting fit functions
with the two mechanical frequencies exchanged, illustrate
the clear frequency dependence of the fit. The parameters
extracted from the fit are Vy =460 £4 K, Ac = 110+ 2 K,
log,y To/s = —11.24 £0.02, and C = (1.87 £0.03) x 1076,
using an inverse Q background of (1.78 4 0.02) x 10~° and
(2.62 4+ 0.02) x 107° for the fundamental and third harmonic
mode, respectively. Comparing these values with the ones
reported for silica [19] for a lack of reference values on SiN,
a maximum deviation of 30% is observed, indicating that the
nature of the defect states is rather similar in both materials.
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FIG. 3. (Color online) Fitted TLS (a) and Arrhenius (b) peaks of the fundamental (lower, blue) and third harmonic (upper, red) mode. Both
classes of peaks were fitted using a single set of parameters for both modes except a mode-dependent background. The actual fits are shown as
solid lines. The dashed lines illustrate the frequency dependence of the fits as they use the same set of parameters, but interchanged frequencies

of the two modes.

The dissipation maximum found at temperatures near 200 K
can be explained by a so-called Arrhenius peak [28-32],
indicative of a thermally activated relaxation process over
a well-defined barrier height V' (in contrast to the broad
distribution governing the behavior of the typical two-level
defects in glassy materials). The most likely candidate for
these well-defined states might be the hydrogen defects present
even in very clean LPCVD silicon nitride films [33]. The
dissipation behavior of such a defect can be modeled assuming
a delta-function distribution located at V = V, for the barrier
height and by neglecting the comparatively small energy
difference between the two potential wells. Both peaks can
be fitted using the same set of parameters but two somewhat
different background damping constants for the two modes.
The measured inverse quality factors along with the solid fit
lines are shown in Fig. 3(b). As in panel (a), the dashed lines
demonstrate the frequency dependence of the fit by illustrating
the fitting functions with interchanged mechanical frequencies.
A barrier height of V, =2355 K, a coupling parameter
Cy = (2.40 £ 0.08) x 107® and an inverse attempt frequency
log,g t/s = —13.32 £ 0.02 are extracted for the Arrhenius
peaks, using a dissipation background of (3.08 & 0.02) x 107°
and (4.37 £ 0.02) x 10~ for fundamental and third harmonic
mode, respectively.

Comparison of the dissipation backgrounds found at low
and high temperatures reveals a slow increase of the overall
damping with increasing temperature for both modes. This is
consistent with earlier studies [31,34], and may be connected
to the temperature-dependent damping of surface defects (see
Supplement of [8]), which are the most likely candidates
to cause the remaining dissipation not accounted for in our
analysis. This temperature dependence of the dissipation
background is also apparent in Fig. 3, where it is most
strikingly observed as the discrepancy between the Arrhenius
fit (which gives a constant far off the resonance) of the third
harmonic mode and the measured data.

The experimental data convincingly demonstrates that
material defects play a significant role in the damping of
prestressed SiN nanoresonators. In the following, we will
establish a corresponding microscopic picture which con-
sistently models the experimental evidence that damping is
(a) caused by energy relaxation processes [16], (b) involves
TLS, and (c) is not limited by the well-known intrinsic
damping mechanisms [13-15]. For the sake of simplicity,

we will employ a quasiparticle approach based on phonon
scattering to illustrate how mechanical vibration energy is
transported out of the string during each oscillation period: The
dispersion relation of the longitudinal bulk phonon mode [35]
along with the discrete flexural resonator modes are shown
in Fig. 4. Bulk modes with a small wave vector k cannot
enter or leave the mechanical resonator as they are reflected
at the huge mechanical impedance mismatch at the clamping
points [36], making them play a negligible role in the energy
transport out of the string. The only way for the two kinds
of modes to interact is via localized defect states inside the
resonator, which mediate the interaction between the freely
propagating high-energy bulk phonons and the low-energy
resonator phonons. They also provide the excess momentum to
enable thermally excited bulk phonons to scatter off a resonator
phonon. This process is illustrated by the inset sketch in Fig. 4.
As the high-energy bulk phonon modes are highly populated
at temperatures of a few kelvin (see the temperature scale
in Fig. 4), all resonator phonons which interact with a TLS
are not re-emitted into the mode but rather scatter with a
bulk phonon. Hence, the proposed process is consistent with
the observation that there is no measurable phase relaxation
of the mechanical mode [16]. Furthermore, high-energy bulk
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FIG. 4. (Color online) Dispersion relation of the discrete modes
of the nanomechanical resonator (blue dots) alongside the longitu-
dinal bulk phonon mode visualizing the situation inside the string
(black). The mechanical impedance mismatch between resonator and
clamping points makes it increasingly difficult for long-wavelength
bulk phonons to enter or leave the mechanical resonator, which is
indicated by the fading black line. The inset visualizes a scattering
process involving a two-level defect system which allows a thermally
excited high-energy phonon €2 to absorb the energy of one resonator
phonon w,, = 27 f,, and carry it out of the string.
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phonons with velocity vy, and mean free path [, can efficiently
remove the excess energy w,, from the resonator as long as
their thermal relaxation rate I'y, > I',,. We estimate I'y, =
G/ C = vpnlpn/ L?, governed by the thermal conductance G,
and the heat capacitance C of the resonator of length L, to be
at least an order of magnitude faster than I, with [, of a few
nanometers in glassy materials [20,35]. Thus, three-particle
scattering with a TLS can indeed provide the required energy
relaxation paths to damp the resonator vibration.

In conclusion, our results demonstrate that the internal
dissipation of a nanomechanical SiN resonator is governed
by the well-established microscopic phenomena known from
low-temperature glass physics. The temperature-dependent
damping reveals that two-level system defects, i. e., config-
urational changes of the atomic structure in an amorphous
material, are also found in silicon nitride. Additionally, a
second, Arrhenius-type peak in the damping observed at higher
temperatures indicates another kind of defect in the material,
probably hydrogen atoms incorporated during SiN thin film
deposition.
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The presented measurements offer a new way to analyze
the mechanical quality of SiN films and may even be
useful to quantify the hydrogen content. Furthermore, the
observation that these dissipation mechanisms are related
to the amorphous structure of the material clearly sets
expectations for even higher quality factors in single crystalline
resonators if subjected to similar tensile stress. Assuming a
negligible influence of surface defects caused by fabrication
or subsequent oxidation, their quality factor should only be
limited by fundamental effects such as clamping losses and
thermoelastic damping, which leaves room for improvement
by at least an order of magnitude.
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