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We investigate the influence of gold thin-films subsequently deposited on a set of initially bare,
doubly clamped, high-stress silicon nitride string resonators at room temperature. Analytical
expressions for resonance frequency, quality factor and damping for both in- and out-of-plane flexural modes of the bilayer system are presented, which allows for the determination of effective
elastic parameters of the composite structure from our experimental data. We find the inverse quality factor to scale linearly with the gold film thickness, indicating that the overall damping is governed by losses in the metal. Correspondingly, the mechanical linewidth increases by more than
one order of magnitude compared to the bare silicon nitride string resonator. Furthermore, we
extract mechanical quality factors of the gold film for both flexural modes and show that they can
be enhanced by complete deposition of the metal in a single step, suggesting that surface and interC 2014 AIP Publishing LLC.
face losses play a vital role in metal thin-films. V
[http://dx.doi.org/10.1063/1.4902430]
Nanoelectromechanical systems (NEMS) enable both
the study of fundamental physical effects and future applications as integrated devices, e.g., in the field of ultra sensitive
sensor technology.1 As an important representative of such
structures, freely suspended nanomechanical string resonators are exploited for their remarkable mechanical properties,
providing high quality factors even at room temperature.2,3
The overall performance of nanomechanical resonators is
governed by their mechanical damping, originating from the
combination of several fundamentally different loss mechanisms.4 In general, extrinsic and intrinsic losses are distinguished, both of which have been studied extensively during
the last decades. Intrinsic losses, such as thermoelasticity,5
clamping loss,6,7 surface,8,9 and volume defects such as twolevel system (TLS) damping10–12 can be partially mitigated
by intelligent resonator design. Extrinsic loss sources, like
transduction mediated damping13,14 can be reduced, e.g.,
through elimination of metallization layers on the resonant
structure or the use of different detection techniques, such as
optical schemes. However, hybrid nanostructures frequently
rely on such metallization films, providing functionalization
for coupling mechanical resonators to other degrees of freedom.15–17 For those purposes, it is inevitable to acquire a
deeper understanding of the metal’s impact on the overall
damping of the system18–21 as well as its influence on elastic
parameters,22 especially at room temperature.
Here, we present a thorough investigation of metallized
bilayer nano-resonators based on doubly clamped, highstress silicon nitride string resonators at room temperature.
Starting from the basic assumptions of Euler-Bernoulli beam
theory,23 we develop analytical expressions for the in- and
out-of-plane harmonic eigenmodes of pre-stressed bilayer
systems, which allows us to quantify their elastic constants.
Furthermore, a model for the metal-induced quality factor is
adapted to our system. Comparing the theoretical findings to
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our experimental data, the vast influence of the metal coating
on the bare, non-metallized resonant structure becomes apparent. In the future, the resulting quantitative understanding
will allow for the engineering of resonators with pre-defined
frequency and quality factor by choosing the most suitable
bilayer composition and resonator dimensions.
A typical device is depicted in Fig. 1. We fabricate doubly clamped, freely suspended silicon nitride strings of different lengths on a silicon substrate in a top-down approach,
using standard electron beam lithography and different dry
and wet etching techniques. The LPCVD-grown amorphous
silicon nitride on a sacrificial layer atop the silicon substrate is
intrinsically pre-stressed; hence, our resonators have a high inherent tensile stress of 830 MPa.3 The bare silicon nitride
strings have a thickness of d1 ¼ 100 nm and a width of
b ¼ 250 nm, while their length varies from L0 ¼ 33 lm to
L0 ¼ 53 lm. The resonances of their flexural modes are measured in an optical interferometer setup, where we refer to the
oscillation in z-direction as out-of-plane (oop) and in

FIG. 1. False color SEM micrograph of part of a doubly clamped silicon
nitride string resonator covered with 50 nm gold. Picture is taken under a
tilted angle to point out the bilayer structure and the free suspension. Inset
shows a schematic cross section of the resonator, introducing the geometric
parameters width b ¼ 250 nm, SiN thickness d1 ¼ 100 nm and Au thickness
d2. E1 and E2 represent the respective Young’s moduli.
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y-direction as in-plane (ip) mode. After this first characterization, we successively deposit gold on the sample by electron
beam evaporation to sequentially increase the total thickness
d2 of the metal. A 3 nm adhesion layer of chromium between
the SiN resonator and the first gold layer is neglected in the
following analysis.4 For each gold film thickness, we subsequently record the resonances of the now bilayer system and
extract the characteristic oscillation parameters from
Lorentzian fits, again using optical interferometric detection.
Consequently, we end up with results for nine different gold
layer thicknesses on the same sample, as well as the data for
the non-metallized SiN strings. Those results are evaluated
according to a theoretical model of doubly clamped, prestressed bilayer nanomechanical resonators (see supplementary material24 for detailed derivation). Starting from the basic
assumptions of Euler-Bernoulli beam theory,23,25,26 we can
express the bilayer system’s resonant frequencies for both inand out-of-plane flexural mode polarizations as24
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃsﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð rAÞeff L2
j2 p ðEI Þeff
;
(1)
1þ 2
f0;j ¼ 2
2L
ð qAÞeff
j ðEIÞeff p2
with the harmonic mode index j ¼ 1,2,3,… and effective material and elastic parameters (qA)eff, (rA)eff and (EI)eff. The
effective density is
ð qAÞeff ¼

q1 d1 þ q2 d2
~ A;
A¼q
d1 þ d2

(2)

and the effective tensile stress reads
ð rAÞeff ¼

r1 d1 þ r2 d2
~ A;
A¼r
d1 þ d2

(3)

where A ¼ b(d1 þ d2) equals the cross section area of the
bilayer (see inset of Fig. 1). The effective bending rigidity
depends on the polarization of the flexural mode,24 namely,
ðEI Þeff;oop



E21 d14 þ 2E1 E2 d2 2d13 þ 2d1 d22 þ 3d12 d2 þ E22 d24
¼b
12ðE1 d1 þ E2 d2 Þ
oop
¼ E1 Ieff ;

which is similar to the findings in Ref. 28 assuming only a
tensile stress of the SiN layer. Using the established values
for the material constants of our silicon nitride strings,3 density q1 ¼ 2.8 g/cm3, Young’s modulus E1 ¼ 160 GPa, tensile
stress r1 ¼ 830 MPa, and literature values for the gold
films,29 q2 ¼ 19.3 g/cm3 and E2 ¼ 78 GPa, we are now able
to fit the theoretical predictions to our experimental data. We
used two fit parameters, the tensile stress r2 of the gold film,
as well as the length of the resonator L. Note that L does not
coincide with the nominal length of the resonator L0 as a
result of the undercut of the clamping points during the HF
wet etch7 (cf. Fig. 1). Exemplary results are depicted in
Fig. 2 showing the fundamental out-of-plane eigenfrequencies of a nominally L0 ¼ 53 lm and of a L0 ¼ 35 lm long resonator as well as the corresponding in-plane flexural mode
of the 53 lm string as a function of gold film thickness. We
find the data in good agreement with the theoretical predictions. The obtained values of L consistently exceed L0 with
the exception of one data point, which is considered as outlier.24 The effective elongation (L–L0) is more pronounced
for shorter strings and for out-of-plane modes,24 reflecting
the larger impact of the underetched clamping region on
vibrations perpendicular to the sample plane. The inset of
Fig. 2 displays the tensile stress in the gold film for resonators
of different lengths extracted from the fit. We find positive
values for r2 in the out-of-plane, and slightly negative values
for the in-plane mode, both with a tendency towards smaller
r2 for longer resonators. The overall magnitude of r2 lies well
within the range of stress expected for e-beam evaporated
gold films.30 This stress originates from the evaporation of the
gold and should not depend on resonator length. The dependence of r2 on length and mode polarization remains topic of
further investigation. However, since the extracted stress in
the gold film is very small compared to the residual stress in
the silicon nitride (<4%), this effect may well be interpreted
as an artifact in our fitting routine of Eq. (1) to Eq. (5).
Metallizing nanomechanical resonators not only affects
their resonant frequencies. The metal’s deleterious impact is

(4)

for out-of-plane, and
ðEI Þeff;ip ¼

b3 ðE1 d1 þ E2 d2 Þ
ip
¼ E1 Ieff
;
12

(5)

for in-plane oscillations. For r1 ¼ r2 ¼ 0, we recover the
same result as reported for stress-free bilayers,4,27 whereas
for high tensile stress and low harmonic modes of high aspect ratio beams
ð rAÞeff L2
 1;
j2 ðEI Þeff p2

(6)

such that Eq. (1) reduces to

f0;j

j

2L

sﬃﬃﬃ
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
~
j
r1 d1 þ r2 d2
r
;
¼
~ 2L q1 d1 þ q2 d2
q

(7)

FIG. 2. Decrease of resonance frequency as a function of gold film thickness, for the fundamental out-of-plane flexural modes of a 53 lm (red dots)
and a 35 lm (blue squares) as well as the 53 lm long resonator’s corresponding fundamental in-plane mode (open black triangles). Red solid, blue dotted, and black dashed lines represent the fit of Eq. (1) to the data,
respectively. The inset shows fitted tensile stress of gold films versus resonator length for in-plane (black triangles) and out-of-plane mode (red dots).
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most pronounced in the otherwise high room temperature
mechanical quality factor (Q-factor) of our silicon nitride
string resonators. The past decades showed extensive studies
on metal thin-film damping, mostly at low temperatures.4,18–21,31–33 According to this framework, we describe
the metal’s impact on the inverse quality factor 1/Q. Here,
one should point out deliberately that by 1/Q, we refer to the
inverse quality factor and not the damping. We find 1/Q of a
bilayer structure to equal4,31,34


1
1
1
1
¼
þb
;
(8)
Q 1 þ b Q0
Qm
where Q0 represents the Q-factor of the non-metallized resonator and Qm an effective mechanical Q-factor of the metal
film comprising all relevant loss mechanisms in the metal.
The dimensionless factor b ¼ (E2d2)/(E1d1) depends on the
ratio of the material’s Young’s moduli and thicknesses and
can be interpreted as the ratio of the effective bilayer thicknesses within the framework of transformed sections.25
Since in our case b is typically small, we can approximate
Eq. (8) in a Taylor series expansion to first order in b,


1
1
E2
Q0
d2
¼
þ
1
:
(9)
Q Q0 E1 Q0 Qm
d1
This equation clearly shows that the inverse quality factor
of the bilayer system scales linearly with the gold film thickness d2 in the limit of thin metal films, i.e., small b. This
behavior is experimentally validated in Fig. 3. Here, we plot
the inverse mechanical Q-factor as a function of the gold
film thickness d2. Since Eq. (9) holds only for small values
of b, we consider only the first five data points for fitting
(red solid line), such that d2  50 nm, which yields b < 0.25.
For thicker films, our approximation breaks down and 1/Q
begins to deviate from the first order expansion. Note that
this effect gets more pronounced for higher harmonic
modes.24 From the fit of Eq. (9) (red solid line), we extract
values of Qm, which are interpreted as effective Q-factors of
the metal.31–33,35 As displayed in Figs. 3(b) and 3(c), Qm
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tends to increase approximately linear with increasing resonator length and therefore decreasing resonant frequency.
This behavior is in qualitative agreement with that of the
bare SiN strings (red triangles in Figs. 3(b) and 3(c)) and is
already known from defect damping dominated systems,2,36,37 indicating that the bilayer system’s damping is
governed by defects in the metal. The contribution from
other fundamental loss mechanisms, such as thermoelasticity,5 is significantly smaller than the measured Qm.38
Overall, the observed effective room temperature mechanical quality factors of the gold films of several thousands
agree well with literature findings from different metallic
systems.31–33,35
In order to investigate the metal induced Qm in a more
detailed way, we examine two reference samples where gold
films of 51 nm and 100 nm thickness (green stars and black
diamonds in Fig. 3(a)) have been evaporated on the sample
in a single step, respectively. These structures yield metal
quality factors up to Qm ¼ 20 000 for out-of-plane and
Qm ¼ 4 000 for in-plane flexural fundamental modes.
Compared to the case of subsequently evaporated gold films,
single step evaporation results in a significant improvement
of the Q-factor of the out-of-plane oscillation direction,
whereas the Q-factor of the in-plane oscillation remains
rather unaffected. We attribute this to the impact of surface
losses.9 Subsequent evaporation of several gold layers creates additional interfaces. Furthermore, the sequential investigation implies exposing the device to air, which leads to
additional contamination layers along the out-of-plane oscillation direction, yielding more damping and therefore, lower
Q-factors for out-of-plane vibrations. Contrary, the additional interfaces comprehensively have less impact on inplane vibrations.
Since the metal’s quality factors Qm are significantly
smaller than the bare silicon nitride Q0’s, one can approximate the second term of Eq. (9) even further


E2
Q0
d2
1 E2 d2
1

:
E 1 Q0 Qm
d1 Qm E1 d1

(10)

FIG. 3. (a) Inverse Q-factor versus
gold film thickness, including reference samples with 51 nm (green stars)
and 100 nm (black diamonds) thick
gold films for out-of-plane fundamental flexural mode of a 53 lm long resonator. Red solid line depicts fit to the 5
first data points with b < 0.25. Inset
shows corresponding in-plane mode.
(b) and (c) Metal Q-factor (black
circles, left scale) vs. resonator length.
Red triangles (right scale) show Qfactors of non-metallized resonators
for comparison, respectively.
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FIG. 4. Damping, i.e., resonance linewidth, versus gold film thickness. (a)
Out-of-plane fundamental flexural
mode of a 53 lm long resonator. (b)
Corresponding
in-plane
mode.
Experimental data (blue dots) including reference samples with 51 nm
(green stars) and 100 nm (black diamonds) thick gold films. Red solid
(black dashed) lines have been calculated with no free parameters from
Eqs. (11) and (12), respectively.

The damping constant, defined in units of frequency, corresponds to the linewidth of the mechanical resonance and can
hence be expressed as


f0;j
1
1 E2 d2
:
(11)
¼ f0;j
þ
cj ¼
Q0 Qm E1 d1
Q
Using the experimentally determined and material parameters from above, the bilayer system’s damping can
now be calculated from Eq. (11) with no free parameters.
Fig. 4 displays the resulting damping curve (red line), along
with the experimental data. We find excellent agreement
between experiment and theoretical assumption for the first
five data points of flexural modes where the first order
approximation of b still holds. For the case of the strongly
stressed string, Eq. (11) can be approximated using Eq. (6),
yielding
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

j
r1 d1 þ r2 d2 1
1 E2 d2
þ
cj ¼
:
(12)
2L q1 d1 þ q2 d2 Q0 Qm E1 d1
The dashed line in Fig. 4 has been obtained from the highstress approximation in Eq. (12). It coincides with the red
curve, confirming that the elastic properties of the metallized
bilayer system are indeed dominated by the high effective
tensile stress in the material. Taking into account that the
total damping amounts to the sum of all contributing damping mechanisms,4 Eqs (11) and (12) can be interpreted as the
sum of the damping in SiN and gold, respectively. Indeed,
the first term in Eq. (12) accounts for the damping of the
non-metallized SiN string resonator. The second term is governed by the quality factor assigned to the metal film as well
as the ratio of the effective thicknesses.25
In conclusion, we have investigated the mechanical
properties of gold-coated silicon nitride string resonators at
room temperature. Using analytical expressions for resonant
frequency, quality factor, and damping of bilayer structures,
we have been able to show that the damping of metallized
bilayer nanomechanical string resonators is governed by
defect losses in the metal film and scales with its thickness.
Comparison of the subsequently evaporated gold coatings
with reference samples evaporated in a single step revealed
that surface losses play an important role in metal dissipation. The presented thorough analysis enables engineering
metallized bilayer resonators with custom eigenfrequency
and quality factor by adjusting the resonator dimensions and
metal thickness. This is of utmost importance for future

applications of metallized resonators in hybrid nanomechanical systems, where a good understanding of the mechanical
system is required, for example the functionalization for biosensing applications39 or the electromagnetic coupling of
NEMS to cold atoms.16,40 Furthermore, the above can easily
be extended to other metals, enabling to further reduce the
metal’s damping contribution41 or to open up routes towards
coupling to other degrees of freedom for hybrid nanosystems
by using superconducting15 or magnetic17 metallizations.
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