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We present an analysis of the main mechanisms of dissipation of resonant multilayer double-clamped micro-
beams in the frequency range 200 to 500 kHz. The devices consist of 2 ym thick silicon nitride (E ~ 160 GPa)
beams covered with a polymer IP-Dip (E ~ 4 GPa) layer fabricated by two-photon polymerization. A laser-
Doppler vibrometer was used to measure the resonant vibrations and energy dissipation of the devices in high
vacuum (< 0.05 Pa) at room temperature. The experimental findings were compared with theoretical and finite
element method (FEM) results. The quality factor, dominated by the intrinsic dissipation in the IP-Dip layer, has

proven to have a strong dependence on polymer thickness. On this basis, a viscous model for intrinsic dissipation
in a polymer layer was formulated.

1. Introduction

With the introduction of additive manufacturing techniques, such as
two-photon polymerization (TPP), polymers can be directly 3D-struc-
tured to be integrated into lithography-fabricated micro-electrome-
chanical systems (MEMS) leading to hybrid manufacturing. In resonant
microstructures, TPP-printed polymer on a silicon-based device can be
used for various applications ranging from mass and chemical sensing
[1,2] to atomic force microscopy [3]. Therefore, an investigation of the
dissipation in multilayer microresonators including a polymer layer
with viscoelastic properties is needed. Even though energy losses in both
silicon-based and TPP-printed polymer microbeams have been thor-
oughly investigated [4,5], hybrid devices still need simple models to
describe their dynamics.

In this paper, we analyzed the dissipation mechanisms of double-
clamped microbeams made of silicon nitride (E =~ 160 GPa) and subse-
quently 3D-printed with IP-Dip, a commercial acrylic-based photo-
polymer, layered on top (E ~ 4 GPa) [6]. Polymer layers with varying
geometry were TPP-printed on SiNy beams of different lengths to study
dissipation in a frequency range from 200 to 500 kHz.

The energy dissipated in a mechanical resonator is expressed by its
quality factor, Q, derived from a combination of energy loss mecha-
nisms, and given by eq. 1

* Corresponding author at: Mekelweg 2, 2628 CD Delft, the Netherlands.

l/Q:1/Qmed+1/ch+1/Qint+1/Qothers (1)

where Qyeq is due to the resonator-medium interaction, Q. is due to the
acoustic losses at the clamping sites, Qi is due to the internal dissipation
within the resonator, in the bulk and on the surface, and Qs denotes
other energy losses. In the case of a multilayer beam, each i-th layer
composing the device contributes to the internal dissipation by intro-
ducing a distinct internal dissipation source. Therefore, in our simplified

model, we assume that the overall Q;,! can be obtained as the sum of the

-1
int,i*

inverted Q-factors of each layer i,

In this work, we investigated the contribution of different material
layers to the energy dissipation of doubly-clamped SiNy microbeam
resonators. When operated in air, medium interaction dissipation is
dominant in our multilayer resonators. However, this contribution is
significantly reduced under high vacuum conditions. Operating in vac-
uum allowed us to neglect Qg in eq. 1 and study the effect of clamping
and intrinsic dissipation. Clamping dissipation is strictly related to the
anchor geometry [7], i.e., thickness and length of the SiNy beam, and
anchor width of the polymer layer. Meanwhile, intrinsic dissipation is a
material-dependent factor. An initial analysis was carried out to char-
acterize the intrinsic dissipation in SiNy; then, the impact of added Al-Si
(1 %) and IP-Dip layers on the overall dissipation of the beam was
analyzed.
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Fig. 1. Fabrication process flow and manufactured device. a Low-stress SiNy deposition, b SiNy dry etching, c and d KOH top-side etching, e Al-Si(1 %) sputtering, f
TPP of the polymer. Isometric SEM images of 300 um long, 50 um wide, 2 ym thick SiNy beam coated with 30 nm Al-Si(1 %) g before and h after 3D-printing of
4 pum thick IP-Dip layer (green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Comparison of Simulated and Experimental Frequencies of 2 um Thick SiNy
Beams of Different Length Before and After Al-Si(1 %) Sputtering.

Length  SiNy SiNy SiNy + Al-Si(1 %) SiNy + Al-Si(1 %)
FEM Exp. FEM Exp.

(pm) (kHz) (kHz) (kHz) (kHz)

250 614 607 + 4 613 606 + 3

300 501 484 +3 501 487 +1

350 424 406 + 3 424 407 + 2

400 367 352+1 367 349+ 3

450 324 305 +2 324 305+3

500 290 271 +£2 290 271 £ 2

2. Materials and methods

Double-clamped 2 ym thick and 50 ym wide SiNy beams with a
length ranging from 250 to 500 yum were fabricated from low-stress
LPCVD on a (100) silicon wafer. Beams were patterned by a single-
mask photolithographic process and released by top-side KOH etching.
The front-side etch process fully released the microbridges as the beams
were rotated 45° from the (110) direction. The reflectivity of the beams
was increased by sputtering a 30 nm thick Al-Si(1 %) layer for easy
identification of the surface in the subsequent TPP printing. Then, a
polymer IP-Dip layer was patterned by TPP on top of each beam
including clamping regions. Fig. 1 shows the fabrication flowchart and
an SEM image of a fabricated microbeam. Two different polymer
structures printed on metal-coated SiNy beams were investigated: first, a
polymer layer of fixed thickness (1 ym) and variable width at the an-
chors, and second, a layer of variable thickness fully covering the
microbeam (43 ym wide).

The stress within the SiNy layer was obtained by measuring the wafer
curvature before and after LPCVD deposition with a Flexus 2320-S thin-
film stress measurement instrument. The measurement after deposition
was performed after the backside etching of the SiNy layer. The average
stress of the deposited film was derived from Stoney's Eq. [8]. The
resonating structures were actuated by placing the chip on an external
piezoelectric element in a vacuum chamber. The vibration was moni-
tored at the center of the beam with an MSA-400-PM2-D Laser Doppler
vibrometer operated in a frequency range from 0 to 2 MHz. The
fundamental mode was measured, and the resonant frequency was
determined by performing a Fast Fourier Transform (FFT) and fitting the
resulting resonant peak. All measurements were performed at room
temperature in high vacuum (< 0.05 Pa). No significant change in Q was
observed for pressures below 10 Pa, indicating negligible medium
dissipation at the working pressure. The thicknesses of the polymer
layers were measured with a white light interferometer, after a 25 nm-
thick gold layer was sputtered on the sample to increase its reflectivity.

The error bars shown in the graphs were calculated as the semi-range

of the experimental data points. This was determined from two sets of
measurements performed on different devices fabricated for each ge-
ometry. Uncertainties from instrumental precision were negligible in
comparison with the observed spread in the experimental results.

3. Results and discussion
3.1. SiN, beams

A comparison of FEM simulated and experimental fundamental
resonant frequencies is shown in Table 1. The FEM simulations were
performed taking into account the measured undercut of 5 ym and the
experimentally determined internal stress of 237 MPa in the SiNy layer.
The tensile stress was included in the model by applying an initial stress
condition to the SiNy beam. FEM results exhibit an error within 7 %
when compared to the experiments. This can be attributed to
manufacturing tolerances, i.e., photolithography with foil mask, and
KOH over-etching, influencing beam size and clamping conditions.

Fig. 1(a) shows the values of the experimental Q-factors. The mea-
surements of SiNy beams (blue bars) revealed a non-monotonic variation
of Q with length, contrary to the theoretical prediction of clamping
dissipation [7]. This result suggests that clamping losses are not domi-
nant in SiNy beams and intrinsic dissipation might be the main dissi-
pation source. This is in agreement with other studies on SiNy
resonators, which have proven thermoelastic dissipation to be the main
dissipation source [5].

3.2. SiN, beams with metal layer

FEM simulated and experimental fundamental resonant frequencies
after depositing a 30 nm thick Al-Si(1 %) layer are reported in Table 1.
The simulations show negligible frequency shifts as a result of the
additional metal layer. This is due to the low thickness of the layer, that
entails a negligible impact on the overall mass and stiffness of the beam.
The variation of the measured fundamental frequency and the Q-factor
for beams of different lengths after metal coating are shown in Fig. 1.
Although the thin metal layer has been proven to have a negligible effect
on the resonant frequency (the frequency shift is of the same order as the
error in experimental frequencies of bare SiNy beams), it shows a
considerable impact on Q (> 48 % reduction). Indeed, soft metals are
characterized by high internal friction, and this occurs even for
extremely thin coatings [9]. In addition, sub-micrometer thick layers
exhibit high surface friction loss due to roughness, impurities, and sur-
face adsorbates [7]. It follows that dissipation in metal-coated SiNy
beams is highly influenced by friction in metal.

3.3. SiN, beams with metal layer and polymer layer

Adding a polymer layer causes a resonant frequency shift inversely
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Fig. 2. Experimental Q-factors and resonant frequencies. a Q-factors of 2 ym thick SiN, beams, Al-Si(1 %) coated 2 um thick SiNy beams, and Al-Si(1 %) coated
2 ypm thick SiN, beams with 1 um thick IP-Dip layer. b Resonant frequency variation due to additional Al-Si(1 %) and IP-Dip layers on 2 um thick SiNy beams. Error
bars were calculated with the semi-range method by performing two sets of measurements on three devices for each geometry.
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Fig. 3. Experimental study of the polymer clamping dissipation. a Q-factor vs
polymer anchor width for different beam lengths and polymer thickness of
1 ym; error bars were calculated with the semi-range method by performing
two sets of measurements on one device for each geometry. b Schematic of the
structure with variable width.
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Fig. 4. Experimental study of the polymer intrinsic dissipation. a Q-factor vs
polymer thickness for different beam lengths; error bars were calculated with
the semi-range method by performing two sets of measurements on three de-
vices for each geometry. b Schematic of the structure with variable poly-
mer thickness.

proportional to the mass of the printed layer and a significant decrease
of Q. Fig. 2 shows the variation of the measured fundamental frequency
and Q-factor for different beam lengths after printing 1 um thick
polymer layer. The origin of dissipation was studied by analyzing two
different dissipation sources.

3.3.1. Clamping dissipation

The effects of the printed polymer on anchor dissipation were
investigated by varying the anchor width of the IP-Dip layer for different
beam lengths. The corresponding experimental results are presented in
Fig. 3. The overall dissipation of the beam is dominated by the polymer
layer, as evidenced by the two-order-of-magnitude reduction in the Q-
factor upon printing of a 1 um thick polymer layer. Therefore, if anchor
losses through the polymer were the dominant dissipation mechanism,
an increase in the polymer mass would result in a decrease in the Q-
factor. However, the absence of such a trend in the experimental data
suggests that anchor losses are not the principal source of polymer-
induced dissipation.

3.3.2. Intrinsic dissipation

To study the intrinsic dissipation in the polymer, the volume of IP-
Dip was varied by changing its thickness. The measured Q-factors are
shown in Fig. 4, displaying a decrease of Q with increasing IP-Dip
thickness. Dissipation in the polymer is due to the extension and
compression of the layer, which causes internal friction generated by the
relative movements of monomer chains [10]. The greater the polymer
volume, the greater the energy dissipated. Error bars of some experi-
mental data show spread attributed to the large variability of the poly-
mer thickness.

3.4. Model for intrinsic dissipation in IP-Dip layer

A viscous model was defined to describe the effects of the 3D-printed
polymer on the dynamic response of the beam; in particular, the reso-
nant frequency and the quality factor. The model is an extension of the
viscous model proposed by Sader to define the dissipation and added
mass in beams immersed in liquid [11,12]. In Sader's work, the inter-
action between the resonating beam and the surrounding liquid is
characterized by two functions that defines the load exerted by the fluid,
in terms of added mass and viscous damping. Similarly, in our structure,
the polymer layer affects the overall inertia and damping. In addition,
the viscoelastic nature polymer also has an elastic effect, described by
the real component of the Young's modulus of the polymer, and results in
an increase of the overall stiffness of the resonator. However, the elastic
effect in our beam is outweighed by the inertia caused by the added mass
of the polymer. In fact, the Young's modulus of IP-Dip is much smaller
than that of SiNy and the overall stiffness is largely unaffected, as proved
by the reduction in resonant frequency when polymer is added to SiNy
beams. The uniform polymer layer can thus be treated as a distributed
load that acts as an inertial-dissipative load and can be modeled using a
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Fig. 5. Experimental values of the resonator geometry-dependent constants. a
Distributed polymer damping g; and b distributed polymer equivalent added
mass gz vs resonant frequency of SiNy metal coated beams with 3-D printed
layer for different polymer thickness.

distributed damping (g;) and a distributed added mass (g2), both per
unit length [13]. The resonant frequency f,, and the Q-factor Qs
associated with polymer viscous losses can be obtained from the pa-
rameters g; and go:

fo

oly — 2

oo V1+g/u @
1

Quuc = 20f, VL L &M 3)

&/u

where y is the longitudinal mass density of the beam and fj is the natural
frequency of the metal-coated SiNy beam without polymer in vacuum.

In our structure, g; and g, are geometry-dependent factors related to
the properties of the solid layer. In particular, g, is a function of the mass
density of the polymer, and g is a function of its imaginary Young's
modulus, responsible for the viscous dissipation. The experimental
values calculated for g; and g, are reported in Fig. 5. The extracted
parameters exhibit a dependence on the polymer thickness, with
increasing thickness resulting in higher added mass and damping. No
significant frequency dependence is observed in the data within the
frequency range analyzed. In fact, a frequency dependence is expected
due to the frequency-dependent Young's modulus.

4. Conclusion

Quality factors of double-clamped microbeams with an IP-Dip layer
were measured and their dissipation mechanisms were investigated.
After excluding polymer dissipation at the anchors as a dominant
damping mechanism, it has been proven that dissipation is primarily due
to intrinsic damping within the polymer layer. The intrinsic damping
and frequency shift due to the IP-Dip layer were expressed using a
viscous model. The model allows for the experimental extraction of
effective mass and damping parameters to analyze the polymer contri-
bution to energy dissipation in polymer-coated resonators. This
approach is particularly relevant in applications involving soft polymer
coatings, such as micro- and nanomechanical sensors for mass detection
and chemical sensing [14-17], and dynamic mechanical analysis of thin
films [18,19].
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