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The slide-film damping effect caused by cavity structures is easily neglected in the design of
bulk-micro-machined resonant MEMS device fabrication and packaging processes. On the basis
of theory calculations, simulations, and actual tests, in this study, we investigate the cavity-depth
effect on 3D wafer-level packaged MEMS resonators with the in-plane-motion mode, in which
slide-film damping is dominant. On the one hand, it is found that the slide-film damping
coefficient is inversely proportional to the cavity depth and remains stable for the cavity depth
above a specific value. The critical cavity depth acquired from theoretical results is ~10 um,
which is distinct from that of ~30 um from simulation results. On the other hand, the variation
tendency of simulation results is more in agreement with those of test results for fabricated
devices than the theoretical prediction. Hence, before the structure fabrication for a resonator
dominated by slide-film damping, it is imperative to choose a conservative cavity depth with a
relatively high value from the combination of theory and simulation analyses, so as to ensure the
high or desired Q-factors of fabricated resonators, particularly in wafer-level packaging with the
low-vacuum or atmospheric pressure. Overall, this work provides not only an analysis strategy
on device cavities’ slide-film damping but also the optimization design of wafer-level packaging
structures and processes.

1. Introduction

MEMS technology has been extensively used to fabricate diverse devices, given its
advantages of small size, lightweight, low cost, low power consumption, high yield, and easy
integration. Most MEMS sensors and actuators rely on resonators for transferring various
physical and chemical quantities. However, MEMS devices usually have movable structures,
which are vulnerable to external forces and environmental impacts. Therefore, packaging is
essential to safeguard delicate MEMS motion structures and to enhance device performance. For
example, vacuum packaging and hermetic packaging are usually implemented to improve
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MEMS resonators’ quality factors by reducing air damping (e.g., the gyroscope) and to optimize
devices’ dynamic responses by adjusting air damping (e.g., the accelerometer), respectively.

Undoubtedly, analyzing air-damping characteristics, which consist of two main aspects of
squeeze film damping and slide film damping, is essential for the optimized design of MEMS
devices.(!) In a typical MEMS fabrication process, movable structures must be supported by
fixed structures and suspended above the cavity structures in the substrate wafer. In addition,
cavity structures are demanded to form in the cap wafer to provide the motion room for movable
structures in a typical wafer-level packaging process of MEMS devices. These cavity structures
can also introduce the air-damping effect.?) In recent studies, cavity depth has been regarded as
a notable parameter to improve MEMS device performance by optimizing cavity damping.

For instance, the performance characteristics of MEMS/NEMS pressure sensors,®)
mirrors,*> microphones,® and accelerometers(”) are partly dependent on squeeze film
damping, which is concerned with cavity depth. To avoid bouncing back, the over-damping
condition of RF MEMS switches is required in device packages and thus can be realized by
regulating the cap cavity depth.®) In addition, it is identified that MEMS resonators’ quality
factors of packaged ones (under atmospheric pressure) are smaller than those of unpackaged
ones owing to squeeze film damping from cap and substrate cavities,” which is similarly
reported in studies on MEMS switches!? and energy harvesters.11112 Also, some studies
indicate that the squeeze film damping coefficient of MEMS resonators decreases with
increasing cavity depth, e.g., in the MEMS rotary motors('3) and scanners.(!*) The latest research
puts forward that the pressures in MEMS packages can be modulated by the cavity depth
because of the air-damping effect.(1%:10)

Above all, the current literature mainly focuses on the impact of squeeze film damping from
cavity depth selections on device performance. However, there is a lack of in-depth analysis on
the slide-film damping caused by cavity depth, which is also crucial for the final performance of
in-plane-motion resonant MEMS devices and their wafer-level packaging. Based on the
proposed 3D wafer-level packaging technology for MEMS in our previous works,!”!®) we
investigated the cavity-depth effect on the packaged MEMS resonators dominated by slide-film
damping from the theory calculation, simulation, and experimental test.

2. Device Sketch

In this work, a type of bulk-micro-machined MEMS resonator with comb structures is
adopted to discuss the slide-film damping effect of cavities. As seen in Fig. 1(a), the resonant
structure is held up by four anchors at the four corners of the MEMS resonator. As the fixed
framework, the comb-driving structure parts are distributed around the four sides of the resonant
structure and connected through the planar interconnection of Si. Moreover, comb-detection
structure parts are fixed and located inside the resonant structure. Additionally, the four long
beams coupled with the eight folded beams constitute the main body of the resonant structure.
Movable comb structures are only distributed on both sides of long beams. With the electrostatic
driving of outer comb structures, this MEMS resonator can be excited into the in-plane
contraction expansion mode with the resonant frequency of ~37.6 kHz, as shown in Fig. 1(b).
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Fig. 1.  (Color online) Sketch of the adopted MEMS resonator with comb structures (a) and its resonance mode (b).

With the electrostatic detection of inner comb structures, the resonance characteristics of MEMS
resonators can be acquired. Table 1 presents the design values of critical structure parameters for
the MEMS resonator, especially for the long beams and comb structures.

3. Theory Analysis and Simulation
3.1 Damping theory analysis

We mainly focus on the cavity-depth effect on air damping when bulk-micro-machined
MEMS resonators are bare at atmospheric pressure and wafer-level-packaged at low-vacuum
pressure (even the atmospheric pressure). On such occasions, the air damping is the main source
of energy dissipation. The air-damping characteristic of the MEMS resonator with combs is
dominated by slide-film damping. Even though the air damping between movable and fixed
comb sidewalls is primarily considered, the substrate cavity can also introduce slide-film
damping. After wafer-level packaging, the substrate and cap cavities can lead to slide-film
damping at the same time. According to the in-plane motion mode of MEMS resonators, slide-
film damping sources include two aspects: air damping due to combs and air damping from
cavities. Thus, the overall air damping coefficient c,,,,; of the resonator can be expressed as Eq.
(1) by the comb damping coefficient c,,,,;, and the cavity damping coefficient ¢4,

c

total —

C + ccavity (1)

comb

Assuming that the movable beam resonates in a single direction, the Navier—Stokes equation
suitable for slide-film damping can be simplified as a 1D equation.(!) In the slide-film damping
analysis, the Couette-type flow model is feasible when the air gap is far less than the effective
decay distance J in Eq. (2). Otherwise, the Stokes-type flow model is useful. The x,;.and v,;, set
as 1.8 x 107> Pa-s and 14.8 x 107% m?/s are air’s dynamic and kinematic viscosities, respectively.
Also, w, is the angular resonance frequency of resonators. Taking the resonance frequency of
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Table 1.

Design values of critical structure parameters for the MEMS resonator in this work.

Device Structure  Long beam Longbeam  Comb Comb Comb Comb overlap Comb
parameter thickness, d  length, L width, W length, L, width, W.  gap, g length, Lo  pair, n
?aﬁf;egn 50um  2000pm  S0pum  30um  10um  2pm  10um 332

~37.6 kHz, ¢ is calculated as ~11 um. Considering that the comb gap of 2 um and the cavity
depth above 2 um are not considerably smaller than the ¢ value of ~11 pm in this work, the
Stokes-type flow model () is adopted to obtain c,,,, in Egs. (3) and (4) based on
Table 1. &, and 4, are the substrate cavity and cap cavity depths, respectively.

b and Ceavity

5 = l = % (2)
5
Ceomb = 4ndL01ua,'rﬂ X sin Z,Bg + sinh Zﬂg (3)
cosh2fg —cos2fig

cavity

c = (4WL+2nWCLC),um.rﬂx( sin2fh, +sinh2fh, N sin2fh +sinh2fBh, J @

cosh2pBh, —cos2fh,  cosh2fh —cos2fh,

Since the comb damping coefficient is constant when the resonant structure is determined,
the overall air damping of resonators is primarily affected by the depths of the substrate and cap
cavities. Specifically, c,,,,, can be calculated as ~6.0 x 1076 N-s/m using Eq. (3). Using Eq. (4),
Ceavity €an be calculated with different substrate and cap cavity depths. In the calculations, the
substrate and cap cavity depths are equally assigned. As seen in Fig. 2, the cavity damping
coefficient decreases significantly with increasing substrate and cap cavity depths when the
cavity depth is less than ~10 pm. However, the cavity damping coefficient no longer varies with
the substrate and cap cavity depths when the cavity depth is above ~10 um. As explained with
the unconfined fluid regime,?) the resonant structure motion is at the state of an isolated plate
when the cavity depth increases to a particular value so that the energy dissipation induced by
cavity damping tends to be stable. In addition, the calculated comb and cavity damping
coefficients are the same when the cavity depth is about 7 um, which indicates that cavity
damping cannot be neglected in this case. However, the cavity damping coefficient remains only
one-third of the comb damping coefficient when the cavity depth is above ~10 um, which
indicates that the cavity damping is limited in this case.

3.2 Damping simulation

It is worth noting that the damping effect of MEMS resonators in an actual situation is more
complex than the 1D simplification of the Navier—Stokes equation. Hence, the finite element
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Fig. 2.  (Color online) Calculated damping coefficients varied with the substrate and cap cavity depths.

analysis is introduced to determine the effect of cavity depth on air damping. As seen in Fig. 3,
the simulation model of a comb pair is adopted to simplify the simulation analysis because of the
large number of comb pairs. The simulation model includes the solid structure and air domains;
the solid structure domain is composed of the fixed structure (with fixed combs) and movable
structure (with movable combs). When the movable structure vibrates back and forth along the
x-axis between the fixed combs, the airflow in the air domain produces the drag force. The
simulation is performed with the transient analysis in COMSOL Multiphysics, wherein the solid
structure and airflow are set as the Si material and laminar flow (with the air pressure of 1 atm),
respectively. Also, the airflow is set with the moving mesh. The movable structure is configured
to vibrate along the x-axis with an amplitude of 1 um and a frequency of 37.6 kHz. The laminar
flow set is reasonable owing to the vibration amplitude above the mean free pass of the 1-atm air.
Then, the overall damping force can be solved by choosing the specific surfaces of the movable
structure in Fig. 3. These specific surfaces include two parts: (1) the four sidewalls of movable
combs opposite to fixed combs (i.e., comb damping); (2) the top and bottom surfaces of the
movable structure opposite to the substrate and cap cavity walls (i.e., cavity damping). The
equivalent air-damping coefficient of a comb pair can be obtained by dividing the maximum
damping force by the maximum vibration velocity of the movable structure. Thus, the overall
air-damping coefficient can be calculated as the product of the equivalent air-damping
coefficient of one comb pair and the comb pair number 332.

As shown in Fig. 4, the overall damping coefficient decreases significantly with increases in
substrate and cap cavity depths when the cavity depth is less than ~30 um. In comparison, the
overall damping coefficient varies slightly when the cavity depth exceeds ~30 um. Note that the
substrate and cap cavity depths are set with the same value in Fig. 4. In addition, it is found that
both the damping force and vibration velocity of the movable structure reach the peak at ~1/2
cycle. Hence, the two typical cases of air velocity field distributions at the 1/2 cycle of simulation
models are displayed in Fig. 5. Notably, there is an obvious velocity gradient in the comb
clearance and at the top and bottom surfaces of the movable combs, which indicates that the
shear resistance resulting from the velocity gradient is the primary air-damping source. As seen
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Fig. 3. (Color online) Finite element analysis model of the single comb pair for the MEMS resonator.
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Fig. 4. (Color online) Simulated results of the overall damping coefficient varied with cavity depths.
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Fig. 5.  (Color online) Half-period velocity distributions for the simulation model of the single comb pair.
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in Figs. 5(a) and 5(c), the half-period velocity distribution on the XY section appears similar for
cavity depths of 10 and 50 um. However, in Figs. 5(b) and 5(d), the velocity distribution on the
XZ section for the cavity depth of 10 um is different from that for the cavity depth of 50 um. As
for the cavity depth of 10 um, the maximum air velocity induced by cavities is nearly five times
greater than that induced by combs, which means that the effect of cavity damping here is more
distinct than that of comb damping. The maximum air velocities induced by the comb and cavity
are similar for the cavity depth of 50 pm, which implies the weak effect of cavity damping.
Therefore, the slide-film damping induced by the substrate and cap cavities holds a non-
negligible weight ratio in the overall air-damping effect. In fact, the critical cavity depth
affecting the damping performance is ~30 um on the basis of simulation results, which is larger
than that (~10 um) deduced from the 1D Navier—Stokes equation. Nonetheless, the variation
relationship of air damping coefficients with cavity depths is consistent, which offers a
fundamental reference for optimizing the design of cavity depths.

4. Experiment and Discussion
4.1 Device fabrication

As shown in Fig. 6 and Table 2, four typical cases of device cavities are adopted to discuss the
actual damping effect of the MEMS resonators. These four cases can be summarized as two
types: the bare device in Figs. 6(a) and 6(b) and the wafer-level-packaged devices in Figs. 6(c)
and 6(d). Actually, the basic device structures and fabrication processes of wafer-level-packaged
devices are consistent with those of the bare device. Firstly, substrate cavities with a certain
depth were formed at the bottom of device wafers adopted with Si by KOH etching or DRIE
after the first lithography. Then, device wafers were bonded with substrate wafers (e.g., glass or
silicon). The device wafer side of bonded wafers was thinned to a certain thickness by KOH

Resonant Si Column
Structure Interconnect

Resonant
Structure Electrode

T Tl I

Substrate
Cavity

Substrate
Cavity

(a) Code name: S50 (b) Code name: S30 (¢) Code name: S25+C30 (d) Code name: S10+C30
[ |Substrate Wafer [ |Device Wafer Il Cap Wafer [Insulation Layer ["1Bonding Metal

Fig. 6. (Color online) Diagrams of MEMS resonators fabricated with various substrate and cap cavity depths.

Table 2.

Various substrate and cap cavity depths of MEMS resonators fabricated in this work.

Code name S50 (um) S30 (um)  S25+ C30 (um) S10 + C30 (um)
Substrate cavity depth 50 30 25 10

Cap cavity depth N/A N/A 30 30
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etching. After that, an insulation layer was deposited on the bonded device wafers by PECVD
and further patterned by RIE after the second lithography to form metal/silicon contact
windows. Subsequently, a bonding metal layer (e.g., TiW/Au) was deposited on the bonded
device wafers by sputtering and patterned to form electrodes after the third lithography.
Afterwards, MEMS resonators were released by DRIE after the fourth lithography. At this stage,
the MEMS resonator structures were completed as the bare device in Figs. 6(a) and 6(b).

Note that wafer-level packaging processes for devices are described in detail in our previous
work. 1718 Specifically, a bonding metal layer (e.g., Ti/Au) was sputtered on the cap wafers
adopted with low-resistivity Si (~0.01 Q-cm) and then patterned by wet etching after the fifth
lithography. On the basis of the bonding metal patterns, cap cavities with a certain depth were
formed on the cap wafers by DRIE at the same time. Then, the cap wafers were bonded with the
prepared MEMS resonator wafers by eutectic bonding (e.g., Au-Si bonding). Subsequently, a
metal layer (e.g., Ti/Au) was sputtered on the bonded cap wafers and patterned by wet etching
after the sixth lithography. Moreover, Si column interconnects used for vertical signal interfaces
in packages were formed by DRIE. The packaged structures were completed as the wafer-level
packaged devices in Figs. 6(c) and 6(d). The fabricated MEMS resonator chips with comb
structures are displayed in Fig. 7.

4.2 Test results and discussion

To compare the damping performance characteristics of fabricated devices at the same air
pressure, non-airtight-packaged devices with leakage behavior are selected for the two wafer-
level-packaging cases in Figs. 6(c) and 6(d). Every three chips are adopted in the analysis for the
four cases in Fig. 6. The air-damping performance of a MEMS resonator can be revealed from
the quality factor (Q-factor, Q). Specifically, the smaller Q-factor acquired from amplitude-
frequency characteristics indicates the heavier air-damping effect in devices when resonator
structures are the same in tests. Thus, using a network analyzer, S21 tests under atmospheric
pressure are carried out for these fabricated devices to obtain their resonant characteristics. As
seen in Table 3, the notable difference in Q-factor between the four cases presents the undeniable
air-damping effect from various cavity depths.
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Fig. 7. (Color online) Optical images of a wafer-level-packaged MEMS resonator chip after wafer dicing.
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Tab. 3. Measured Q-factors of MEMS resonators under different substrate and cap cavity depths.

Mean and standard

Code name O-factor, No.1 O-factor, No.2 QO-factor, No.3 deviation value
S50 637.2 634.0 631.0 634.1£3.1
S30 538.0 528.4 532.8 533.1+4.8
S25 + C30 356.1 358.0 358.8 357.6t1.4
S10 + C30 228.0 231.0 211.9 223.7£10.3

The MEMS resonator motion can be described with a 1D spring-mass-damping system,
which is determined by the equivalent stiffness K, mass M, and damping coefficient c. Also, the
Q-factor and resonant frequency f; (or the angular frequency w,) of this system can be expressed
as Egs. (5) and (6), respectively. Since the resonant structures are the same, the K and M of the
mentioned devices are constant. Hence, the actual damping coefficient ¢,y can be derived from
the measured Q-factors of Q,,,, using Eq. (5). Actually, the resonance frequency can be acquired
from the modal analysis in the finite element simulation. In the modal simulation, the equivalent
mass M of resonators can be obtained as ~7.994 x 10~® kg using the Rayleigh method. Then, the
equivalent stiffness K can be derived as ~4.462 x 10> N/m from Eq. (6). Therefrom, the overall
damping coefficient of the fabricated devices can be deduced from the measured Q-factor values
in Table 3. In Fig. 8, the overall damping coefficient values of MEMS resonators, which originate
from the theory calculation, simulation, and actual test, are summarized under different
substrate and cap cavity depths.

0= VKM/ o VKM ©)

o, =21, =K\, = K=(221,) M ©)

As seen in Fig. 8, a downward trend of the overall damping coefficient with the decrease in
cavity depth can be observed from the simulation and test results. The downward rate of test
results is more significant than that of simulation results. However, the calculated values of the
overall damping coefficient remain stable. Additionally, there are clear differences in the overall
damping coefficients acquired from the theory calculation, simulation, and actual test, which
can be illustrated by the following two main reasons.

(1) Actually in the theory calculation and simulation, note that the long beam elements are only
taken into account for the air-damping analysis of combs and cavities. As shown in Fig. 1, the
coupled beam structure of the eight folded beams also vibrates in the device resonance mode,
which contributes to the new damping interaction with cavity walls. Compared with the
theory calculation and simulation, the air damping of folded beams is included in the
experimental test.

(2) For the substrate and cap cavities formed by etching, cavity depths are usually uneven while
cavity surfaces are not smooth, which inevitably results in a more severe cavity-damping
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Fig. 8.  (Color online) Overall damping coefficients of MEMS resonators from the calculation, simulation, and
actual test.

effect than the ideal occasion. In the release process of resonator structures, the side walls of
comb structures are not ideally vertical and smooth owing to the over-etching of DRIE,
which leads to the more severe effect of comb damping. However, the overall damping
coefficients acquired from tests are introduced by all the damping effects in the fabricated
devices, e.g., the comb, cavity, coupled beam structure, surface roughness, and size
inhomogeneity. Hence, it is reasonable to find that the damping coefficients acquired from
the theory calculation and simulation are smaller than those from the actual device test.

Note that the simulation results for the damping coefficient and its variation tendency are
more in agreement with the test results than with the theory calculation results. To reduce the
cavity-depth damping effect, it is a conservative strategy to choose a relatively large cavity depth
by comparing the theory and simulation results. In other words, it will result in a distortion if air
damping is only analyzed by theory calculation. For example, the critical cavity depth values of
~10 and ~30 pum are based on the theory calculation and simulation in Figs. 2 and 4, respectively.
If the device cavity design follows the theory value rather than the simulation value, cavity
damping will distinctly intensify a resonant system’s air-damping effect and deteriorate the
resonators’ Q-factors. Consequently, determining the air-damping effect by the combination of
theory and simulation analyses is prominent for the optimization design of device damping,
especially for the overlooked element of cavity structures in a resonant system dominated by
slide-film damping.

5. Conclusions

In this paper, we discussed the impact of cavity depth on the 3D wafer-level-packaged MEMS
resonators dominated by slide-film damping through theory calculations, simulations, and
experimental tests. We found that there is an inverse relationship between the damping
coefficient and the cavity depth, while the damping coefficient remains stable for a cavity depth
above a certain value. Considering that the simulation result accords more with the test result
than with the theoretical prediction, it is essential to choose a relatevely large conservative cavity
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depth from the combination of theory and simulation analyses to realize high-Q-factor resonators
working at low-vacuum or atmospheric pressure. This work can provide the optimization design
strategy of slide-film damping caused by cavities for bulk-micro-machined resonators and their
wafer-level packaging processes.
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