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1. Introduction

MicroElectroMechanicalSystems (MEMS) are often characterized by structures that are a few
microns in size, separated by micron-sized gaps. At these sizes and gaps, viscous air damping
dominates other energy dissipation mechanisms at atmospheric pressure, thus, affecting the
dynamic behavior of the devices. Also, the number of such gaps can be very large in a MEMS
device. Hence, fast and accurate behavioral simulation of the dynamics of MEMS systems necessi-
tates accurate, low-order damping models. Further, to be useful in the design flow, these models
need to be parameterized, so that they can be used to model damping for a wide range of structure

size, gap, frequency and amplitude of motion.

Viscous damping due to the fluid surrounding the moving structures can be of two types:
squeeze film damping and lateral damping. In squeeze film damping, there are two parallel struc-
tures as shown in Fig. 1.1. They are in relative motion perpendicular to the plane, thus squeezing
the air film between the structures. The air counters the motion by exerting an opposing force. Fig.
1.2 shows the case of lateral damping. Here the motion of the plate is parallel to the plane of the
structure. The resulting fluid flow causes energy dissipation and exerts an opposing force which is
a function of the velocity of the moving plate, the dimensions of the plate, its distance from other

parallel structures, and the viscosity of the fluid.
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Fig. 1.1: Cross section of a squeeze film between a moving plate and the substrate

This report presents lumped parameter models for squeeze film and lateral damping. The
accuracy of these models down to MEMS scaled structures, and their parameterized nature makes

them useful for design and simulation of MEMS devices. With the edge-effect contribution to the
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Fig. 1.2: Cross section of a moving plate that is laterally damped

damping force becoming significant in micron-scaled structures, emphasis is laid on including

these effects.

In chapter 2, squeeze film damping model is discussed. Finite element simulations of
squeeze film are presented. The derivation of the behavioral model for squeeze film from existing
analytical model [1] and its extension to include the edge and the finite-size effects are discussed.
The significance of the contribution of these effects for MEMS scaled devices is established. The
edge-effects enhanced behavioral model is evaluated, for varying frequency, amplitude of plate
motion and the aspect ratio of the plate by comparing it with FEM simulations. Simulation results

for a square wave input are presented.

In chapter 3, modeling of the fluid flow invoked by a laterally moving structure and the deri-
vation of the behavioral model for lateral damping are discussed. The accuracy of the behavioral
model is quantified by comparison with the finite element simulations. Simulation results for a

square wave input and for varying aspect ratio and oscillation frequency are discussed.

Chapter 4 establishes the use of the presented damping models in system level simulation and
design, by use in the nodal simulation of a bandpass filter and a lateral resonator. The simulation

results are compared with the experimental results which establishes the accuracy of the damping

models.

Finally, chapter 5 concludes the overall work and discusses some future work that could be

done in this direction.




2. Squeeze film damping

2.1 Introduction

When a fluid film between two parallel surfaces is squeezed by the relative motion of the sur-
faces towards each other, a force that opposes the motion of the structures is produced. This type
of energy dissipation mechanism, called squeeze film damping, is encountered very commonly in
MEMS devices. A squeeze film is characterized by physical dimensions like width, length and
thickness of the fluid film that is squeezed. Other parameters that determine the damping are the

ambient pressure, the temperature of device operation, viscosity coefficient of the fluid and the

velocity of the oscillating plate.

Example applications include MEMS systems that have a proof mass oscillating vertically
above a static bottom plane or a differential comb drive. Damping of the proof mass in a z-axis
accelerometer is a fundamental consideration in the design of the accelerometer. In differential
comb drives, the squeezed air between the stator and the rotor fingers contributes most of the
damping in the differential comb drives. Fig. 2.1 shows the squeeze film between the stator and
rotor fingers of a differential comb drive. The stator finger moves in the direction marked in Fig.
2.1 (b). The thickness of the structure is equal to the width of the squeeze film (typically a few
microns); the overlap distance of the stator and rotor fingers is equal to the length of the squeeze
film (tens of microns); and the equilibrium gap between the stator and the rotor fingers is equal to

the gap between the top and the bottom plate (typically a couple of microns).
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Fig. 2.1 (a): SEM picture showing the stator and the rotor fingers of a differential comb drive
(b): Picture showing the squeeze film between the stator and rotor fingers




2.2 Squeeze film model

2.2.1 Squeeze film physics

The gas pressure distribution across the moving plate, as a result of squeeze film effect, is
governed by the Reynolds equation. Under isothermal conditions, the pressure (that is close to
ambient pressure) is inversely proportional to the volume occupied by the gas, or, directly propor-
tional to the density of the gas. When the plates are parallel and the relative displacement of the
moving plate is small as compared to the distance between the plates, the second-order, non-linear
partial differential equation simplifies to the linearized Reynolds equation (EQ. 2.1) and to EQ. 2.2

under isothermal conditions [2, 3].
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where p is the density of the gas, p is the change in pressure from the ambient pressure, P,, is the

ambient pressure, g is the gap between the plates, 1 is the viscosity coefficient of air and z is the

vertical displacement of the moving plate, x and y are the cartesian coordinates.

2.2.2 Gas rarefaction effects

The squeeze film sizes that are found in MEMS devices may result in a condition where the
fluid film can no longer be considered to be within continuum limits. As the film thickness is
reduced, the mean-free path of the molecules becomes significant as compared to the critical
dimension, which is the squeeze film thickness in this case. This regime of operation can be given
by a dimensionless quantity called the Knudsen number, K,,, which is the ratio of the mean free
path of the gas molecules under consideration A, to the gap between the plates, g. When
K,, < 1/100, the fluid can be considered to be in the continuum limits and the no-slip assumption
that the plate velocity and the fluid velocity at plate surface is equal remains valid. On the other

end, if K,,> 1, then molecular regime of operation should be considered. Slip conditions begin to

occur when A becomes a fraction of g (>1/100). The mean free path of air is about 70 nm at stan-

dard temperature and pressure. The gaps that are commonly encountered in squeeze film damping




can be a couple of microns. So slip conditions have to be taken into account. At lower pressures K,
is higher because A increases, and the region of operation shifts more and more towards the molec-

ular regime.

The effect of slip-conditions can be modeled by using a value of effective viscosity which is
lower than the actual viscosity of the fluid. There are many existing equations to model the viscos-
ity of the fluid flowing in a narrow channel as summarized in [3]. We use the value pointed to by
Veijola et al. [3]. The equation for effective viscosity is given by:

_ n
1+9.638K"

EQ. 2.3
neﬁ‘

where 14is the effective viscosity, 1 is the fluid viscosity, K, is the Knudsen number. Fig. 2.2

plots the effective viscosity as a function of gap between the plates. the decrease in the effective

viscosity can be seen with decreasing gap.
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Fig. 2.2: Effective viscosity as a function of gap

2.2.3 Squeeze force: Solution to compressible, linearized Reynolds
equation

The linearized Reynolds equation (EQ. 2.2) can be solved under compressible conditions for
sinusoidal oscillation of the a rectangular plate. The solution consists of a spring force in phase

with the plate displacement and a damping force in phase with the plate velocity[Blechs]. The inte-




gral of the gauge pressure over the area of the plate gives the following relations for the damping

and the spring forces [1]:
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where F;and F are the damping and spring forces, [ is the length, w is the width and ¢ is the aspect

ratio of the plate (width/length), z is the amplitude of motion, g the gap and ¢ is the squeeze num-

ber given by:
12n, W’
O=—"T"—7— EQ. 2.6
Py’ Q

where m is the angular frequency of oscillation.

2.3 Finite element simulation of squeeze film

Finite element simulations of the dynamics of squeeze films are performed using a code
which solves three-dimensional Navier-Stokes equation. One such commercial code used in this
thesis is CFD-ACE [4, 5]. Transient simulations of a plate oscillating vertically above an infinite
substrate are performed. The damping force on the oscillating plate is determined by the integra-
tion of the gauge pressure (pressure deviation from the ambient pressure) over the surface of the

oscillating plate.

To verify the finite element simulations, a well known and analyzed problem was solved. A
square plate of size 1mm on a side, oscillating with an amplitude of 0.1 um and a frequency of 1
kHz was chosen. Fig 2.3 shows the damping force with time for a gap of 2 pum. The damping coef-
ficient can be extracted from the peak force. The analytical equation for the damping coefficient

for a square plate of length [ on a side and a gap g, is given by EQ. 2.7 [6].

N!” EQ.27

3

g

where 1. is the effective viscosity coefficient of the fluid.

B=0422




The values of damping coefficient obtained from the FEA method with ambient pressure set
at the plate edges and the analytical method are 0.96 and 1.0 respectively. They match to within

4% which verifies and quantifies the accuracy of the finite element simulations.
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Fig. 2.3: Damping force on a sinusoidally oscillating plate

The accuracy of the finite element simulations also depends on the boundary conditions used.
Two different boundary conditions can be used in the simulation of the squeeze film damping: triv-
ial boundary conditions and non-trivial boundary conditions. The advantages of each approach is

discussed next.
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(a): Squeeze film with TBC (b): Pressure distribution across top plate

Fig. 2.4: 20 pm square plate oscillating with 0.1 wm amplitude at 1 kHz




2.3.1 Trivial boundary conditions

In trivial boundary conditions, the squeeze film space is represented by a 3-D grid between an
oscillating plate and substrate as shown in Fig. 2.4 (a). To exploit the symmetry conditions for
reducing the number of grid cells and the computer resources in terms of memory and CPU time,
only a quarter section of the squeeze film is used in simulations. Ambient pressure boundary con-
dition is used at the plate edges. Fig. 2.4.b shows the pressure distribution across a the quarter plate
when a square plate of size 20 pm is oscillating sinusoidally with an amplitude of 0.1pm and a fre-

quency of 1 kHz. It can be noticed that the gauge pressure is forced to zero at the plate-edges.

Ambient Pressu

Substrate

Squeeze Film

B  Oscillating Plate

Fig. 2.5 (a): Squeeze film with extended boundary
Ambient Pressure
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rtended Atz *Plate Arca™
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Fig. 2.5 (b): Pressure distribution across and around the top plate (20 wm X 20 pum)
oscillating with an amplitude of 0.1 um at 1 kHz




2.3.2 Non-trivial boundary conditions

The use of non-trivial boundary conditions are more realistic boundary conditions by allow-
ing the solver to arrive at the gauge pressure at the plate edges. This is done by extending the con-
trol volume around the oscillating plate and setting the pressure to ambient pressure at the
extended control volume boundary. Fig. 2.5 (a) shows the system with non-trivial boundary condi-
tions with blocks of air surrounding the plate oscillating above an infinite substrate. Fig. 2.5 (b)
shows the pressure distribution across the quarter plate. Notice that the pressure contours extend

beyond the plate edges.

2.3.3 Trivial boundary conditions vs. non-trivial boundary conditions

In practice, the pressure at the plate edges is non-zero. When trivial boundary conditions
(TBC) are used, this value is forced to zero and causes underestimation of the gauge pressure dis-
tribution across the plate. This results in the underestimation of the damping force due to squeeze
action. This problem can be mitigated by the use of non-trivial boundary conditions (NTBC)

which models the boundary conditions more realistically.

The following table provides the squeeze force predicted by the use of NTBC and TBC when
a plate of varying size oscillates with an amplitude of 0.1 um and frequency of 1 kHz, 2 um above
the substrate. It can be observed from the table that the difference in force predicted by TBC and
NTBC decreases as the plate size increases. This can be intuitively explained because the edge-
effects and the finite-size effects decrease with increasing plate size reaching zero for an infinitely
large plate. The dominance of the edge and the finite-size effects for sub-100 um plates has

already been experimentally verified in case of lateral viscous damping. For developing behavioral

Plate Size TBC NTBC Difference
20um 109.1 pN 151.0 pN 27.8%

100pum 62.5 nN 67.1 nN 7.6%
Imm 0.65 mN 0.67 mN 2.9%

models for damping for use in MEMS-scale structures, all finite element simulations are done

using non-trivial boundary conditions to take care of the edge and the finite-size effects.




The use of NTBC results in the increase in the number of grid cells from 500 to 5000 as a
result of which, a typical transient simulation time increases from 5 minutes in TBC to 60 minutes
in NTBC on a 360 MHz Sun Ultra-Sparc. The memory requirements of the simulation is 5 MB in
TBC and 45 MB in NTBC. Though there is an increase in the use of computer resources in terms
of CPU-time and memory, this provides the solver with more realistic boundary conditions to give

accurate results.

2.4 Lumped parameter model

A lumped parameter model consisting of parallel branches of series connected spring and
damper elements can be derived to model the damping force given by EQ. 2.4 and EQ. 2.5, with
force as the through variable and velocity as the across variable. To derive the values of the spring

and the damper elements, we consider the following spring-damper element ladder:
Force F
> N T
+ velocity v -
Fig 2.6 A branch with series connected spring and damper elements

The velocity across the terminals of the ladder is the sum of the relative velocities across the
spring and the damper elements (EQ. 2.7 and EQ. 2.8). Considering the through variable and the

across variable to be vectors of angular frequency @, the final relation is described in EQ. 2.11.

V= Vspn'n_q +Vdamper EQ 2.8
- F d(F

v= ol T EQ. 2.9
/mzz—ng/({%] EQ.2.10
F__#o' . & EQ. 2.1
7 K18 T

The real part, in phase with the displacement vector, is the spring component and the imagi-

nary part is the damping component. Upon comparing the imaginary and real parts of EQ. 2.11

10



with the force terms in EQ. 2.4 and EQ. 2.5 respectively, the values of the spring and the damper

elements is obtained for a given pair of odd integers m, n [7].

. LA EQ.2.12
(mnf 7’ (g+2)
764/”/)3“6” EQ 2.13

= (mnf (nf 1?2 +n°w’ )n° (g+z)

With the elements as given in the above equations, the lumped parameter model can be repre-
sented as shown in Fig. 2.7. Each series branch represents a pair of spring and damping forces for
a given value of m, n. The number of such branches depends on the required accuracy. The trunca-
tion error can be restricted to under 1% with the use of six branches.

Force »

—" B — o0 |
BH a1 an
k71 k31

Bis
Velocity
k 13 e kmn
—
Fig. 2.7: The spring-damper lumped parameter model

This model has been implemented in Verilog-A [8] for use with the node-based MEMS simu-
lation tool developed at Carnegie Mellon University [9, 10]. It has also been implemented in
MAST to be used with a similar library in SABER environment [11]. The model accepts the dis-
placement across the terminals of the model as lumped parameter inputs and uses a voltage con-
trolled voltage source to generate velocity by a differential operator. The sum of the force through
all the parallel branches represents the total damping force. The model is parameterized and can be
used in design. The input parameters are length and width of the plate, gap (the thickness of the
film) and the ambient pressure. The effective viscosity is calculated using Knudsen number which

in turn is evaluated for a given input ambient pressure.




Some equivalent circuit, lumped parameter models for squeeze film damping have been pro-
posed in the past [3, 12]. There are a couple of advantages of representing the model in terms of
spring and damper elements rather than circuit elements like resistors, capacitors and inductors [3,
12]. Firstly, the mapping of the through variable (force) and the across variable (position) from the
mechanical domain to the electrical domain is not canonical. So is the case with the elements used
in the lumped parameter model. For example, the spring element can be modeled by an inductive
or a capacitive element while a damping element can be modeled by a resistive or a conductive
(both dissipative) element. Secondly, in an integrated MEMS simulation environment, there are
different domains (e.g. electrical, mechanical and magnetic domains), each of which has its own
through and across variable. If an electrical equivalent circuit model is used to model mechanical
damping elements, there arises a need to separate the current which represents the force of
mechanical domain from the current that represents the electrical through variable. Hence, ease of

use, the use of spring-damper model is helpful.

2.5 Non idealities

2.5.1 Edge and finite-size effects

The force equations EQ. 2.4 and EQ. 2.5 derived from the linearized Reynold’s equation do
not consider the edge and the finite-size effects. The edge-effects are significant at tens of microns
scaled structure as shown in section 2.3. To study the accuracy of the spring-damper lumped
parameter model based on EQ. 2.12 and EQ. 2.13, we compare the response of the behavioral
model with that of finite-element simulations, for varying squeeze film size. The error in the peak
damping force predicted by the behavioral model as compared to FEM simulations for a plate
oscillating with an amplitude of 0.1 um and frequency of 1 kHz is shown in the plot in Fig. 2.8.
The degradation in the accuracy of the model at plate sizes in the range of few tens of microns is

noticeable. This is because the edge and the finite-size effects become significant at these MEMS-

scaled plate sizes.

12
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Fig 2.8: Accuracy degradation of the model for small plate sizes

2.5.2 Edge-effect model

There can be several ways in which the edge and the finite-size effects can be modeled. Here

we describe a couple of approaches and outline our implementation.

One technique to model the edge effects is the effective viscosity of the model to compensate
for the underestimation of the damping force. This approach quantitatively increases the estimated
damping force, but does not provide a direct qualitative intuition to model the edge-effects. As
effective viscosity is already used to model the slip conditions encountered in narrow gaps, a

model of Mg = fslip, edge) will make it difficult for designers to understand which effect is dom-

inant.

Another approach can be to use an effective pressure above the ambient pressure to take care
of the non-zero pressure at the plate edges. Pressure is one of the input parameters of the model
that is used in the evaluation of the Knudsen number and the effective viscosity. Hence this effect

is not distinct from the effective viscosity approach.

There is a need to model the edge effects using parameters that are decoupled from the other
parameters. The plate width and length are such independent parameters. Hence, increasing the
plate size to account for the non-zero gauge pressure at the plate edges is one straightforward
method for modeling the edge effects. This solution is also physically intuitive because the differ-

ential pressure becomes zero only at a finite non-zero distance from the plate edge. So extending

13
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Fig. 2.9: Pressure distribution beyond the plate edge

the plate edge and using trivial boundary conditions at the extended edge provide a way of obtain-
ing more realistic pressure distribution across the plate. Fig. 2.9 shows the pressure distribution
and decay beyond the plate edges when the top plate is moving sinusoidally with an amplitude of

0.1 pm and frequency of 1kHz.

The non-zero pressure distribution along the original plate edge is accounted for by extending

the plate edge by an amount 3L and using TBC at the extended edge [7].

The value of 8L shown in the Fig. 2.9 illustrates the physical intuition behind the solution
adopted. The quantitative equation for the plate extension is obtained by comparing the peak
damping force of the original behavioral model with that from FEA. The parameters that can affect

SL are identified as the gap, plate dimensions, frequency of oscillation and the amplitude of oscil-

14
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Fig. 2.10: Linear fit with least sum of squared errors for square plates oscillating with
frequency of 1kHz and an amplitude of 0.1 pm

lation. Screening experiments were performed to find the dependency of 3L on these factors by
varying these parameters one at a time. All experiments were performed for square plates. The
plate size was varied from 5 um to 100 wm, gap size from 1 pm to 5 um and the frequency up to 1
MHz. The amplitude of oscillation was kept under 10% of the gap. For above mentioned plate
sizes and gaps, the value of OL that gives the closest match between the behavioral and finite ele-
ment results was determined. dL has a first-order dependency on the gap and a second-order
dependency on the plate size. Fig. 2.10 shows the plot of OL/g as a function of the plate size.
Larger plates cause more pressure perturbation at the plate edge and the pressure settles to ambient

pressure further away from the edge. Hence, larger plates require a higher value of L.

The best fit model for 8L is given by EQ. 2.14.
O0L(g,L) = g(0.8792 +0.1L) EQ.2.14

where L is the plate dimension in microns, g is the gap and 0L is the extension.

When the value of gap is decreased, we would expect the squeeze force to increase as the con-

tinuum squeeze action is proportional to 1/g> This can lead to the conclusion that 8L should
increase when the gap is decreased. On the contrary, the equation shows that 3L is directly propor-

tional to the gap. To understand this, we need to consider the regime of operation. We can consider

15



the air to be within the continuum limits when the Knudsen number is << 1 (<0.01). The molecular
mean free path of air at standard temperature and pressure is 0.07 um. So for gaps <7 um, the con-
tinuum limits are no longer valid. Slip conditions begin to occur. In such conditions, the edge

effects increase with increasing gap and hence 0L is directly proportional to gap.

2.5.3 Extended model

The accuracy of the model can be extended by modeling the edge and the finite size effects.
The width w, and the length [ of the squeeze film are increased by OL to give the effective width
wesrand effective length 7 gras in EQ.2.15 and EQ. 2.16.
We,,=W+5l/g,W) EQ. 2.15

o =1+3L(g1) EQ. 2.16

The values of the spring and the damper elements in the extended model is given by substitut-
ing wgrand [ for w and ! respectively in EQ. 2.12 and EQ. 2.13. Upon extending the plate dimen-
sions, the improved accuracy of the model is shown in the plot in Fig. 2.11. The accuracy is within

5% for plate sizes in the range of 5 pm to 100 wm.
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Fig. 2.11: Improved accuracy of the model with extended edges of square plates
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2.6 Squeeze film simulation results

In this section, squeeze film simulation results using the extended lumped parameter model
described in section 2.5 are discussed. Simulation results for the input of three dominant harmon-
ics of a square wave are presented. Behavioral and finite element simulations are compared for
varying aspect ratio of the plate, amplitude of motion and frequency of oscillation. A system level
simulation of a resonator bandpass filter having squeeze film damping as the dominant source of

energy dissipation is presented. Simulation results are validated experimentally.

2.6.1 Step function response

The squeeze film model has been derived under the assumption of sinusoidal oscillations of
the top plate. To study the accuracy of the model for non-sinusoidal input displacement, behavioral
simulations with the first three harmonics of a square wave are performed and the results com-
pared to the finite element simulations. Fig 2.12 shows the displacement of the top plate which is
the sum of the three dominant harmonics of a square wave of amplitude 0.1 pm and a frequency of
10 kHz. The force on an 100 wm square plate, with a gap of 2 um and 4 um, as a function of time
is plotted in Fig. 2.13 (a) and Fig. 2.13 (b) respectively. The difference in peak force is under 1% in

the case of the 2 um gap and 15% in the case of the 4 um gap.

2.6.2 Aspect ratio dependency

While deriving the finite size and the edge-effect model and determining the accuracy of the
model in the section 2.5, square plates were considered. The effect of aspect ratio on squeeze film
damping is studied by keeping the area constant and changing the length to width ratio of the
squeeze film. Damping force on a plate of area 10000 umz is determined for aspect ratios in the
range of 1-10. As the aspect ratio increases, as expected, the squeeze action decreases because air
underneath the plate with higher length to width ratio can flow out without much squeeze action.
Fig. 2.14 shows that the behavioral simulations match the finite element simulations to within 7%.

This validates the edge effect model for higher aspect ratios, even though the model was derived

with square plates.
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Fig. 2.13 (b): Force on a 100 pm square plate with gap of 4 um

2.6.3 Amplitude of motion

The damping model consists of non-linear spring and damper elements. Thus, the damping

force is not linearly proportional to the displacement. However, for displacements that are small

compared to the gap (<10%), the model behaves close to a linear system.
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Fig. 2.14 (b): Error in peak force when compared to FEM simulations

The peak damping force for a 10 kHz sinusoidal input of amplitude varying from 40 nm to
200 nm is shown in Fig. 2.15 (a) - Fig. 2.15 (d) for square plates of size 20 um and 100 pm, and
gaps of 2um, 4 um. The error, as compared to the numerical simulations is within 10% for all the

four cases. The plot shows the linearity of the system decreases with increasing gap.

2.6.4 Frequency dependency

Frequency of the plate oscillations is an important parameter in determining the squeeze
force. When the plate oscillates with low frequency, the air flow is nearly incompressible. In such
cases, the damping force that is proportional to the velocity dominates the spring force. The total

squeeze force is proportional to the frequency for a given amplitude of motion and for fixed phys-
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ical dimensions of the squeeze film. At high frequencies, the flow invoked becomes compressible.
As a result, the inertial effects of the fluid contribute to the damping. The relative contribution of
the spring and the damping terms is plotted as a function of squeeze number (EQ. 2.7) in Fig. 2.16.
Cut-off frequency is defined as the frequency at which the spring and the damping terms contrib-

ute equally. At frequencies comparable to and higher than the cut-off frequency, the inertial effects
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are significant. As a result, the gauge pressure is not negligible compared to the ambient pressure
contradicting one of the assumptions in the squeeze film model [1]. Hence the error at the high fre-
quencies can be significant. Fig. 2.17 plots the peak force as a function of frequency for the case of
a 100 pum square plate with gaps of 2 pm and 4 um. For the gap of 2 um, cut-off frequency for an
100 wm square plate is 670 kHz. From FEM simulations, the peak gauge pressure at 1 MHz is as
high as 12 kPa. This is about 12% of the ambient pressure (0.1 MPa). The assumption of small
gauge pressure fails resulting in the high error noticeable at frequencies close to 1 MHz. The error
in peak damping force for a gap of 2 um is about 50% while it is 29% for a gap of 4um. This can
be aftributed to decrease in the squeeze number with the increase in gap. Fig. 2.18 plots the peak

force for a 20 um square plate. Accuracy is within 10% in this case as cut-off frequency is 16 MHz

for g =2 pm.
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3. Lateral viscous damping

3.1 Introduction

Viscous lateral damping, also known as slide film damping, occurs when two parallel plates
are in relative tangential motion. The relative motion of the parallel structures invokes a fluid flow
that exerts a force opposing the relative motion. The force exerted by this mechanism depends on
the velocity gradient of the fluid near the plane of the oscillating structure, the viscosity of the
medium and the area of the oscillating structure. The velocity gradient of the fluid in turn depends
on the velocity of the oscillating plate, and its distance from other parallel structures that are in rel-
ative motion. Hence a slide film between two parallel plates is characterized by the length and the

width of the plates, the distance between them, their relative velocity and the viscosity of the film.

Viscous damping is a dominant source of energy dissipation in laterally-driven microstruc-
tures. A lateral resonator is a common example. The proofmass oscillating parallel to a substrate
experiences viscous drag by fluid both on the top and the bottom surfaces. In lateral comb drives,
lateral damping can be a dominant source of damping. There are four different lateral damping
sources in a lateral comb drive. Between the stator and the rotor fingers, there are two slide films
associated with each rotor finger (one on each side of the rotor finger) as in Fig. 3.1 (a). These
films are characterized by the overlap length of the stator and the rotor fingers, the thickness of the
fingers and the equilibrium distance between the fingers. There is additional damping from the
fluid above and below the rotor finger. This damping source acts on the entire rotor area as shown
in Fig. 3.1 (b). The bottom film is characterized by the distance from the substrate and the top film

can be infinitely thick if exposed to atmosphere.

:

B Rotor truss

(a) Top view showing the slide films (b) Cross section showing the slide films
between the stator and rotor fingers on the top and bottom of the rotor

Fig. 3.1: Slide films in a lateral comb drive
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3.2 Slide film model

3.2.1 Model for continuum conditions

The oscillations of a planar structure in a gaseous medium invoke flow in the surrounding
medium. This section describes the theoretical aspects and the way the invoked flow is modeled.
Consider a plate in the X-Y plane oscillating in the X-direction. The dynamics of the gas flow

invoked can be modeled by the one-dimensional diffusion equation (EQ. 3.1) [13, 14].

ov(z) _ " 0°v(z) EQ. 3.1
ot 0z°

where u is the kinematic viscosity of the gas and v(z) is the gas velocity component in the x direc-
tion. The kinematic viscosity is the ratio n/p where 1) is the viscosity coefficient or the dynamic

viscosity of the gas and p is the density of the gas..

. i Dis ‘acement
Oscillating plate, v=v, | Displacement Oscillating plate, v=v, | 7

?O Z= X 7=
h—
% | ~ 6(2) VA
o |
- z=g z=g
ubstrate Substrate

Fig. 3.2: Slide film between a planar oscillating structure and the substrate

For a fully established flow without any transient consideration, the flow can be considered to
Couette flow with a linear velocity profile as in Fig. 3.2 (a). There are no inertial effects in this
steady state (established) flow. If the continuum limits are considered, the velocity of the gas at the
plate surface is equal to the velocity of the plate. Under these conditions, the damping coefficient

is given by [13, 14]. :

g-M EQ.32

g
where A is the area of the moving plate and g is the thickness of the slide film.

Couette damping model does not take inertial effects into consideration and hence can be
inaccurate at high frequencies. The frequency dependent Stokes flow model takes into account the

mertial effects. For a plate velocity of vycos(wt), the velocity profile in Stokes flow decays expo-
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nentially as shown in Fig. 3.2 (b) and the phase shift varies linearly as we move away from the
plate. Under continuum assumptions, the gas velocity profile and the damping are given in EQ. 3.3
and EQ. 3.4.

sinh(qg —qz) EQ. 3.3
sinh(qg)

& =nAgcoth(qg)

v(z)=—v,

EQ. 3.4

where ¢ is the complex frequency variable given by (jo/u )2, o is the oscillation frequency and p
is the kinetic viscosity and & is the complex damping coefficient. A complex damping coefficient

means that there is a damping force (the real part) and there is a spring force in phase with the dis-
placement (the imaginary part). As the frequency tends to zero, the Stokes damping model

approaches the Couette damping model. The amplitude of the velocity profile decays by a factor of

e over a distance equal to the penetration depth 8 given by (0)/(2]1))1/ 2,

3.2.2 Gas rarefaction effects

Since the critical film dimension, the gap between the two plates, is in the range of microns,
the mean free path is comparable to the gap. This causes the gas rarefaction effect, which can be

modeled with an effective viscosity. EQ. 3.5 gives the value of effective kinematic viscosity, Wqgr

and effective dynamic viscosity, Neg [141.

)73 __n
MUy = neff - EQ 3.5
T 1v2K, 1+ 2K,
18 -
25
8 € 171
2%
o =
g ©
i ~
15 : . — . )
0 2 6 10
Gap (Um)

Fig. 3.3: Effective kinematic viscosity as a function of gap
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where K, is the Knudsen number which is the ratio of the mean free path of the gas molecules to
the distance between the plates. Fig. 3.3 plots the effective kinematic viscosity of air at standard

pressure and temperature, as a function of the plate distance.

The gas velocity at the plate surface is not the same as the plate velocity due to gas rarefac-
tion. Slip conditions occur and the velocities at the plate and substrate surfaces, which are the

boundary conditions for EQ. 3.1, are given in EQ. 3.6 and EQ. 3.7 [14].

v(0)=v,+ XQK(—ZZ EQ. 3.6
0z z=0
vig) =\ 3;(2} EQ.3.7
Z |;—g

where v, is the plate velocity, A is the molecular mean free path of air and g is the gap between the

plate and the substrate.

3.2.3 Solution for the velocity profile with gas rarefaction
For sinusoidal oscillations of the plate, the solution to EQ. 3.1 with boundary conditions as in

EQ. 3.6 and EQ. 3.7 is given as [14]:
sinh(qg — qz) + gh.cosh(qg — gz) EQ.3.8
(1+g°\* )sinh(qg) + 2g\cosh(qg)

v(z)=-v,

From the velocity profile, the damping coefficient & can be extracted as in EQ. 3.8.

T _NAOvz)|  _ cosh(qg) + ghsinh(gg)
&= =Ny PR EQ. 3.9
v, 0z |,_, (1+q°\° )sinh(qg) + 2¢).cosh(qg)

where 1 is the viscosity coefficient (also called dynamic viscosity), A is the area of the plate sur-

face. Gas rarefaction effects are taken into account by using U.¢r and 1.4 for p and 1 respectively
as in equation 3.5.
As the frequency of oscillation tends to zero, the damping force tends to that of Couette

damping force. For very high frequencies, this model tends to Couette damping model with a gap

equal to the molecular mean free path of air (A).
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Fig. 3.4: Lateral damping force on a sinusoidally oscillating plate

3.3 Finite element simulation of slide films

FEM simulations to evaluate the lateral damping force on a plate oscillating laterally above
an infinite substrate were performed. To verify the finite element simulations being performed, the
force on a square plate of size lmm on a side, oscillating with an amplitude of 0.1 yum and a fre-
quency of 10 kHz was determined. Fig 3.4 shows the damping force with time for a gap of 2 um.
The damping coefficient can be extracted from the peak force. Since the gap is small compared to
the penetration depth at 10 kHz, Couette model with linear air velocity profile between the plate
and the substrate can be used to evaluate the damping coefficient as in EQ. 3.10 [14].

g =Nt EQ. 3.10

g

where g is the gap between the plates, A s the area of the oscillating plate and 1 is the effective

dynamic viscosity of air.

ambient pressure displacement

gap (g)

width/2 (w/2)

length (1) symmetry

Fig. 3.5: Trivial boundary conditions in finite element simulation of slide film damping

27



The values of damping coefficient obtained from the FEA method and the analytical method
are 9.5 uNs/m and 9.84 uNs/m respectively. They match to within 4% which verifies and quanti-

fies the accuracy of the finite simulations.

As in the case of squeeze film, the type of boundary conditions used affect the accuracy of the
finite simulations. The use of trivial and non-trivial boundary conditions in the simulations of lat-

eral damping and the advantages of each approach are discussed next.

3.3.1 Trivial boundary conditions

In trivial boundary conditions (TBC), the slide film is represented by a 3-D structured block
enclosed between two wall surfaces and the edges of the wall surfaces are fixed at ambient pres-
sure. The representation does not consider the finite non-zero thickness of the plate. To exploit the

symmetry conditions for efficient simulation, one half of the plate is used as shown in Fig. 3.5.

3.3.2 Non-trivial boundary conditions

The use of non-trivial boundary conditions (NTBC) provide the solver with the freedom of
evaluating the pressure and hence the air flow around the oscillating structure. The oscillating

plate is surrounded by blocks of air on all directions and the ambient pressure boundary conditions

Ambient pressuR

/ Substrate
Slide Film
- - T — 7‘— T T\ — -
L L AL A — < ) B Oscillating Plate
e P 7 /
/ b 7 .
s |
72 e :
Syimetry

Fig. 3.6: Use of non-trivial boundary conditions in slide film damping
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are set at the extended boundaries to model more realistic conditions. Fig. 3.6 shows the system

used for the finite element simulations with NTBC

3.3.3 Trivial boundary conditions vs. non-trivial boundary conditions

The following table provides the lateral damping force predicted by the use of NTBC and
TBC when a plate of varying size oscillates with an amplitude of 0.1 um and frequency of 10 kHz,
2 um above the substrate. It can be observed from the table that the difference in force predicted by
TBC, NTBC and the Couette damping model decreases as the plate size increases. The dominance
of the edge and the finite-size effects for sizes less than 100 um on a side has been experimentally

observed by Zhang et al. [15].

Plate Size Theoretical TBC NTBC
(Couette damping)

20um 0.0597 uN/m? 0.065 uN/m> 0.0727 pN/m?

100um 0.0597 uN/m? 0.0597 uN/m? 0.064 uN/m>

lmm 0.0597 uN/m? 0.0597 uN/m? 0.060 pN/m?

As in the case of squeeze film damping, the force is underestimated when TBC are used. This
is mitigated by the use of NTBC, but at the expense of additional computer resources. The use of
NTBC results in the increase in the number of grid cells from 100 to 4000 as a result of which, a
typical transient simulation time increases from 4 minutes in TBC to 45 minutes in NTBC on a
360 MHz Sun Ultra-Sparc machine. The memory requirements of the simulation is 5 MB in TBC
and 45 MB in NTBC. Non-trivial boundary conditions are used for all the simulations used to

characterize behavioral model.

3.4 Lumped parameter model

The numerator and the denominator of the complex damping coefficient (EQ. 3.9) can be rep-

resented by a Taylor series in variable g about the dc value of g (g=0) as in EQ. 3.11. The ratio has
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only even powers of ¢ in both the numerator and the denominator which makes it a ratio of com-

plex power series in angular frequency.

(=]

i
n4q
i=0

even EQ. 3.11

E:—?—_

Zdiqi
=

even

where n; are the even coefficients in the numerator and d; are those in the dominator and are func-
tions of the gap (g) and the mean free path (A) of air molecules. The equations for the coefficients

are given in the appendix.

The condition for the convergence of each series can be set by selecting the ratio of the two
successive terms of the real and imaginary parts in each series to be less than unity. Truncation
error can be controlled by changing the number of terms in the series and the ratio of successive

terms. The minimum ratio of the absolute values of successive terms in the real and the imaginary

parts of the numerator and the denominator of EQ. 3.11 is g4c02/24u2 . The ratio g“[(132/24u2 is kept

under 0.1 to truncate the series after first three terms. As an upper bound on the operation fre-

quency for a given g and u. For example for g =2 pm and p = 17.9 uNms/kg, © < 6.9 x 10%s7L.

disp_a vel a
(s)Pos(vel_a,vel_b)
d(Pos(disp_a, disp_b)
dt

disp_b vel_b

Fig. 3.7: Lateral damping model in Verilog-A

The transfer function described is implemented in Verilog-A as a Laplace transform. The one
dimensional slide film model has two pins indicating the displacement of the oscillating plate and
the substrate. This is converted into relative velocity using a time derivative operator. This relative
velocity is used to compute the damping in the frequency domain and inverse Laplace transform

back to damping force between the plate and the substrate. The input parameters of the model
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Fig. 3.8: Ratio of peak damping force for varying length

include the length and the width of the plate, the gap and the ambient pressure. Fig. 3.7 shows the

circuit implementation of the model.

3.4.1 Edge effects in the lumped parameter model

The damping force given by EQ. 3.9 does not take into account the edge and the finite size
effects which are dominant at micron-scale devices. This observation was made experimentally by
Zhang. et al. and it was suggested that the damping force be multiplied by an empirical correction
factor of about 2 to 3 [15]. Since the motion of the plate is in the plane of the structure, the edge
effects can show different dependencies on the width and the length. To study this, we keep one
dimension constant while varying the other. Let the dimension of the edge z;llong the direction of
motion be [ (length) and that of the perpendicular edge be w (width). The length and the width are
varied one at a time while keeping the other fixed at 100 um to quantify the difference in damping

force obtained from behavioral and finite elements simulations.

Fig.3.8 plots the ratio of peak forces from lumped parameter and FEM simulations for lengths
varying from 2 pum to 100 pm. For /=2 um, the force estimated by behavioral simulation using the
model represented by EQ. 3.9 is less by a factor of 2.3 than the force from FEM simulations, given
the edge effects contribution due to finite width is negligible. This is in agreement with the empir-

ical factor used by Zhang et al. Peak force is a sufficient metric at the frequencies in the range of
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Fig. 3.9: Ratio of peak damping force for varying width

10’s of kHz as the damping fore dominates over the spring force and the associated phase differ-

ence is less than 1°.

Fig. 3.9 shows the ratio of peak forces for varying width. The ratio of the forces from behav-
ioral and FEM simulations is about 1.33 for a 2 pm width. This shows that the edge effects depend

on the aspect ratio as well as the orientation of the plate.

The contribution of the edge effects is established qualitatively. For quantitative analysis and
derivation of the edge effect model, further investigation of the dependencies on gap and the cou-
pled effect of the length and width is required and is left as future work. Further simulations of the
lateral damping model will be presented with a fixed plate extension of 4 wm on each side. This

translates into a multiplication factor of about 1.08 for a 100 wm square plate which is close to the

ratio shown in Fig. 3.8 and 3.9.

3.4.2 Step function response

The damping model used in the derivation of the lumped parameter model was derived for
sinusoidal input. To study the response to non-sinusoidal input, a sum of the first three dominant
harmonics of a square wave of amplitude 0.1 um was used as input. Fig. 3.10 are plots of the lat-

eral displacement and force on a 100 um square, oscillating plate. The plate dimensions were
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extended by 4 pm for which the damping force gets multiplied by a factor of 1.08, which is close

to the edge effect ratio in Fig. 3.8 and Fig. 3.9.

3.4.3 Frequency dependency

The lateral damping force is highly frequency dependent. At low frequencies, the fluid near
the plate surface can respond to the plate oscillations. In this case, the phase difference between the
force and the velocity is zero. Inertial effects are negligible and hence there is no spring compo-
nent. As the frequency increases, inertial effects come into play and the force on the oscillating
plate has both a damping and a spring component. The total force can be analyzed by comparing
the amplitude and phase of the force from the behavioral and the FEM simulations. Fig. 3.11 (a)
shows the plot of magnitude as a function of frequency on a 100 um plate. It can be seen that the
peak force is almost linear with frequency, at least until 1MHz, after which the amplitude increases
more rapidly with increasing frequency. The phase difference between the force and the velocity is

plotted in Fig. 3.11 (b). The phase is close to zero for frequencies up to 10 kHz. Phase increases
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linearly with frequency. The phase response of the behavioral model matches to within 2° to that

of finite element model for frequencies up to 1 MHz.
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Fig. 3.11 (a): Force amplitude on a 100 um square plate
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Fig. 3.11 (b): Phase of damping force with respect to velocity
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4. System level simulation and experimental verification

This chapter provides the system-level simulation of a bandpass filter and a folded-flexure
microresonator. The simulation is done using the NODAS cell library developed at Carnegie Mel-
lon University {9, 10]. The bandpass filter has squeeze film as dominant damping source and the

lateral resonator has slide film damping as the dominant source.

4.1 CMOS bandpass resonator filter

To emphasize the use of the behavioral squeeze film model in capturing the dynamics of
damping accurately, results of a system level simulation of a bandpass resonator filter are pre-

sented and experimentally validated.

Fig. 4.1 shows the schematic diagram of a 550 kHz CMOS micromechanical bandpass filter
[16]. The filter is designed using the NODAS parameterized cell library. The filter system is com-
posed of three resonators coupled by “O” springs and is integrated with the associated electrical
interface circuitry. Each resonator is designed for a 550 kHz resonance frequency. The system has
three resonant peaks scattered around the natural frequency of 550 kHz. The filter consists of three
pairs of differential, electrostatic comb drives used for actuation and sensing. The differential
comb drives have associated squeeze film damping which is the dominant source of energy dissi-
pation in the comb drives as well as in the resonator filter. The squeeze film between the stator and
the rotor fingers has a length of 37 um, a width of 4.8 yum and a thickness of 1.8 um. The number
of such squeeze films in each comb drive is twice the number of rotor fingers (one on each side of
the rotor finger). The lateral damping model used in the simulation is a Couette flow with the gap

assumed equal to the penetration depth at 550 kHz.

The output voltage obtained at the sensing comb drive is buffered by the electronics. Fig 4.2
shows the output voltage measured at the output of the interface circuitry. With the use of the
damping model with edge effect enhancements, the output voltage at the resonant frequencies
matches the experimental measurements to within 0.6 dB, which is equivalent to 7% error in the

gain. The results obtained with the use of the behavioral model without any edge extensions differ
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Fig. 4.3. Layout view of the lateral folded-flexure comb-drive microresonator

by 8 dB, a gain error of over 150%.The lateral damping associated with the filter is smaller than

the squeeze damping by over an order of magnitude.

4.2 Lateral microresonator

In a lateral microresonator, the lateral slide film damping can be a dominant energy dissipa-
tion mechanism. Fig. 4.2 shows the layout view of a folded-flexure lateral resonator [17]. The sys-
tem can be modeled by a mass-damper-spring system characterized by a resonant frequency and

quality factor.

The slide films associated with the all the moving components like the comb drive, the beams
and the shuttle mass have associated slide film damping contributing to energy dissipation in the
system. Different slide films in the comb drive include the films between the stator and the rotor
fingers and between the rotor and the substrate. A detailed description of these is provided in sec-
tion 3.1. At frequencies less than 100 kHz, the damping force on the bottom surface of the micro-
structure dominates as the distance between the substrate and the structure (2 pm) is much less
than the penetration depth. At frequencies close to or greater than 100 kHz, the penetration depth
of air becomes less than 10 um. Under such conditions, the damping force on the top surface con-

tributes significantly to the overall damping.
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As mentioned in chapter 3, a constant edge effect model has been used in which all the
dimensions are extended by 4 um. Fig. 4.4 shows the plot of resonator displacement as a function
of frequency. The damping associated with the top surface is not included as the penetration depth
at 10 kHz frequency is about 26 um. This makes the damping associated with the top surface over
an order of magnitude smaller than the damping on the bottom surface. This can contribute signif-
icantly for frequencies close to 1 MHz. Fig. 4.4 shows the frequency response of a 7.4 kHz
microresonator obtained from NODAS simulation. Table 4.1 shows simulated and experimental
values of resonant frequency and quality factor for this resonator. Simulation results are in good
agreement with the experimental results. The simulated resonant frequency matches to within
1.3% and the simulated Q factor matches to within 8.5% of the experimental values. Table 4.1 also
shows the results of microresonators designed for 30 kHz and 100 kHz resonant frequency. It can
be seen that the error in the Q value increases with increasing frequency. This can be attributed
mainly to two reasons. The constant edge extension model is an approximate model for the edge
effects. It’s accuracy needs to be verified for frequencies close to 100 kHz. The damping on the top
surface (exposed to atmosphere) that is not taken care of in the schematic contributes to the overall
damping.

Table 4.1: Resonant frequency (f;) and quality factor (Q) for different microresonators

design frequency  f, (experiment Q (experiment) f, NODAS) Q (NODAS)
10 kHz 7.4 kHz 8.3 7.31 kHz 9
30 kHz 22.7kHz 25.6 21.9 khz 31.6
100 kHz 74.1 kHz 80 72.6 130
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5. Conclusions and future work

This thesis describes behavioral models for squeeze film and slide film damping in MEMS
devices. The models are parameterized and can be used in mixed domain system level simulation
of MEMS. It is shown that the edge-effects contribute significantly to the overall damping for
plate sizes <50 um on a side. Extension of the plate edges, as one of the possible ways to model the
edge-effects, is discussed. The edge effect model is derived for the case of squeeze film for gaps in
the range of 1 um to 5 um, plate sizes in the range of 5 um to 100 pm. For slide films, it is
shown that the edge effects are dependent on both the aspect ratio and the orientation of the slide

film. Gas rarefaction effects have been modeled using an effective viscosity model.

To show the utility of the models in modeling the damping dynamics, results of system level
simulations have been presented and experimentally validated. With these models the designer

will be able to model the squeeze film and the lateral (slide film) damping with adequate accuracy.

There are several directions for future work. The presence of holes in the microstructure sig-
nificantly alters the damping force on the oscillating structure. The effect of the hole size and the
hole density on the damping force needs to be studied. A constant edge extension model has been
used to model the edge-effects in lateral damping. The gap and plate-size dependent edge effect
model derivation can extend the accuracy of the edge-effect model to wider range of input param-
eters. The effect of the thickness of the oscillating plate on the squeeze film and lateral damping
needs to be assessed. The study of the effect of the presence of other static or moving structures
near a squeeze film or a slide film can be useful in understanding the damping in case of complex

geometries.
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Appendix

The equation for slide film damping coefficient including the gas rarefaction effects is:

E=NaAOVZ) 4 cosh(qg) + ghsinh(gg)
v 9z |,_, 1+ N )sinh(qg)+ 2q\cosh(qg)

The numerator and the denominator are odd functions in the complex frequency variable g

and hence have only odd powers in their taylor series expansion in q about g=0.

Let the numerator be N(q) and the dominator be D(q). The taylor series expansion of  N(q)/

(neffA) is:

Qg2 2+gM+q (g4 24+ M6)+q7 (8%7720+g50/120)+q°(28/40320+g7A/5040)+q (g1

3628800-+g”A/362880)+0[q3].

Similarly the denominator D(q) is given by:

q(g+20)+q°(g%/6+g°A+gAD)+q(27/120+g*M12+g°2%/6)+q" (27 /5040+g50/360+° A%/
120)+q°(g%/362880+g50/20160+27A%/5040)+q" 1(g'1/39916800+g 1 °A/ 1814400+ %/

362880)+0[q ).

The ratio of the two series has only even powers of q in the numerator and denominator as in:

Z ng'
=0

even

E:_OF—“_'
Zd/ql
=

even
The Coefficients n; and d; are as in the above mentioned series.
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