Appl. Math. Inf. Sci.9, No. 2, 729-737 (2015) %N =¥\ 729

Applied Mathematics & Information Sciences
An International Journal

http://dx.doi.org/10.12785/amis/090221

Modelling and Simulation of the Effect of Air Damping
on the Frequency and Quality factor of a CMOS-MEMS
Resonator

J. O. Dennist, A. Y. Ahmed?*, M. H. Md. Khir?2 and A. A. S. Rabih?

1 Department of Fundamental and Applied Sciences, Univéfsknologi PETRONAS, Bandar Seri Iskandar, 31750 TronaraR,
Malaysia

2 Department of Electrical and Electronic Engineering, énsiti Teknologi PETRONAS, Bandar Seri Iskandar, 3175ty Perak,
Malaysia

Received: 23 May 2014, Revised: 22 Aug. 2014, Accepted: 24 2014
Published online: 1 Mar. 2015

Abstract: This paper reports analytical modeling and finite elemeatyesis (FEA) of the effect of two types of air damping (squeez
film and slide film damping) on resonance frequency and qud#dittor of a multi-layer CMOS-MEMS resonator designed for
application as a mass sensitive gas sensor. The sensimipj®iis based on change in frequency or amplitude of thenagso due to
adsorption/absorption of trace gases onto an active rahterbe deposited on the resonator membrane plate. The effeic damping
for mode 1 and mode 2 are investigated and the damping ceeiffisifound to increase from 0.92210 6 Ns/m to 1.768< 108 Ns/m

for mode 1 and from 0.914 10-6 Ns/m to 1.708< 10~% Ns/m for mode 2 with increase in the overlap area of the finfyjers 40 um

to 75 um, respectively. The quality factor (Q) of the CMOS-MEMSaeator is found to decrease with increasing damping coeffici
for both modes of vibration while the frequency remainedfigtdéed. Analytical and simulation results shows good agrent for
damping coefficient (1.43 % and 1.22 %), resonant frequeBab(% and 4.4 %) and quality factor (2.27 % and 0.88 %) for mbde
and 2, respectively.

Keywords: CMOS-MEMS resonator, quality factor, squeeze film dampstige film damping

1 Introduction moving structure and therefore may significantly affect
the damping in modes 1 and 2 depending on the gap

MicroElectroMechanical Systems (MEMS) are deviceshetween the moving structure and the substrate. While in

that integrate mechanical elements such as sensorpackside etching the substrate is completely removed and

actuators, _a}nd electrical and electroni(_: components on il significantly reduce the air damping especially
common silicon substrate. Other benefits of using MEMSsqueeze film damping in mode 2.

technology include reduction in size, low power

consumption and low cost through batch fabrication. The  For some applications of CMOS-MEMS devices, the
most common validation technique for MEMS devices energy dissipated by squeeze and slide film damping must
before fabricating them is through finite element analysisbe reduced in order to maximize the motion of
(FEA) simulation. In MEMS gas detection structures, air mechanical parts with limited energy supply and thereby
damping (squeeze and slide film damping)2] are the  improve sensitivity. Therefore, estimating the squeezk an
main sources of energy dissipation and they have saslide film damping effect of these devices is an important
significant effect on the frequency and quality factor. In step in their optimization. Currently, in order to optimize
the fabrication of Complementary Metal-Oxide the effect of air damping (squeeze or slide film damping),
Semiconductor (CMOS) MEMS devices, two the gap between the rotor, stator and substrate parts of the
technological methods are used to release the devic]cEMOS-MEMS structures has to be increased or
front-side and back-side etching,f]. In the front-side  alternatively holes/perforation have to be made on the
etching, the substrate remains in close proximity to theresonating structures (plate) as reported by various
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papers 5,6,7]. Making holes in microstructures is standard material properties of all the CMOS layers
effective in reducing the squeeze film damping effects duevhich were used in the mathematical modeling and
to horizontal air flow; however the air flow escaping simulations, while Tabl€ gives the dimensions of the
through perforated holes brings new viscous resistancevarious components of the device.
Due to this fact, the conventional Reynolds formula for —
analysing squeeze-film effects of non-perforated planar Flectrostatie comb/(drive) fingers 1
structures is no longer applicabi® [A lot of efforts have e 1 |
been focused on different ways to figure out and analyse | _| Archer
the effect of squeeze film damping2,9,10,11,12]. w
Within the assumption that air is incompressible, several M| e (1]
reports offered analytical formulas and numerical [ er 1 e
evaluation to observe the squeeze-film damping. In I 1
addition to analytical investigation, several different i ‘lll_
techniques such as finite element methods have been L MMMMMMMM”M H M H|\‘
utilized to determine squeeze-film dampidg[14]. z x Elocrosiaic comb drive) fingess  Besm 2 with fingers
In this paper we report on modeling of the mechanical ‘
behaviour of a CMOS-MEMS resonator etched from the
backside in its first two modes of vibration that enables us @

to predict the effect of the two types of air damping,  ¢Mos m o
squeeze and slide film, on the resonance frequency and ™ —
quality factor of the CMOS-MEMS resonator and ]
validation of the results using FEA simulation.
SCS
x =300 pm
2 Design of the CMOS-MEM S Resonator

The CMOS-MEMS resonator in this study is intended for B siticon [ Siicondioxide [ Metal iayers il v1a 1 VIA 2
use as a mass sensitive device for gas detection reported b

in details elsewherelp,16,17]. In brief, the resonator is (b)
electrostatically actuated using comb-fingers and itsgig 1: Schematic of the (a) top view and (b) cross-section of the
motion detected using capacitive sensing. Figur&)( cMOS-MEMS resonator

show the top view of the plate supported by four beams
with each beam having two sections of different widths of
7 um and 19um but same length of 24Qm each. The

640 pm

&

1360pum - ‘

5 pm

15 um

300 to 350 um

Table 1. Material properties of the CMOS layers

rotor comb-fingers are attached to both the 40 x 400 Properies S S0, A
pm plate and to the thick 1um beam (beam 2 in Youngs modulus (GPa) 130 72 70
Figure @-a)). All the comb fingers for either electrostatic Density (kg/m) 2300 2648 2700

actuation or sensing have width oftim and length of 80
um. The device is intended for fabrication using 0358

CMOS  process technology and  post-CMOS Table 2: Dimensions of the CMOS-MEMS resonator

micro-machining. The process technology consists of two Parameter Model symbol — Dimensionrs)
poly, three metal layers, several dielectric layers and two Device length 1360
vias. All metal layers are aluminum, silicon dioxide is MDevikt):ewidth 406@4200
H H H embrane area

used as the dielectric layer and tungsten is used as the Comb-finger length I 80
vias. The overall thickness of the resonator plate ig(20 Comb-finger width Wer 7

i Comb-finger thickness tef 20
Wlth 5um madg_ up of the CMOS Iayers'and Lsn of . Comb-finger overiap area o 0
single crystal silicon (SCS). Deep Reactive lon Etching  stator to rotor comb-finger gap d 4
(DRIE) is used to etch the SCS substrate from the b\e}r:j?;hbbeam Ib 214;0

K . . i eam W

backside (which is initially about 350m) to leave a 15 Length beam o 240
um thick SCS layer underneath the CMOS layers to Width beam Who 7

define the resonator structure. While Reactive lon Etching
(RIE) is used to etch silicon dioxide from the front side
followed by front side DRIE to etch through the 1Bn The theoretical concepts of the CMOS-MEMS
SCS substrate and release the resonator structure. Thiesonator are developed using appropriate principles of
details of the fabrication and post-CMOS process areelectromechanical vibrations. The device is optimized for
reported in 7). Figure (l-b) shows the cross-sectional gas detection by modeling the effect of the two types of
view across AA/ of the structure to show the CMOS air damping on the resonant frequency and quality factor.
layers and the 15um SCS substrate. Table show the  Finally, the  mathematically modeled device
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characteristics are validated using FEA simulations.mode 1 (displacementin the y direction in Figdre) and
Figure @ a and b) shows Field Emission Scanning mode 2 (displacement in the z direction in Figire)
Electron Microscope (FESEM) image from front side and

backside of the successfully fabricated CMOS-MEMS d?  dy @)

resonator. Motal 7 + bya +kyy =F cos(wt)
2,
tinhes 0 ~ Thickbeam Motal 3t2 + bzgt +kz= F cos{at) @3)
h I '1 i '] M H! ﬂi‘{; JJ : where Mg, by, by, ky, k; andF are the equivalent
|,H!5 1!“”“ S mlll”l |f mass of the system, damping coefficient, spring constant

and amplitude of the external driving force for mode 1

= Plate “— - :.--—:- and mode 2, respectwelg—z, &’z & dz 'y andzare the
LLELT T o acceleration, velocity and dﬂsplacement of the mass,
AR AR A NARARANAR respectively. The resonator is modeled as
e mass-spring-damper system as depicted in Figure

R
Rotor comb fingers 4
T Grversin Teknoiop PE TRONAS Displacement

k spring |
MV

m mass

[T
L

b damper

LILLLLLIS SIS

Fig. 3: Resonator model as a mass-spring-damper system.

b

() The resonance frequencfy of the CMOS-MEMS
Fig. 22 FESEM image of the CMOS-MEMS resonator from (a) resonator depends on the spring constants of the beams
front side and (b) backside. and the dynamic mass of its movable parts (consisting of

the plate, beams and comb-finger93p4,25. The
spring constant is an important parameter which
3 Theoretical Modeling and Simulation of the ~ determines the characteristics of the device. Energy
CMOS-MEM S Resonator methods are used to derive analytic formulas for spring
constant 26]. The overall spring constar, for mode 1
(in-plane oscillations in the y direction) akgfor mode 2
(out of plane oscillations in the direction putting
th1=tpo=t andlp;=lpo=ly) are given by

3.1 Analytical modeling

Alternating electrostatic driving actuation method isdise

to actuate the CMOS-MEMS resonator by using Eavt (W03,
push-pull driving force. The electrostatic forég was ky = W 4)
generated by an alternating voltagé(cos(wt)) with a (W1 + W)
dc bias Vyc) applied to the driving comb-fingers (upper Eay t3 (Wi Why)
and lower comb-fingers in Figure 1.a) using equation ke = W (5)
1[18,19. bTb1 T b2

4Angoh where A is determined using appropriate boundary

I:el Vchac (1)

conditions to be 3 and 1.03 for mode 1 and mode 2 ,
respectively, andgy, is average youngs modulus of the
composite materials composing the beams. The average
youngs modulus of the composite materials composing
beam 1 and beam 2 is determined By,R8]

d

wheren is the number of fingers, is the permittivity
of the free spaceh is the effective overlapping height
between the rotor and stator fingers atids the gap
between the rotor and stator fingers.

The dynamic behavior of the system vibration can be

described by second order differential equation for forced o (EsEso,Ean)Vt 5
oscillations R0,21,22] given by equationZ) and @) for av = Eso,EaVs +EsEaVso, +EsEso,Va (6)
(@© 2015 NSP
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where Eg, Eso,, EaL, Vs, Vso,.and Va_ are the Motion dircction_
youngs modulus and volume of the silicon, silicon Squeeze film damping 7
dioxide, and aluminum, respectively,  while 2
Vi=Vg+V50,+Va . The effective massngss) of beam 1 § 4um ;
and beam 2 under bending mome&9,30] are obtained | ;
using 7
Xy /
>
13 Rotor Stator ?
Met tb1 = 2 Pav It Wo t (7) o 2
| 2
13 Slide film 7
Mef tb2 = 5 Pav b2 Wh2 t (8) damping T /
35 I 7 um 2
. . Z;
wherepgy is the average density of the CMOS layers — -

and is estimated by using equati®)[@7,28,31,32]
Fig. 4: Squeeze and slide film damping for mode 1
Ps X 15+ Pso, X tso, +Pal X ta
Pav =
tg X tgo, X ta

9)

motion of the stator and rotor comb-fingers, beam 2 and
and thicknesses of the silicon. silicon dioxide, and plate toward the substrate and slide film damping between

aluminium layers, respectively. The total massyy) of the stator and rotor comb-fingers.

the CMOS-MEMS resonator is the sum of the effective 1 he total damping coefficient for mode 1 and mode 2
mass of beams, mass of plai®yj and mass of the are expressed as sum of squeeze and slide film damping

comb-fingersiimes) [29] and is given by equatiorl() 3%?;}"52 by equationl@) and (4 for the two modes of

whereps, Pso,, Pai: ts, tso, andty are the densities

Motal = 4Mef tp1 + 4Mef fh2 + Mp + Mgt = Pata (10) b1 r0.4220tw, . 2ntlo . NlefWer + Ap2Whz + 1 pWp

where - X3 d X
G=(g—§,|b1 Wb1+g_§|b2 Wh2 + |p Wp + nlet Wer) andn 13
is the total number of rotor comb-fingers on the resonator
(on beam 2 and plate). b 10.4220tw3; +1.688ppWh2 +0.4223  2ntl,

The damping ratio is defined as the ratio of the actual n x3 Ty
damping coefficien to the critical damping coefficiei
as in equationX1), and the critical damping coefficient is
determined by equatiorip).

} (14)

wheren is the dynamic viscosity of ainl is total number
of stator and rotor fingers from one sidg,is the comb-finger
overlap areayo is the gap between the rotor comb-finger tips
b and stator wall and x is equal to 300 (back side etched SCS

(= o (11) depth as shown in Figurg.b). The resonance frequency under
¢ the effect of damping for mode 1 and mode 2 are determined by
ti d (6
by — 2 N (12) equation {5) and (L6)
. - I 2
The damping coefficient has a significant effect on the fy = 1 by (15)
physical behavior of a mechanically vibrating system. T\ Mot 4N
There are two types of damping effects for the two modes
of vibration of the CMOS-MEMS resonators: slide and f )k B (16)
squeeze film damping 3B,34]. Slide film damping 27\ moa g,

occurs between the adjacent parallel walls of the rotor and
stator parts of MEMS device8%]. Squeeze film damping
occurs when the rotor plate moves towards the stator plate o fn VMgak (17)
or substrate36,37,38]. fi—fa b
fiIde(;(rjnep:iLng r%izﬁi?]\g(}?oﬁ] a;;fgcrtoegrb znt;]OeT JBS ;ggetﬁzeewhere f; and fp are the freguencies at.voltage ggin of 0.707 or
adjacent stator wall and slide film damping due to motionh"’llf.power bandwidth antl is the damping coefficienQ under

. the influence of damping for mode 1 and mode 2 are determined
of the adjacent parallel walls of the rotor and stator comb-by equations18) and (19) [19]

fingers and also beam 2 and plate with the substrate (not

At resonance, the quality factor (Q) is expressed3&k [

shown in the figure) as shown in Figu4eMode 2 is also VMotarky
affected by both the squeeze film damping resulting from Q= b, (18)
@© 2015 NSP

Natural Sciences Publishing Cor.



Appl. Math. Inf. Sci.9, No. 2, 729-737 (2015)www.naturalspublishing.com/Journals.asp %N;S =) 733

Q= VMulte (19)

3.2 FEA Smulation

CoventorWare simulation software is used to design thecdevi
following 0.35 um CMOS technology design rules and
post-CMOS micromachining process to validate via FEA the
performance characteristics of the CMOS-MEMS resonator.
CoventorWare is a comprehensive virtual design environmen
for MEMS design and simulation tools that reduces design ris
and manufacturing time and lowers development cod@. [
Material layers are constructed in a deposit and etch segquen
that emulates the fabrication process to be used by the fpund
The virtual fabrication process in CoventorWare simulatio
software is defined in the process editor in the designergfart
the software. The process editor supplies the informatesdad

to construct the 3-D solid model of the resonator from the 2-D
masks viewed in the layout editor. Figuse(a) shows the 3-D
solid model of the CMOS-MEMS resonator from the front side
and Figure5 (b) shows the back-side of the resonator with
thinner SCS (15um thick) under the plate and beams
achievable by etching. Fine tetrahedral mesh with @M
element size is used for all the layers of the resonator taibt
accurate simulation results.

In the simulation the damping MM solver is used to obtain
the damping coefficient for mode 1 and mode 2 as the overlap
area increases from 4@m to 75 um. The simulation is
performed in ambient pressure and temperature with frexyjuen
range of 10 kHz to 30 kHz, a frequency range that
accommodates both the theoretically calculated resonance
frequencies for mode 1 and mode 2. To obtain the simulated
parameters of the device in the mechanical analysis, loae fo
(the electrostatic) is calculated by using equation (1)wekeer
in the CoventorWare simulation environment, the drivingdo
forces are given in terms of the pressure (force per unit)area
Therefor the driving force that was calculated has to be (®)
converted to pressure for use in FEA simulation. The sinarat Fig. 5: 3-D solid model of the CMOS-MEMS resonator showing
of dynamic behaviour of the CMOS-MEMS resonator is () top view and (b) back-side view
performed using the modal harmonic analysis of the sinarati
software where the load force is a sinusoidal function oktim
determine the vibrations of the two modes.

comb-finger tips and the adéacent stator wall for mode 1 wihile
. : . remains constant ( 7.2 10~7 Ns/m) for mode 2. However, the
33 Comparlson of Modeled and Smulation squeeze film dumping is about two or three orders of magnitude
Results lower than slide film damping and may therefore be neglecated i
the following analysis. The increase in slide film damping ha
Numerical solutions (Matlab) are used to investigate tliecef  significant effect on the resonato@s decreasing it from about
of the squeeze and slide film damping on the resonancel436 to 749 for mode 1 and from 2124 to 1137 for mode 2,
frequency and of the device. Figuref) shows the theoretical while having a negligible effect on the resonance frequency
effect on squeeze film damping of the distance of rotor which remains unaffected at 18.38 kHz for mode 1 and 26.95
comb-finger tips and the adjacent stator wall for mode 1, evhil kHz for mode 2. Figures8) shows typical simulation results of
Figure (7) shows theoretical and simulation results of the effect modal displacement at resonance frequency for (a) modehL wit
on slide film damping of comb-finger overlap area between thea resonance frequency of 17.75 kHz and mode 2 with 25.77 kHz
vertical side walls of the stator and rotor comb-fingers foden  at a damping coefficient of 0.922 10°% Ns/m and 0.914x
1 and mode 2 and shows good agreement. 106 Ns/m, respectively. Compared with the theoretically
It is theoretically observed that the squeeze film dampingcalculated values of 18.36 kHz and 26.95 using equatidBp (
increases with decrease in gap distance between rotoand (L6) for modes 1 and 2, respectively, the percentage error is
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(@)

Fig. 6: Theoretical effect on squeeze film damping of gap of rotor
comb-finger tips and the adjacent stator wall for mode 1.

T T T T T T
— = — Theoretical mode 1 ¢ Simulation mode 1

1.7 - —«— Theoretical mode 2 v Simulation mode 2 B
E 4
z ]
=
=
£ ]
[=%
g
<
5 ]
E Modal DisplacsmemM:g. 0.0E+00 2.5E-01 5.0E-01 7.5E-01 1.0E+00
:; ] Resonance frequency mode 2:25.77 kHz COVENTOR
@ ] (b)
08 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ] Fig. 8. Typical FEA simulation of modal displacement at
40 4 S0 55 60 65 0T 80 resonance frequency for mode 1 and (b) mode 2.

Comb-fingers overlap area (um)

Fig. 7. Comparison of theoretical and simulation results of the
effect on slide film damping of comb-finger overlap area betwe
the vertical side walls of the stator and rotor comb-fingens f
mode 1 and mode 2.

Ns/m for mode 1 and from 0.914 10~% Ns/m to 1.708x 106
Ns/m for mode 2 with increase in the overlap area of the fingers
from 40 um to 75 um, respectively. As expected, the quality
factor decreases with increasing damping coefficient, enthie
frequency of the CMOS-MEMS resonator remains unaffected at
. ) 18.38 kHz and 26.95 kHz for mode 1 and mode 2, respectively.
found to be 3.32 % and 4.38 %, respectively, showing a verygjmylation results indicates that the resonant frequery f
good agreement. mode 1 mode 2 are 17.75 kHz and 25.77 kHz at a damping
Figure @) shows a comparison of theoretical and simulation ¢oefficient of 0.922x 1078 Ns/m and 0.914x 106 Ns/m,
results of the effect of damping on Q for (a) mode 1 and (b) mode egpectively. The theoretical and simulation results showd
2. The agreement between modeled and simulated Q is 2.27 %greement for damping coefficient (1.43 % and .22 %), redonan
and 0.88 % for mode 1 and 2, respectively. Results show tkat th frequency (3.45 % and 4.4 %) and quality factor (2.27 % and

quality factor decreases appreciably as the damping ciseffic o 8g 94) for mode 1 and mode 2, respectively.
increases.
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