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Abstract 

This paper mvestlgates the elcctrostatlc dnve 
and sense of polynhcon resonators parallel to the 
substrate, using an mterdlgtated capacitor (elec- 
trostatic comb) Three expenmental methods are 
used nucroscoplc observation mth contmuous or 
stroboscopic iummatlon, capacltlve sensing using 
an amphtude-modulation technique and SEM ob- 
servation The mtnnslc quality factor of the 
phosphorus-doped low-pressure chemlcal-vapor- 
deposited (LPCVD) polyslhcon resonators is 
49 000 + 2000, whereas at atmosphenc pressure, 
Q < 100 The finger gap IS found to have a more 
pronounced effect on comb charactenstlcs than 
finger width or length, as expected from simple 
theory 

1. Introduction 

Mechanical resonators are highly sensltlve 
probes for physical or chermcal parameters which 
alter their potential or kinetic energy [l] S&on 
resonant nucrosensors for measurement of pres- 
sure [2], acceleration [ 31, and vapor concentration 
[4] have been demonstrated Recently, polysihcon 
nucromcchamcal structures have been resonated 
elcctrostatlcally parallel to the plane of the sub- 
strate by means of one or more mterdlmtated 
capacitors (electrostatic combs) [5,6] Some ad- 
vantages of ths approach are (1) less av damping 
on the structure, leading to higher quality factors, 
(u) lmeanty of the electrostatic-comb dnve and 
(m) flexlblhty m the design of the suspension for 
the resonator For example, folded-beam suspen- 
sions can be fabncated without increased process 
complexity, which IS attractive for releasing resld- 
ual strain and for achieving large-amplitude vlbra- 
trons [5,6] Such structures are of particular 
interest for resonant rmcroactuators [A 
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This paper reports the mltlal charactenzatlon of 
the electrostatic-comb dnve and ad&tlonal mea- 
surements on polyslhcon resonators Test struc- 
tures are fabncated from a single layer of LPCVD 
polyslhcon using a snnple five-mask process [ 5, 61 
Vanattons m the finger lengths, widths and gaps 
between fingers m the comb are incorporated mto 
a senes of test structures Observations of resonat- 
mg structures under an optuzal rmcroscope and a 
scanmng electron rmcroscope are used to measure 
directly the electromechamcal transfer function 
and the quality factor of the mechamcal resonance, 
Q Finally, the motional current m the sense 
capacitor IS found Hrlthout on-&p arcmtry by 
means of a earner modulation technique 

2. EWrostatic~mb Drive 

Figure 1 1s an SEM of a linear resonant plate 
with two electrostatic-comb dnves The clrcmt 
configuration for resonating the device IS shown 
m Fig 2, where V, is the dnve d c bias and V, 
ts the a c dnve voltage The denvatlve of the 
dnve capacitance with respect to lateral &splace- 
ment, dC/iIx, 1s constant for the comb dnve for 
displacements much less than the finger overlap 
Therefore, the electromechanical transfer func- 
tion relating the phasor Mbratlonal amphtude 

Fig 1 SEM of a hnear resonant plate wth two electrostatlc- 
comb dnves 
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Spcmm Analyzer 

Rg 2 Cncmt schematlc mdlcatmg the electrical connections 
necessary for dnvmg a lateral resonant nucrostructure into 
resonance The dotted hnes correspond to addlhonal arcmtry 
reqmred for motlonal current sensmg wa ektromechamcal 
modulation 

htovabie plate Stat,onary Electrodes 

Fig 3 Comb-structure dimensions 

X to the a c dnve voltage V, at resonance 1s gven 
by 15961 

where Q and kSYS (system sprmg constant) are 
the mcchamcal charactenstlcs of the resonator 
The transconductance of the resonant structure, 
defined by G( JO) = Is/V,, where I, IS the phasor 
current m the sense electrode, 1s gven by [5,6] 

Z I I -K = WV, v, $ (ac/ax)Z 
Vd SYS 

where Vs 1s the has voltage between the structure 
and the stationary sense electrode 

In order to design the comb dnve using these 
results, values are needed for X!/iYx and the qual- 
ity factor Q of the resonance The denvahve 
K/ax 1s a function of the finger urldth and length, 
the comb gap, the polyslhcon thickness, and the 
offset from the substrate (Fig 3) The effects of 
different finger Hndths, lengths, and gaps are stud- 
led for the specific case of a 2 pm ttick polysrhcon 
resonator Hnth 200 pm long folded flexures, which 
1s suspended 2 pm above the substrate The qual- 
lty factor 1s determined by viscous drag from 
Couette flow under the resonant structure [5,6] 
and by damping between the comb fingers The 

latter contnbutlon 1s evaluated using measure- 
ments on these structures 

3. Technique for Characterizing Resonant 
MiCWK!S 

Several techniques have been developed to 
characterrze resonant rmcrostructures They m- 
elude visual techniques, m which vlbratmg plates 
are observed under high magmficatlon (provided 
by a scanning electron rmcroscope and optical 
nucroscopes) under contmuous or stroboscopic 
dlummatlon, and an electrical technique, whch 
pronuses high accuracy and convenience 

Visual determination of resonant frequency 
and quahty factor reqmres large dnvmg voltages 
m air to provide sufficient vibrational amphtudes 
Typical d c bias voltages VP are 40 to 50 V, wtth 
a c dnve-voltage amplitudes of about 10 V Un- 
der contmuous &unmatlon, amplitudes are estl- 
mated by observing the envelope of the vlbratmg 
structures By strobmg the hght source at a fre- 
quency 100 times less than that of the a c drive, 
the mode shape of the resonating structure can be 
observed 

Measurement of the current induced m the 
mterdlgtated sense electrode (Fig 2) by motion 
of the structure 1s &fficult mthout an on-&p 
buffer arcmt [8] However, tlus can be accom- 
phshed by supenmposmg a high-frequency a c 
signal on top of the d c bias which IS applied to 
the structure This signal serves as a tamer which 
1s modulated by the time-varying sense capacl- 
tance As a result, electr& feedthrough from 
fixed parasitic capacitors and the sense current 
due to the vlbratmg structure are separated m the 
frequency domain, as shown m Fig 2 

4. Experimental Results 

The resonant frequencies of the set of res- 
onators wth different comb geometnes are hsted 
m Table 1 wth the comb &menslons defined m 
Fig 3 The values obtained from both optical and 
electrtcal techmques are m close agreement The 
calculated resonant frequencies m Table 1 are 
found using Rayleigh’s method [5,6] 

where h, W and L are the thickness, Hndth and 
length of the supporting beams, respecttvely, and 
Mp and M are the masses of the plate and the 
beams Tlns equation assumes that the folded 
structure allows release of the residual compres- 
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TABLE 1 Calculated and measured resonant frequencws of a set of comb&we structures suspended wth 2OOpm long beams 

Comb charactenstics Resonant frequenws (Hz) 

No of Finger Fmgcr Gap Calculated waswed 
fingers length wdth em) 

Olm) elm) 
$z 

strobe EktlXXl 
_+005 *005 

12 20 
12 30 ; 

2 23 4 22 9 23 1 22 8 
2 226 22 3 224 22 9 

12 40 2 2 219 22 1 220 220 
12 ii : 2 21 3 215 216 216 
12 2 204 20 9 205 20 3 
12 40 4 2 19 I 19 2 193 19 3 
12 40 5 2 18 1 I8 8 184 180 
12 40 2 3 213 21 1 212 214 
12 : 2 4 208 205 207 210 
12 2 5 202 20 0 199 19 8 

slve stram m the polysdlcon film A best-fit value 
for the Young’s modulus for these structures IS 
E = 150 GPa An earlier processmg run wth a 
slmllar process has a best-fit Young’s mod&us of 
140 GPa, somewhat lower than that from the data 
of Table 1 

OptIcal and electrtcal measurement of the 
quality factor Q are plotted m Fig 4 for a set of 
1Zfinger test structures wth Werent finger gaps 
The fingers are 40 pm long, w&h an overlap of 
20 pm and 2 pm x 2 pm cross sections An Impor- 
tant observation from Fgg 3 IS that Q 1s low for 
structures with ather small finger gaps or widely 
separated fingers 

By measurmg the e~trom~hamcal transfer 
function at resonance, eqn (I) together with the 
calculated sprmg constant ksys yields values of the 
denvative of drive capacitance mth displacement 
Figure 5 IS a plot of &Z/ax as a function of the 
finger gap, whch shows the expected sharp m- 
crease with reduced gaps Figures 4 and 5 provide 
the emptncal basis for deslgmng electrostattc- 
comb drives 

The resonant behavror of an 1 l-finger comb 
structure 1s observed at a pressure of I x 1 0w7 Torr 

Ftg 4 Plots of quality factor vs finger gap comparmg optrcal 
and electrical measurement tcchmqucs 

2 3 4 5 

Flnwr WP (em) 

Fig 5 Plots of X/ax vs finger gap comparmg results ob- 
tamed via opt& and electrwl measurement techmques 

m a scanmng electron nncroscope Figure 6 1s an 
SEM of the vlbratmg structure suspended by a 
pan of folded beams 140 pm long The motion of 
the structure IS lateral to the substrate, wthout 
any mdlcatlon of torsional or ver&cal motion It IS 
Important to note that the resonant frequency 
of the vertical mode 1s identical to that of the 

Ftg 6 SEM of a wbratmg rm crostrWure showmg no mdxca- 
t~on of any torszoxml or vertxal motion under Hugh vacuum 
(lo-’ Tocr) 



deslgned lateral mode due to the square cross 
section of the suspenaons The electrostatic comb, 
Hrlth underlying ground plane, is therefore capable 
of cleanly dnvmg Just the lateral mode of the 
structure Finally, the structure 1s observed to 
elevate about 200 nm upon apphcatlon of the d c 
bias, an effect wluch warrants further study 

In the SEM, this structure resonates at 
j;=3163691+002Hzforadc blasof5V The 
quality factor 1s evaluated wth both time domam 
and frequency domam methods 

Q ~143TS, and Q =fh 

where T IS the time for the oscillation amphtude 
to drop from 90% to 10% of its full amphtude 
after stopping the dnve and (1; -f,) IS the - 3 dB 
bandwdth The values of Q are 49 000 f 2ooO and 
50 000 & 5000 for the time and frequency domam 
methods, respectively The dnve efficiency for tis 
design m a vacuum 1s measured to be 20 + 2 pm/ 
V under a d c has of 5 V 

5. c0Dc1llsi0os 

Thus paper has demonstrated three expenmen- 
tal methods for charactenzmg the electrostatlc- 
comb dnve of lateral polysihcon resonators 
Transfer function and quality-factor measure- 
ments obtamed wth both optlcal and elcctncal 
techniques agree wthm the estimated expenmen- 
tal errors Additional snnulation and expenmental 
studies are needed to fully charactenze the comb 
dnve, however, the uutlal results presented here 
provide emplncal gmdehnes The gap between 
comb fingers 1s found to be the most important 
design parameter for both the quality factor and 
the dnve efficiency for operation at atmosphenc 
pressure 

Observations of the resonator m the SEM 
demonstrate that the electrostatic comb 1s capable 
of selecttvely exclhng only the lateral mode of 
oscillation By strobmg ather the electron beam 
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or the video slgnal, It IS hoped that the motion of 
the structure can be observed more precisely 
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