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MEMS Resonators That Are Robust to
Process-Induced Feature Width Variations

Rong Liu, Brad PaderSenior Member, IEEEand Kimberly TurnerMember, IEEE

Abstract—A stability analysis and design method for MEMS Fabrication processes induce wafer to wafer as well as
resonators is presented. The frequency characteristics of a later- on-wafer frequency variations. To identify sources of vari-
ally vibrating resonator are analyzed. With the fabrication error ability, one looks to the associated MEMS processes such as

on the sidewall of the structure being considered, the first and . .. .
second order frequency sensitivities to the fabrication error are plasma-enhanced chemical vapor deposition (PECVD), lithog-

derived. A simple relationship between the proof mass area and raphy, reactive ion etch (LRIE), isotropic etch, deep reactive
perimeter, and the beam width, is developed for single material jon etch (DRIE), and sputter metallization. Process temperature

structures, which expresses that the proof mass perimeter times yjariations have a critical influence in most of these processes.

the beam width should equal six times the area of the proof mass. A -
Design examples are given for the single material and multi-layer Water-to-wafer vanations depend on the temperature conirol

structures. The results and principles presented in the paper can of_process equipment ?nd thermal stabiliza_tio_n of equipment
be used to analyze and design other MEMS resonators. [705] prior to use. Thermally induced on-wafer variations are caused

Index Terms—Frequency stability, MEMS resonator, process by wafer edge effects, process Chamber asymmetry, anq gas
variation. flow effects. Once processing begins, surface stresses disturb
wafer planarity, which, in turn, affects optical lithographic
steps and on-wafer device uniformity. Transport processes
|. INTRODUCTION are difficult to control for uniformity both on-wafer and for
ESONATORS have been widely used as a key componenatching devices. Application of photo resist, the distribution
in MEMS devices, such as in microgyroscopes [1]-[3Rf process gasses, and the diffusion of reactant in wet etching
microvibromotors [4], microengines [5], and RF systems [6Bre nearly impossible to control across a wafer, and wafer to
Resonators are actuated, usually electrostatically, to oscillatevafer variations also occur. Pressure variation is gas-phase
their natural resonant frequency, so that the robustness of thelg@ctions is yet another source of process variability and the
sign frequency to process variations is one of the most impdist goes on.
tant functional properties for the resonator design. FrequencyThus, with present micromachining techniques, the fabrica-
stability of a resonator can directly affect the quality of thgon process variation in MEMS is inevitable and it will con-
system in which it serves as a component. For the lateral tiRue to be the case when devices are miniaturized to the point
brating rate gyroscopes, the frequency matching for their tvadprocess limitations. For example, the fabrication tolerance for
vibrating modes is important for the output sensitivity. If frethe width of a typical suspension beam is reported to be about
guency of any one of the modes shifts, the output signal’s acd®% in [10]. Although it is known that the fabrication errors af-
racy will be decreased. Although symmetry in these gyroscogest the frequency stability [9], [11], it may be that design for
helps the two modes to track to first order, it is useful to enhanpeocess variation was largely overlooked because of the struc-
the frequency matching by designing the resonant frequencyttse complexity and differences in micromachining methods.
be insensitive to process variations. The fabrication errors not only change the stiffness of the beam
In microvibromotors, several resonators impact a bar to ma@éthe resonator, but also change the mass of the proof-mass.
it move in the plane of the chip. If the impacting frequenciesven the same fabrication errors will cause different frequency
of the resonators are not harmonic, the motion of the bar wiariations for different resonator structures. In this paper, the
be unpredictable. Similarly, two orthogonal resonators actudtequency robustness for a folded-beam lateral vibrating res-
the previously mentioned microengine, and the rotational steRator is analyzed. Based on the analysis, an optimum design
bility of the engine is affected by the synchrony of these two regiethod is presented for the resonator to obtain minimum fre-
onators. Finally, in RF systems, the resonator is used in oscilifuency sensitivity. A simple relationship between the area and
tors and filters. Therefore the frequency stability of the resonateerimeter of proof mass and beam width is derived for single
in these applications is particularly important as its frequeneyaterial structures.
determines the system performance in a fundamental way.

Il. ANALYSIS OF A FOLDED-BEAM SUSPENDEDRESONATOR

Manuscript received June 4, 2001; revised April 5, 2002. Subject Editor WITH SINGLE STRUCTURAL MATERIAL
R. T. Howe.

The authors are with the University of California at Santa Barbara, Santa . A
Barbara, CA 93106 USA. Afolded-beam suspended resonator is shown in Fig. 1, where

Digital Object Identifier 10.1109/JMEMS.2002.803279. the cross section of the beams is assumed to be rectangular. The
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perimeter = P anchor width erroré in the lateral dimensions of the folded-beam and
beam width = a propf mass. (Itis shown in the Appendix that our results hold for
arbitrary “sidewall” errors.) Then the natural resonant frequency
becomes

2(a+ 28)3E

WO((S) = pAeff((S)L?’

)
whereA.(6) = A(6)+8uL(a+26), the approximatiod < L

is used to simplify the influence @fon the length of the beams,
) ] andL is held constant in the following derivations.

thickness of beams = thickness of mass = Therefore the first order sensitivity af, with respect tas is
given as

Fig. 1. Folded-beam suspended resonator.

a 2 20E 1 |2 26)3E 0Acn(6
merits of this kind of resonator include a wide frequency sepa-% =3 % —3 (151L+(6)?)>L3 ar([s( ). (6)
ration between the desired mode of oscillation and higher fre- plleft pilefl

quency parasitic modes, insensitivity to axial residual stress injt js easily obtained that the derivative of the atéawith
the beam, and a smaller size than cantilevered beam resonateipect to the sidewall fabrication eriis directly proportional

One objective of this paper is to derive a simple relationshig the perimeter of the area in question including the perimeter
between the design parameters to ensure low sensitivity to paeenclosed holes and voids. That is

tolithographic- and etch-induced variations in line-width. OA(S
The lateral spring constant of the eight combined folded 0 = Poq(8) = P(6) + 16uL 7
beams is given by 98
where P(6) is the perimeter of the proof mass.
(1) Substituting (7) into (6) yield

_ 2a3bF
L3
wherea andb are the width and thickness of the beams, respec- dwo _ <3 _ (a+26)[P(5) + 16uL]> 2(a+286)E
tively, L is the length of each beam, a#dis the modulus of a5 2A.5(6) pAeg (6)L3
elasticity of the beam material. 8)
The natural frequency of the resonator can be expressed as
The second order sensitivity af, with respect tas can be

k

k 2a3bE derived as
OTN Mg\ MogL3 @)
e eff Pwy < _ 3Pen(8)(a+26)  4(a+26)
where, M. is the effective mass including the proof mass and?¢? A (0) Acg(6)
an equivalent mass contributed by the folded-beam. Assuming 3(Pag(8))?(a + 26)2 2o
that the thickness of the mass (in the dimension normal to the  + A A (5))2 ) (a+ 20)pAa (L3 9)
chip) is the same as that of the beams and that the structure ot ot
consists of only one material, we have To set(Awp)/(36) and (8%wo)/(962) equal zero, the fol-
Magt = pbAus = pb(A + 8pLa) 3) lowing conditions must be satisfied
7] 1
whereA, is the effective area; is the density of the material, % = 3Aen(6) — 5 et(0)(a+26)=0  (10)
A is the area of the proof mass excluding cut-outs, eic., ) o )
i i ici - dw 1
is the mass equivalence coefficient (0.38 for folded-beam 8620 =3 |:Aeﬂ(6) -3 eﬂ(é)(a+2(5):|
[6]). Presently, most proof masses are rectangular plates with s
attached comb-drive fingers and are solid or trussed. — 4An(8)(a+ 25)2 =0. (11)
Substituting (3) into (2) yields the natural frequency of the
resonator Settingé equal zero, and substituting (6) and (7) into (10) and
(11) yield
203 E
=4 [ —— 4
wo pAeg L3 @ % =34-— 1Pa + 16pLa =0 (12)
36 |s_o 2
In computing (4)bis cancelled because it appears bothinthe 52 1 2
numerator and in the denominator. This shows that when the —5 | =3 {A - QPG} — 4(A + 8pLa)a® = 0.(13)
6=0

thickness of beam is the same as that of the moving mass the
natural frequency of the system is independent of the thicknesslf the parameters of the structure are designed to satisfy the

Hence it is reasonable to assume that the fabrication erro12) or, better yet, both (12) and (13), the frequency variation
only on the “sidewalls” of the structure, i.e., there is a smatlue to process variations can be reduced significantly.
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L ox Yx 1~metal top thickness, t; (18) becomes
- i Ix L 1 | metal side thickness, t, 3
A P F ik ax = (20)
silicon j \oxide thinkness, t; Eeﬂaeﬂ et

If the fabrication errors occur only on innermost silicon beam,
e.g.,a becomes: + 26, then the sensitivity of effective elastic

. modulus can be simply expressed as
However, it is not usually the case that both (12) and (13) can

be satisfied, as substituting (12) into (13) yields OFEr  —12(Eu — Ea)(a+ 26+ 26)2(b+ 1)t
3A+24puLa = o? (14) 95 (a+20+2(t1 +t2) b+ b1+ t3)

2
1, +8ul = a. (15) _12(Ee — E)(a+26)%b(t + t2) @
2 (a+ 26 +2(t1 +t2))*(b+t1 +t3)

Fig. 2. Cantilever beam coated with two added material layers.

Generally, the width of the beam is small, and to satisfy both
(14) and (15) the area and perimeter of the proof mass have tef ¢, and¢, are much smaller than the width of the beam,
be less tham?/3 and 2a respectively, which is unreasonablét can be assumed that the effective Young’s modulus remains
for most MEMS resonators. Therefore, only the first order sesenstant in the frequency sensitivity analysis. In this case, the
sitivity of wo with respect t@ can be designed to be zero in mosfirst and second sensitivities to the fabrication errors are similar
cases. When the area of the proof mass is much larger thanttheesonators that are not coated.
area of the beam, (12) reduces to a convenient rule of thumbwhen there are fabrication errors in the lateral dimension
“the perimeter of the proof mass times the beam width shouddl the layered materials, the effective modulus of elasticity
be roughly six times the area of the proof mass. .~ 6A.”  will change too. Although the computation of sensitivities is
straight-forward using computational algebra software such as
[ll. ANALYSIS FORMULTILAYER STRUCTURES Mathematica or Matlab, it is not useful to include the general

For the sake of electrical conductivity, beams and pro ]utpm of such calculation here. An example will be given in
masses in MEMS resonators are sometimes coated with ot gpnop IV-B. . .
layers. For example, structures fabricated with SCREAM Besides the_ above deform ation equatlops, the mass of the
process [12] are coated with two material layers—one oxi(‘féoc’f mass will also have different expressions than that for a

layer with thickness; and one metal layer with side—thicknes?mgle_ material structure_. The expression is depend_ent on con-
t, and top-thicknesss, as shown in Fig. 2 struction, trussed or solid, of the proof mass, and will be given

The moment of inertia of the oxide layer and metal layer afd the following section.
given respectively by

L (a+2t1)3(b+11) — a3b (16) IV. EXAMPLE OF A ROBUST DESIGN
‘T 12 , , A. Single Material Structure
20t +¢ b+t t3) — 2¢ b+t N -
Is = (o +2(t +))°(b+ 11+2 3) = (a+2)°(b+h) A proposed structure for a resonator design is shown in Fig. 3.

17) The trussed comb-driven mass is suspended by two symmetric
folded-beams. The trussed structure for the mass simplifies the
Because the coat-layers and the innermost silicon beam haweler-releasing of the structure from the substrate in, for ex-
the same lateral deflectio X on the tip of the beam, the fol- ample, the SCREAM process. Also, in some designs (not ours),

lowing expression can be given as itis useful that the truss will decrease the squeeze-film damping
L3 FoL3 FyL3 when there is a vertical vibration [11].
AX = = (18)  The proof mass is divided by row and column walls into

_ SEeley 3ECQI‘:2 Ea®b smaller squares of dimensidit x k), except for the right-
whereF" is overall force on the tip of the bearhy, /5, I are  mogt or leftmost sub-regions which are rectangles of dimension
the forces off” on the oxide layer, metal layer and silicon beaml,/% x k. The width of all the walls in the trussed proof mass
respectivelyE., , E.; andE are the Young's modulus for threejs ¢; the number of row and column walls on the proof mass not

materials. _ _ _ _ including the outside walls afe/ andN respectively; the width

Deflnlng the effective beam width, eﬁectlve beam thicknesghd length of the comb fingers adeandg respectively, and the

and effective Young's modulus, respectively, as number of combs on each siderig. The four connectors that
ot = (@ + 2t +12)) connect the folded beams to the proof mass are solid rectangles

with width p and lengthy.

berr = (b+ 11+ t3) The design task is to specify the above parameters in addition

Eg=FE,.— (Bez — Ee1)(a+ 2t )°(b+ 1) to the folded-beam parametdtsanda, and the structure thick-
(a+2(t +t2))3(b+t1 + t3) nessh, so that the natural resonant frequency of the structure
(E.q — E)a®b equalswy and its first order sensitivity to sidewall fabrication

- (19)

(a+2(t1 +t2))3(b+ t1 + t3) error is zero.
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K\comb drive TABLE |
fingers SOME DESIGN PARAMETERS AND CONSTANTS
p>le £
vy . A Variable Value
A L 500pm
m
J T | | y m . 3§0pm
| | I | | Predetermined 1 Opm
______________ parameters k! pm
L ) A t lum
ng 30
d 4pm
: . g 30pm
> n - Material p 2330kg/m’
constants E 190GPa
Fig. 3. Folded-beam suspended comb-drive resonator, whésehe length
of eac_h beam, proof mass width comprises\ + 2 row walls, and length
comprisesV + 2 column walls. The natural frequency of the resonator is selected to be 5.5
. . . o KHz, which is in the range of typical MEMS resonator frequen-
The dimensiork of the inner square satisfies cies. So the angular frequencyus = 34 560 (rad/s).
- (N+2)t  m— (M +2)t 22) From 4), (_1_4_) and (15),_th§ beam width for first- and second-
TTNyi2 M1 order insensitivity can be initially calculated to be
. 273
The solid area on the proof mass can be expressed as = wol”p =3.05x 107* ym (26)

6F

which is too small for current MEMS fabrication technologies.
(23) Even though the width can be increased by increasing the beam
length and natural frequency, the increase is limited and not
1suf‘ficient to make the width consistent with current fabrication
methods. Therefore, as mentioned previously, satisfying both
the first- and second-order sensitivity conditions is practically
impossible. When only the first condition is considered, the
width of the folded beam can be set tquh. Hence, the solid

A =2npdg +4pg+nm — [n — (N + 2)t][m — (M + 2)t]

where2nsdg is the area of the comb fingedpq is the area
of four connectorspm is the overall area of rectangular proo
massin — (N + 2)t][m — (M + 2)¢] is the total area of all inner
trussed squares.

The overall perimeter of the proof mass is given by

P=dn;g+4(2¢—a) +2(n+m) +2(M + 1) area and perimeter can be calculated by solving (4) and (12)
X[n—(N+2)t|]+2(N+Dm—(M+2)t]. (24) 243E Y o
A= —8uLa=6.38418 x 10* zm (27)
Substituting (23) and (24) into (4), (12) and (13) can yield w0L2 P
a set of equations (the algebra is omitted as it is straight-for- _ 12¢°FE o 5
ward). These equations plus (22) can be regarded as constraint P= wiL3p 16l = 1.02> 107 pm. (28)

conditions for solving for the structural parameters. The number thatth ired d oerimeter of th f
of parameters is much larger than the number of equations,gm!;\IOW attherequired aréaand perimeter ofthe prootmass are
I

that these equations are under-defined and there is some de ?ﬁrml_ned, solving (16)—(18) with respect to variables\/
freedom. andny yieldsn = 391 um, N = 79.6, andM = 88.8.

Practically, the parameters andm can be initially given Because both andM must be integers, thi andA/ in (26)

based on overall dimensional requirement of the whole devi N rqunded o 80_ and 89 respectively. Thgl andnm should
e adjusted to satisfy (16)—(18),as 0.999 xm,n = 390 um,

The widthp and lengthy of the connectors can also be given as -

function of folded beam width. According to the designed ele@nd™ = 350 um. .

trostatic force, the size of the comb finger can be determined,From (18), the width of the inner square can be calculated as
which included, ny andg. Since the total width of the fingers n— (N +2)t

and gaps can not exceed the length of the device, a constraint k= W = 3.33 pm. (29)
condition has to be added as

2npd < n (25) B. Multilayer Structure

¢ can be initially given. After the above 8 parameters In this subsection we outline the design of a multi-layer struc-

(L,m,t,d,n;,g,p.q) are determined, there are stil fourture. The design steps are similar to the single material design

parametersa, n, M, ') to be resolved with (4), (12)~(14). except for different express!ons of design cpnditions. .
Rather than going through a complete design proce SThe top-view of the m_ultllayer structure is same as Fig. 3.
involving detailed electrostatic design, etc., these eight para[%—om (20), the lateral spring constant of the folded beams
eters are set to typical values found in the literatures. Table | 2¢3. b E
_ g Vel Liell

shows these parameters and material constants of silicon. ke = - 73 (30)
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The natural frequency of the resonator can be expressed as So setting(dwg)/(36) |s=o = 0 yields

wn = ke[[ . 2agﬂbeﬂEeﬂ (31) 3MeﬂEeﬂ + Meﬂaeﬂ aEeﬂ((S)
"N M TN M l? S G
. . o Eeﬂaeﬂ aMeﬂ(é) -0 37
where M.g is the effective mass comprising the mass of the T o T (37)
proof massiMi,..ot Plus an equivalent mass due to the folded -
beamMi,com From (21),(0E.x(6))/(96) |s=0 can be expressed as
Meff = Mproof + NMbea111- (32) aEeﬂ — _12(E02 — ECl)(a + 2t1)2(b + tl)tQ
(9(5 5=0 aéﬂbeﬂ
From the construction, the mads,..os andMpeam Can be ex- 12(E. — E)a2b(t, + to)
pressed respectively as - ! (38)
aeﬂbeﬂ
Myroot = 4¢{pbp +£1(2b +p + 2t1)p1 On the proof mass, the inner square condition becomes
+ [2t2(b+¢1) + ¢ +2(t1 + ¢
[22(b + t1) + ta(p + 2(t1 + t2))]p2} 0 (N +2)(t 1 2(t1 + 1))
+ 2npg{dbp + t1(2b + d + 2t1)p1 k= N+1/2
+ [2t2(b + £1) + t3(d + 2(t1 + £2))]p2} m— (M + 2)(t + 2(t, +12))
+{2m+ N[m — (M + 2)(t + 2(t1 + £2))] = M1 (39)
+ (M +2)[n - 2(t + 2t + £2))]} From the above analysis, when the multilayer structure res-
X {tbp +t1(2b + 1+ 2t1)p1 onator is designed, three constraint conditions, i.e., (31), (37)
+ [2to(b + t1) + t3(t + 2(t1 + £2))]p2} and (39), should be satisfied. The design processes are similar
Miyeam = SL{abp +£1(2b + a + 2t )py to those of the single material structure resonator. Most of the

design parameters are determined empirically based on process
induced design rules. Only three variables are left to solve the

The fabrication error here is assumed to occur only on tfR@0Ve three (31), (37), and (39). _ o
sidewalls of the innermost silicon structure, i.e., there is a small'" the case of multi-layer structures, if other fabrication er-
width erroré in the lateral dimension of all innermost silicon™©rS: such as thickness errors and coated-layer fabrication er-
components of the folded-beam and proof mass. There are/AE> @re considered, the analysis and design methods are sim-

errors in the thickness. Then the natural resonant frequency B {0 the above analysis, but there is no pedagogical benefit in
comes including the algebra here. With these fabrication errors being

considered, the natural vibrating frequency of the designed res-
) \/ 2 et + 28)3bes Eeir (6) onator will be robust.
wWo =

+ [2t2(b + t1) + ta(a + 2(t1 +12))]p2}. (33)

34
Mg (6)L3 (34)
V. CONCLUSION

Therefore the first order sensitivity af, with respect t@ can . . -
yob P In this paper, the frequency sensitivity characteristics of

be given as micro-resonators are analyzed, and a method to make the
o 2( et + 20)begg Eer (6) frequency robust to fabrication error of line width variation is
25 = Mo (8)L° presented.
eft For a resonator fabricated with only one material, the first-
1 | 2(aeq + 26)3beg OEer(6) and second-order sensitivities of frequency to the linewidth fab-
+ > Eer(®) M ()L 08 rication error were derived. With the assumption of the beam

and proof mass having the same thickness, the natural frequency
is independent of the thickness, so that the thickness fabrication
error can be ignored when considering the frequency sensitivity.
When both the first- and second-order sensitivities are set to
where thg(0M.g(6))/(96) |s=0 can be expressed as zero, the dimensions of the resonator design become unreason-
able (excessively wide beam and excessively small proof mass).

1 \/2(aeﬂ+25)3beﬂEeﬂ(5) OMe(9) 50

2 Mg (8)3L3 as

aMg‘ig(é) ={8¢+4nsg+2[(N +2)m+ (M +2)n  Therefore, only the first-order sensitivity is considered in the
6=0 design example. A rule of thumb for robust resonator design is
— (N +2)(M + 2)(t + 2(t; + t2))] that the proof mass perimeter times the beam width should be
—16pL}(bp + t1p1 + tspz) six times the area of the proof mass.
+2[M+ N +4— (N +2)(M +2)] For the multilayer structure, its effective modulus of elasticity

and mass are given, and its first order frequency sensitivity to
X Atbp + 120+ + 2t )y the sidewall fabrication error of the innermost beam is derived.

+ [2t2(b + £1) + ta(t + 2(t1 +t2))]p2}- The results can be used to analyze the effect of other fabrication
(386) errors on the structure.
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- X i The natural frequency of the folded beam suspended res-
j T Ix I f‘j—_ tI: onator can be given as
T Ayt |
j L s 1| , g
&7 a X _|2E Jo la+26(y)3dy
o VT 0P AG e P

Fig. 4. Cantilever beam and its cross section with arbitrary sidewall fabrication
error.

2Eb(a + 26mean)® + 2F [12a ( I 8()2dy — 62 eanb )

The concepts presented here can be applied to more complex bpA(bmean)L? (A-6) .
systems using numerical optimization or computer algebra soft- (fo (v)3dy — 62 anb )
ware such as Mathematica or Matlab. bpA(Smenn) L2

APPENDIX
EQUATIONS FORMEMS RESONATORWITH ARBITRARY
PROFILE OF SIDEWALL FABRICATION ERROR

Because the following equations are satisfied

2B [12a (fy 8(y)*dy — canb)

From the cross section of the beam (see Fig. 4), a thin seg- 3 =0 (A-7)
ment of thicknessAy is considered. I1fAy is small enough, +38 (fo ) dy — 6111eanb):| §=0
this segment can be regarded as a rectangle in the dimension of 2E [12& (f )2 dy — 62
Ay x (a+28;). & is the fabrication error on the segment, and is 0 meanl
dependent on the position of the segment on the cross-section. +8 (fo (y)3dy — 6meanbﬂ =0 (A-8)

This segment with length of is a thin beam. The tip deflection 9

of this thin beam can be expressed as b=0

whereé = 0 means that the fabrication error on every point on

73
AX; = LL?’ (A-1) theside-wallis settheoretically to zero. Then the first sensitivity
Bla+2§PAy of the natural frequency to the mean fabrication error can be
where thel’; is the force on the tip of this thin beam. expressed as
The whole beam can be divided into many thin beams as
above. Because the overall force on the tip of the béam: 3 2(a + 26mean) £
", F;, and any tip deflection of those thin beams is equal to tigwo _ PACmoan ) L7
deflection of the whole beam, i.eAX = AX;, the deforma- 96,can |5y 1 [2(a + 26mean)* E OA(Smean)
tion equation of the whole beam can be given as PA(Smean)3L?  Obmean N
AFL3 (A-9)

AX = — —. (A-2)
E [y [a+26(y)Pdy From (A-9), the same results can be obtained as in (12) §vith

Then the elastic coefficient of the beam can be obtained a¥’ (12) replaced by ucan.

E fob [a +26(y)]°dy REFERENCES

41,3 (A-3) [1] W.C. Tang, M. G. Lim, and R. T. Howe, “Electrostatic comb drive levi-

tation and control methodJ. Microelectromech. Systcol. 1, no. 4, pp.

The mass of a unit length of beam can be expressed as 170-178, Dec. 1992. _ o
[2] Y. Mochida, M. Tamura, and K. Ohwada, “A micromachined vibrating

b rate gyroscope with independent beams for the Drive and detection
o modes,” inTech. Dig. IEEE Int. Conf. MEMS’99.999, pp. 618-623.
unit = . A. Yeh, H. Jiang, and N. C. Tien, “Integrated polysilicon an

Mynic = p A [a + 26(y)] dy 3] L. A. Yeh, H. Ji dN. C. Tien, “I d polysili d DRIE

k=

bulk silicon micromachining for an electrostatic torsional actuatdr,”

= Pb(a + 26mean) (A-4) Microelectromech. Systvol. 8, no. 4, pp. 456-465, Dec. 1999.
[4] M. J. Daneman, N. C. Tien, O. Solgaard, A. P. Pisano, K. Y. Lau, and
wheres yean = fo dy)/(b) is the mean fabrication error R. S. MuIIe_r, Linear microvibromotor for positioning optical compo-

. nents,”J. Microelectromech. Systiol. 5, no. 3, pp. 159-165, Sept. 1996.
on one side of the beam- Equation (A-4) has the same forms) L. A. Romero, F. M. Dickey, and S. C. Holswade, “A method for

as that for a beam with line-width fabrication error, except the achieving constant rotation rates in a microorthoginal linkage system,”
constant for with line-width fabrication error beam is replaced . J Microelectromech. Systol. 9, no. 2, pp. 236244, June 2000.

. . . 0[6] H. J. De Los Santodntroduction to Microelectromechanical (MEM)
With 1mean. SO the mass of the proof mass which can be obtaine Microwave System Dedham, MA: Artech House, 1999.

similarly asé,.can iS considered as the mean fabrication error on [7] Y. K. Yong and J. R. Vig, “Resonator surface contamination—A cause
of frequency fluctuation?,JEEE Trans. Ultrason., Ferroelectr., Freq.
the width of all structures. Contr, vol. 36, no. 4, pp. 452—-458, July 1989.
[8] T. B. Gabrielson, “Mechanical—Thermal noise in micromachined
M = pbA(bmean) (A-5) acoustic and vibration sensor$EZEE Trans. Electron Devicesol. 40,
no. 5, pp. 903-909, May 1993.

. . . [9] F. E.H. Tay, J. Xu, Y. C. Liang, V. J. Logeeswaran, and Y. F. Yao, “The
where A(émean) is the area of the proof mass with fabrication effects of nonparallel plates in a differential capacitive microaccelerom-

error. eter,”J. Micromech. Microengvol. 9, pp. 283-293, 1999.



LIU et al: MEMS RESONATORS THAT ARE ROBUST TO PROCESS-INDUCED FEATURE WIDTH VARIATIONS 511

micro-resonator for gyroscopic applicationd,’Micromech. Microeng.
vol. 10, pp. 452-458, 2000.

[11] J. B. Starr, “Squeeze-film damping in solid-state accelerometers,” |
Solid-State Sensor and Actuator Workshop, Tech, Digw York, 1990, |+

[10] Y. S. Hong, J. H. Lee, and S. H. Kim, “A laterally driven symmetric’-i‘

pp. 44-47.

[12] K. A. Shaw, Z. L. Zhang, and N. C. MacDonald, “SCREAM-I, a
single-mask single-crystal silicon, reactive ion etching process f
microelectromechanical structure§éns. Actuators, Phys, ®ol. 40,

p. 63, 1994.

T Kimberly L. Turner (M’01) received the B.S. de-

I gree in mechanical engineering from Michigan Tech-
nological University and the Ph.D. degree in theoret-
ical and applied mechanics from Cornell University,
Ithaca, NY, in 1994 and 1999, respectively.

She is currently an Assistant Professor of Me-
chanical Engineering at the University of California,
Santa Barbara, a position she has held since July
1999. She is continuing her research in the areas
of MEMS and nanosystems. Her interests involve
many areas of micro- and nanosystems, especially

dynamics and characterization, and applications utilizing nonlinear dynamics.

. ) . ._Some current projects in her research program include the development
Rong Liu received the B.A. degree in mechanicalyt harametrically resonant chemical sensors, coupled oscillator dynamics,
engineering and the Ph.D. degree in mechanics frofyechanical filters, and nanoscale device fabrication and characterization. She
Beijing University of Aeronautics & Astronautics, po|ds one U.S. Patent and has three others pending.
China, in 1990 and 1996, respectively. He received pr 1yrner is the recipient of the 1997 Varian Fellowship Award given by
the M.S. degree in mechanics from the Beijingihe American Vacuum Society, as well as an NSF graduate research fellowship,
Polytechnic University in 1993. o _and a 2001 NSF CAREER Award. Her work has been publishéthinreand

From 1996 to 1999, he has worked in Beijing Uni-geyiew of Scientific Instrumentas well as other publications. She is an ac-
versity of Aeronautics & Astronautics, where his re-g.e Member of ASME, IEEE, as well as the American society for Engineering

search focused on robotics. In 1999, he was with thg 4y,cation, the American Vacuum Society, Tau Beta Pi, Pi Tau Sigma, and the
City University of Hong Kong as an Associate Re-comell Society of Engineers.

searcher for a cleaning robot project. From July 2000 to 2001, he was a Visiting
Scholar at University of California, Santa Barbara, doing research in MEMS. He
is currently working as an Associate Professor in Beijing University of Aero-

nautics & Astronautics.

Brad E. Paden (S'83-M'85-SM’02) received
the Ph.D. degree in electrical engineering from
University of California, Berkeley, in 1985.

He is currently a Professor at the University of
California, Santa Barbara, in the Department of
Mechanical and Environmental Engineering. His
research interests focus on nonlinear control theory
and its application to electromechanical systems. In
1988, he was a Visiting Fellow at the Department
of Mathematics, University of Western Australia.
He has consulted for industry on numerous projects

including artificial heart design, maglev vehicle design, energy storage
flywheels, and has served as an Associate Editor forJthenal of Robotic
Systems|In 1992, he Co-Founded Magnetic Moments, LLC, a company
specializing in magnetic bearing and electromechanical system design. He
directs RoboChallenge, a robotics-based K-12 outreach program involving
over 100 students in mobile robot design.

Prof. Paden was the recipient of the Best Paper Award frotA8ME Journal
of Dynamic Systems, Measurement, and ComtréB93, and the IEEE Control
System Society Technology Award in 2001.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 
	Intentional blank: This page is intentionally blank


