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Deformation and Structural Stability of Layered Plate
Microstructures Subjected to Thermal Loading

Martin L. Dunn, Yanhang Zhang, and Victor M. BrighMlember, IEEE

Abstract—We study the deformation and stability of commonly seen in micromachined mirrors composed of several
gold—polysilicon MEMS plate microstructures fabricated by different material layers. For other applications, such as radio
the MUMPS surface micromachining process and subjected 10 geqency (RF) MEMS, cantilever and bridge like structures are

uniform temperature changes. We measured, using an inter- dt ke electrostati itch Itis i tant t trol
ferometric microscope, full-field deformed shapes of a series of USEA 10 MEKe SISCUosSiatc SWIChES LIS IMPOrant 1o Contro

square and circular gold (0.5.m thick)/polysilicon (1.5 zm thick) ~ warpage of these large area, thin actuator structures in order to
plate microstructures with characteristic lengths I (square side achieve desired deflection versus voltage relationships, on—off
length and circle diameter) ranging from I = 150 to 300 um.  switching times, and RF frequency response. An inherent
From these measurements we determined the pointwise and cparacteristic of such multilayer material structures is that

average curvature of the deformed plates. Although the curvature . . - L
generally varies with position, the deformation response of the misfit strains between the layers (for example, due to intrinsic

plates can be broadly characterized in terms of the spatial average Processing stresses or thermal expansion mismatch between
curvature as a function of temperature change. In terms of the materials upon a temperature change) lead to stresses in the
this, three deformation regimes were observed: i) linear ther- |ayers and deformation of the structures.

moelastic response independent of plate size; ii) geometrically “\ymerous studies have elucidated the basic thermomechan-
nonlinear thermoelastic response that depends on plate size; and .

iii) bifurcations in the curvature-temperature response that also ical response of layered plates when subjected to temperature

depend on p|ate size. We modeled the deformation response bothchanges or other sources of misfit strains between the |ayeI’S.
analytically and with the finite element method; in the former we These have come in the context of many technological appli-

assume spatially constant curvature, while in the latter, we relax cations, the most common being structural composite materials
this assumption. Good qualitative and quantitative agreement (Hyer, [16]-[18]; Dano and Hyer, [2]) and thin film/substrate

is obtained between predictions and measurements in all three t f - lectroni Fahnligeal. [7]: Mast d
deformation regimes, although the details of bifurcation are less systems for microelectronics (Fahnliegal, [7]; Masters an

accurately predicted than the linear and nonlinear response. This Salamon, [22]; Finot and Suresh, [8]; Firettal,, [9]; Freund,
is attributed to their strong sensitivity to slight imperfections, [10]—-[12], [14]; Freundet al., [13]). When such a layered plate
which is discussed in some detail. Good agreement is also obtainedis subjected to a temperature change, two key aspects of defor-
between measurements and predictions of the spatial nonuni- ation oceur: straining of the midplane and bending. When the
formity of the curvature across the plate. Although it is not the transverse deflections due to bending are of prime importance
focus of this study, the predictions, when coupled with curvature . ; '
measurements, can be used inversely to determine elastic and@s is often the case, one way to broadly characterize the de-
thermal expansion properties of the materials in a layered plate formation response, especially for plates with relatively large
microstructure. [677] in-plane dimensions as compared to their thickness, is in terms
of the average curvature developed as a function of tempera-
I. INTRODUCTION ture change. Formally, the curvature is a second-rank tensor,
ULTILAYER material systems abound in microelec—anOI for the type of Igyered plate probl_em_s considered here it
tromechanical systems (MEMS) applications, servin n be wholly _descrlbed by the two principal curvature com-
both active and passive structural roles. In these many _nent;, €.g., In thE' andy-d|rect|or_1$,m_x andmy. The cur-
plications, dimensional control is a critical issue. Surfac t'ure IS a p0|_ntW|se qu.antlty.meanlng It varies frpm point to
oint over the in-plane dimensions of the plate. To illustrate the

micromachined mirrors, for example, require optically flaP ¢ def i ider th nalv simol
surfaces; less than 10% of a wavelength variation across gfure ot deformation, we consider the seemingly simple case

mirror’s surface. Holographic data storage and optical bea a plate w]lt?htotall tthlckness m(lehf Iﬁss Fhatn th_e |In—plane ?L
steering for display applications need reflective surfaces fr ensions of the plate composed of two ISOlropiC Jayers wi

of optical phase distortion to increase the signal-to-noi ergnt matgrlal properties (elastic modulus "?‘”d thermal ex-
ratio, minimize crosstalk, and keep the system in focus. Tiﬁ?ns'on) subjected to a temperature change (Fig. 1(a)). In terms

level of optical flatness is difficult to achieve due to curvatur@ the average curvature_ var|at|_on as a function pf ter_n_peratur_e
change, three deformation regimes have been identified as il-

lustrated in Fig. 1(b) (Finot and Suresh, [8], Fireital,[9],
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regime is characterized by both small transverse displacement
and rotations and so conventional thin-plate theory adequately
describes the deformation. The second regiineaonsists of a
nonlinear relation between the average curvature and tempera
ture, but again, = «,,. The behavior is due tgeometric non-
linearity that results when the deflections become excessively
large relative to the plate thickness and they contribute signif-
icantly to the in-plane strains. It has been shown (Fahrdine
al., [7]; Finot and Suresh, [8]; Finadt al., [9]; Freundet al.,

[13]; Freund, [14]; Masters and Salamon, [22], [23]; Salamon
and Masters, [24]) that in these two regimes the symmetric de-
formation modes are stable. The second regime ends at a po
when the deformation response bifurcates from a spherical - Ky
ellipsoidal deformation, i.es, # x,. At this point, the be-
ginning of regimelll, it becomes energetically favorable for
the plate to assume the ellipsoidal shape because to retain 15
spherical deformation under an increasing temperature chan3
require increased midplane straining. After the bifurcation thi K=Ky
curvature in one direction increases while that perpendicular 1

ture

it decreases; the plate tends toward a state of cylindrical curv %= 5| i
ture. This observation helps to explain the energetic argume E

as unlimited cylindrical curvature can be obtained with no mid I i jut
plane straining, while spherical curvature can not. This discus Temperature change

sion has been cast in the context of linear material behavior. ()

Additional deformation regimes result if material nonlinearit¥_ _ _

. t for examble. vieldina. but these are bevond the sc ll:? 1. Schematic of (a) the geometry of the two-layer plate microstructure
1S prgsen ’ . ple,y g, - Yy ) qQ (?Ning relevant dimensions, and (b) the general characteristics of the average
of this work (see Finot and Suresh, [8], for a discussion of som@vature versus temperature change of a two-layer plate microstructure.

of these issues).

Most previous work regarding the deformation of layered sythe understanding regarding the thermomechanical behavior of
tems has focused on the first linear regime. This includes mostayered systems derives from experiences in microelectronics, a
the understanding developed in the context of microelectroniosy aim of this paper is to point out that significant differences
applications where the thin film limit of this behavior is ap-exist for many MEMS applications, and these must be well un-
plicable. Indeed, much of the understanding of these issuegigrstood to optimize the design of reliable MEMS.

MEMS applications is built upon this knowledge base. In this The understanding described above derives from a number
case one layer (the thin film) is much smaller than the other (tbé studies with different technological motivations, primarily
substrate). A 0.5:m-gold film on a 500zm-thick, 100-mm-di- structural laminated composites and thin films for microelec-
ameter silicon substrate is a reasonable example. If subjectettémics. Most of these studies are analytical (Fahnébel.,

a 100°C temperature change, the maximum deflection wou[d]; Finot and Suresh, [8]; Finat al, [9]; Freundet al,, [13];

about two percent of the thickness if the film fully covered thEreund, [14]; Harper and Wu, [15]; Masters and Salamon, [22],
substrate, and even less if it were patterned discontinuou$®3] Salamon and Masters, [24]) and build upon the original
The deformation falls into the linear reginheof Fig. 1(b). In  work of Hyer [16]-[18]. The basic idea of Hyer’s, and all of
fact, the most common application of this behavior in micrahe subsequent, analyses is to assume an admissible displace-
electronics is the use of the Stoney [28] equation to determiment field w(z, y) in terms of unknown paramete(d;) that

thin film stresses (which are typically biaxial and spatially uniare suitably chosen to be consistent with observed deformation
form) from measured wafer curvature. In MEMS applicationsmodes. Values of the parametetsare then determined via a

the layer thicknesses are not only small (on the ordenofrel- Ritz procedure so as to minimize the total potential energy of
ative to in-plane dimensions, but they are often comparablette system. Different choices of the assumed displacement field
each other. An example thatis not unreasonable is at§old have been considered by these authors, and details of the proce-
film on a 1.54:m-thick, 400xm-diameter polysilicon plate. If dures are given in the above references. Such analyses are suffi-
subjected to a 10@ temperature change, the maximum dezient to qualitatively, and in many cases quantitatively, explain
flection would be about six times of the thickness. This fallhe three regimes of deformation shown in Fig. 1(b). In fact,
into the nonlinear second regintie of Fig. 1(b), and perhaps quite simple closed-form expressions result for special cases
even into regiméll . Although not as heavily studied as the firstthat provide illuminating descriptions of observed phenomena
the second and third deformation regimes have been obser(ssk, for example, Freuret al, [13] and Freund [14]). A dis-

in structural composites cured at elevated temperatures (Hymtyantage of the analytical approaches is that for simplicity a
[16]), and more recently in microelectronics thin film systemdisplacement field that is consistent with a spatially constant
(Finot et al, [9]) and MEMS microstructures intended for RFcurvature deformation mode is usually chosen. As will be seen
applications (Harskt al,, [5]; Dunnet al, [4]). While much of in our measurements and calculations, this is accurate in certain
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deformation regimes, but not in all. Additionally, these formula-
tions are strictly valid for only simple plate shapes; this may be
adequate for the structures considered here, but it is not for more
complex in-plane shapes, of either or both layers, that arise in
MEMS applications (see, for example, Haedtal,, [6]).

In this work we study, via measurements and analysis,
the deformation behavior of a series of square and circular
gold—polysilicon plate microstructures fabricated by the
Multi-User MEMS Process (MUMPS) of Cronos (Koestsr
al., [21]) and subjected to uniform temperature changes which
generate internal stresses and deformation via thermal expan
sion mismatch of the gold and polysilicon. We observe linear
and geometrically nonlinear deformations, as well bifurcations
in the equilibrium deformed shapes. The nonlinear deformation
and bifurcations depend strongly on the size of the plate.
We interpret the measurements in terms of both a constant
curvature analysis and detailed finite element analyses that
remove this restriction. Finally, the results are discussed in the
context of some MEMS applications. Guidelines are presented
in the form of curvature maps as a function of microstructure
geometry (plate size and shape) and temperature change for
the design of plate microstructures with controlled curvature.
Depending on the application, tailoring the curvature might
entail minimizing it (for example, micromirrors) or maximizing (b)
it (for example, microactuators). Fig. 2. SEM images of gold—polysilicon plate microstructures. The support

post and etch holes are apparent and thg coordinate system used in

subsequent measurements and analysis is identified. (a):800300 xm
Il. SAMPLES AND MEASUREMENTS square plate. (b) 300m diameter circular plate.

We designed a series of square and circular gold—polysilicon
plate microstructures and fabricated them using the MUMRIS? ;m. At room temperature a 10X objective was also used
surface micromachining process. The square and circular sammore accurately study the spatial variation of the deforma-
ples were fabricated using MUMPS 31 and 36, respectively. fion. In this case the lateral spatial resolution is akioftm.
the series of microstructures, the polysilicon layer (POLY2 iA Michelson objective was used which has a beam-splitting el-
the MUMPS process) was fully covered by the gold layer. Wement that transmits one portion of the white light beam to a
varied the characteristic dimensibsquare plate length or cir- reference mirror and the other to the object. The two beams re-
cular plate diameter) to include= 150 pm, 200 pm, 250 um, flected from the reference and the object are recombined and
and 300 pm, keeping the thickness of the gold and polysilprojected onto a charge-coupled device (CCD) video camera,
icon fixed at nominal values di.5 ym and1.5 um, respec- to generate a signal proportional to the resultant beam inten-
tively, as produced by the MUMPS process. The idea behind tsiey produced by the interference effect. These signals are then
design of the microstructures was to yield square and circutaansferred into the spatial frequency domain and the surface
gold—polysilicon bilayer microstructures that rest as freely dight for each point is obtained from the complex phase as a
possible. To this end, the plates were supported on the substfatetion of the frequency. Complete details of the data reduc-
by a 16um-diameter polysilicon post (fabricated from POLY Zion algorithm are given by De Groot and Deck [3] where they
through anchor2 and connected to the nitride layer). Scannimgport subpixel/fringe accuracy of 0.1 nm (De Groot and Deck,
electron micrographs (SEMs) of typical plate microstructurg3]). We do not claim to have achieved such accuracy, but in our
are shown in Fig. 2. measurements we are confident that we achieve nm-scale accu

We measured the deformation of the plate microstructuresrasy that is more than sufficient for our purposes.
a function of temperature change using an interferometric mi-The specific test protocol is designed to ensure that the
croscope and a custom-built thermal chamber that is covemadasured deformation during the temperature variations is
by a quartz window to allow optical access. Full-field measurgrimarily due to thermal expansion mismatch between the gold
ments of the out-of-plane displacement of the microstructuraad polysilicon, and that the material behavior is thermoelastic.
were made with scanning white light interferometry as the terpecifically, the sample is heated to approximately T@0
perature was changed. The resolution of the out-of-plane dighere it is nearly flat (the deviation from a perfectly flat surface
placement measurements(z, y), is on the order of a nm aswith zero curvature is always less than five percent of that
verified by making measurements on standard reference sarhserved upon subsequent cooling). The sample is held at this
ples; the resolution of the temperature chamber is abS@. temperature for a time period sufficient to ensure it has reached
During tests when the temperature was being varied a 2.5X dbermal equilibrium and a stable flat shape (about 3.5 min).
jective was used yielding a lateral spatial resolution of abotihe sample is then slowly cooled to room temperature. The
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temperature is held constant for about 3.5 min eveAC50 we assume the transverse midplane displacement is of the form
that thermal equilibrium is reached, and also so that the stressés, y) = dix? + doy? (d; andd, are one-half the curvature

do not significantly relax due to creep of the gold and/dn the z- andy-directions), and the in-plane displacements of
polysilicon (as shown elsewhere, the stresses can relax in thsemidplane are third-order polynomialsirandy, also with
microstructures even at such modest temperatures (Zhang ankinown constant coefficients to be determined. The midplane
Dunn, [29])). That this is the case is evident from the stabilitytrains are then computed from the nonlinear strain-displace-
of the subsequent curvature measurements as described megnt relations of the von Karman plate theory

Full-field out-of-plane displacements(x, %) of the surface of

the plate are then measured using the interferometric micro- o Ou 1 (0w 2

scope over a circular region of about 14t diameter about the e Tor T2 <%)

center of each plate. We measure only over this region, and not ov 1 /Ow\?>

over the entire plate, because the slope of the displacement field €y =90 + B <8—>

outside this region is too large to be measured with the 2.5X ¥ y

objective. At room temperature, though, we measuréd, y) o :@ v <8_w> <8_w> (1)
over the entire plate surface with the 10X objective. We then ooy Ox ox ) \ dy

fit the measuredv(x, i) data set with a sixth-order polynomial

in = andy (which was sufficient to accurately describe thé/N€réx. v, andw are the midplane displacements in they,

displacement profile in all cases). This polynomial was then dr?_ndz-dlrectlons, respectively. The strains at any point through

ferentiated analytically to determine the approximate c:urvaturt(g%E t_h|ckness are then computed using the standard kinematic
Kol y) ~ —02w(z, ) /022 andr, (z,y) ~ —%w(z, y)/ Oy relations for thin plates, and the stresses are computed from the
7 7 k 7 7

as a function of position. Calculations of the exact curvaturesstrains using the conventional linear thermoelastic constitutive
e.g 02w /022 '[1 +(Ow/d )2]3/2 were also per relations for each layer. The potential energy density of each
O., kK = —0°w/0dx w /0x , -

. o layer is computed from the stress and strain in each layer, and
formed and the results were found to not differ significantl Y b yer,

. ) . 4 e total potential energy of the plate is computed by integratin
from the approximate values, consistent with numerical resulis P 9y P P y 9 9

of Freund [14], and our own as discussed in Section I, A_.e potential energy density over the volume of the plate. This

. . ields an expression for the potential energy of the plate in terms
though we can not measure them directly, we are confident t T he unknown coefficients;, which are determined by mini-

_tempe_rf"‘t“re gradients in the temperature chamt_)(_ar Conmb}‘hﬁing the total potential energy. This process yields solutions
insignificantly to the curvature of the gold—polysilicon platef\o

) . L all three regions of the deformation response of Fig. 1. Com-
microstructures. This claim is based on measurements ?i

curvature developed in similar size single-material pol silicdp te details regarding this analysis can be found in these refer-
. P g poly grigces; here we present only the pertinent results in what we hope
plate microstructures: they are about two to three orders .

magnitude less than those developed in the gold—polysilic'gnan accessible form. When_ the displac_:ements are small, the
plate microstructures 8urvat_uren = Ky = Ky and mldplan_e stra_u?l0 =£l = 5_2 de-
' pend linearly on the thermal expansion mismatch straimA T

whereAa = as —«q) and can be expressed as shown in (2)—(3)
at the bottom of the page wheke= ¢, /t> andm = M; /M5,

As mentioned in the Introduction, numerous efforts hawshere M; = E,/(1 — v;) (i = 1,2). These results agree
been forwarded to model the response of multilayer plate strweith those obtained by Finot and Suresh [8] and Freemnal.,
tures subjected to thermomechanical loading. Here we consifie3] and are independent of the plate size and shape (square or
a two-layer plate with layer thicknesses and ¢, as shown circular). Note that in general both and«° are necessary to
in Fig. 1(a). Each layer is isotropic and characterized by tloempute the stresses in the layers. An important application of
Young's modulugZ;, Poisson’s ratie;, and thermal expansion these results is ththin-film limit wheret; <« ¢». Expanding
coefficiente; (¢ = 1,2). In the application to follow, we take (2) in powers ofk and retaining only the lowest order term re-
layer 1 to be gold and layer 2 to be polysilicon. We consideovers Stoney’s [28] well-known result which is the term out-
two plate shapes: circular, with diametBr, and square with side the brackets. Many recent papers have discusseec-
side lengthL. The plate is subject to a uniform temperaturéonsto Stoney’s result to increase the region of validity in terms
changeAT'. In order to compute the deformed shape when tleé layer thicknesses and modulus mismatch. We emphasize,
plate is subject to a temperature change we use the approacthotigh, that (2) is valid for arbitrary layer thicknesses and mod-
Hyer (1984) as applied by Masters and Salamon [22]. Brieflylus mismatch, and is quite simple to use itself. In the thin film

I1l. ANALYSIS

_68aAT, 1+h
" ta " T+ 2hm (2 4+ 3h + 2R2) + him?
o lonmh (14 3h+3h% + mh3) 4+ az (1+mh (34 3h+ h?))| AT

- 3
‘ 1+ 2hm (2 + 3h + 2h%) + h*m? ®)

()
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limit, (3) reduces taxs AT. Finot and Suresh [8] and Freundmismatch, the critical condition can be expressed in terms of a
[14], among others, discuss the limitations of the thin-film simeritical maximum deflection ad.. = Y¢/8 (see for example,
plification of (2) and (3). Finot and Suresh, [8]).

An important quantity for many applications where control While the assumed displacement field used in the Ritz
of the deformation is important is the maximum deflectipn procedure could be modified to incorporate the dependence
between two points on the plate. Retaining the assumptionaif curvature on position, perhaps the simplest approach to
constant curvature, this can be expressed as tackle these more general problems is to use the finite element

5 method to solve the geometrically nonlinear equations over
K= (4) an arbitrary spatial domain. This is also the most viable
8 approach for complicated geometries. We used this approach
where againl = L, D for square and circular plates, respecwith the ABAQUS finite element code and used composite
tively. Note that for the square plate this represents the defletell elements to approximate the thin-plate kinematics of
tion between the plate center and a point on the edge along eittter Kirchoff theory. Geometric nonlinearity is modeled using
x ory = 0. We emphasize that this simple result is based on thge well-known von Karman theory for thin plates with large
assumption of uniform curvature; the appropriateness of this aeflections. Both materials are modeled as linear elastic with
sumption will be taken up in detail subsequently. isotropic material properties. Input parameters to the finite

In the nonlinear, but symmetric deformation regime, the relement calculations arg, = 163 GPa,1», = 0.22 (in line
lationship between both the curvature and midplane strain andh measurements of Sharme al. [25]), £1 = 78 GPa,
the thermal expansion mismatch is too complex to present here.= 0.42 (King, [20]). The thermal expansion coefficients of
This is also the case in the nonlinear regime after bifurcation. Alme materials were assumed to vary linearly with temperature
important difference between the linear and nonlinear responaeg values at 100(224¢ used arev, = 3.1 (2.6) x 1076/°C,
though, is that the nonlinear response depends on the plate sirela; = 14.6 (14.2) x 107¢/°C (King, [20]). Although some
The critical curvature at which bifurcation occurs, though, camncertainty exists in the values of these material properties

77:

be obtained explicitly and is given by for the gold and polysilicon films, we think that these values
are accurate enough for the purpose of modeling the observed
i 122 | 6+ ﬁli V/Ass D — B phenomena. Young’s modulus and Poisson’s ratio of the
Ker = 7732 14 A Ag ) polysilicon are in line with many measurements over many
A MUMPS runs (Sharpe, [26]), and agree adequately with bulk
for a square plate, and polycrystal averages of single crystal elastic constants. Typical
finite element meshes for the plate microstructures contained
. 32V/3 1 /AssDos — B elements with a characteristic dimension of about 1&g a
Fer = T2 14 ‘iz Aso ®) size that was chosen after a convergence study with mesh size.
A1

Calculations were carried incorporating the support post and it
for a circular plate. In (5) and (6) we have introduced theas found to be insignificant on the resulting displacements,
well-known composite moduli4,;, B;;, and D;; (see, for curvatures, and stresses except in a region very near the post.
example, Jones [19]). These are functions of the elastic modiilbne carries out calculations as just described, the linear and
of the layers, the layer thicknesses, and the geometrical geometrically nonlinear response of the plate can be computed,
rangement of the layers, and are defined and given explicitlylt the bifurcations, and the subsequent post-bifurcation be-
the Appendix. The results for the square plate agree with thdsavior, cannot because of the perfect symmetry present in the
of Masters and Salamon [22], [23]. In the simplified case whegeometry and material behavior. In order to model the bifurca-
there is no elastic mismatch between the layers and the elatitigs, one can seed an imperfection of some sort into the model.
response can be expressed in terms of the Young’s modiilugVe did this in two ways, with the hope of identifying the likely
and Poisson’s ratig, (5), and (6) reduce to actual imperfections that contribute to the observed behavior.
. First, we introduced a slight thermal expansion mismatch
2 (7) anisotropy into the model by assuming the thermal expansion

coefficient of the gold is orthotropic. Specifically, we defined
wheret = t; + t3, i = ¢, s for the circular and square platesthe in-plane thermal expansion coefficients todg = o
respectively, and: anda, = a; + Sai, whereda; was taken to be 0.01% of
«1.1 With this slight perturbation, the prebifurcation response

AN Ve
Koy =Y

16 6+ v
c __ s _
Y= /T + v Y'= 2\/6 14+ (8) 1Since gold and silicon are cubic, crystallographic texture would not be ex-

pected to result in orthotropy in thermal expansion, a second-rank tensorial
Equations (7) and (8) agree with the results of Finot and Sure®fgntity. However, processing imperfections that lead to voids, defects, etc.,

. could potentially lead to slight anisotropy. At present, it is probably not pos-
[8] and Freuncet al[13], and Freund [14]. For the material P&sible to measure thermal expansion and elastic properties on thin film samples

rameters of polysilicon and gold, (5) and (6) predict that a squasehis accuracy, so definitive confirmation of this supposition is lacking. We

plate will bifurcate at a smaller curvature than the circular onte though that the stress developed upon a uniform temperature change de-
ith D — L. Although we have focused on the critical Curpend on the therma_l expansion anq elastic moduli. The latter, being fourth-rar_1k

wit - & g Tensors, would exhibit orthotropy in the presence of general crystallographic

vature for bifurcation, we note that for a plate with no elastiexture.
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(b)

Fig. 3. Contour plots of the (a) measured, and (b) predicted transverse displacerfienj$ at room temperature for the four gold—polysilicon circular plates:
D = 150,200, 250, and300 zm from left to right. Each contour band represents a displacement of 0.13, 0.22, 0.29, apdf@8the D = 150, 200, 250,
and300 um plates, respectively.

was indistinguishable from that with the isotropic thermahode changes from one of spherical symmetry to one more like
expansion. The second approach to seed the imperfection wglindrical symmetry. Both the measured and prediatéd, )
only used for the square plates; we defined one side of the platstours show this same behavior and the agreement between
to be slightly larger than the other, i.e., the plate has dimensighem is quite good. The deformation behavior for all plate sizes
L x (L + AL). As discussed by Freund [14], details of thés similar for both the square and circular plates, particularly
bifurcation, especially its sharpness, are strongly influenceder the inner regions of the plate away from the edges. As we
by small changes in the imperfection. We discuss this laterwill describe later, proper normalization of the curvature and
light of both our measurements and predictions. Calculatiotsmperature change yields the functional form of this size de-
were carried out for the loading situation of an applied uniforpendence before bifurcation.
temperature change consistent with that experienced in thdn Figs. 5 and 6, we plot the average curvature insthand
measurements. y-directions as a function of the magnitude of the temperature
change during cooling. The temperature change is actually neg-
ative according to our convention but its magnitude is plotted for
convenience throughout the paper. Note that the results would
Figs. 3 and 4 show contour plots of the measured and pl& the same, but with the sign of the curvature changed, if a tem-
dicted displacement field:(x, y) at room temperature for the perature change resulting in heating were used as long as no ma-
circular and square plates of all four plate sizes. Due to therial nonlinearity is present. In Figs. 5 and 6 measurements are
thermal expansion mismatch between the polysilicon and gosdhown with symbols (the lines connecting them are used simply
thel = 150 upm samples deform in a spherically symmetri¢o aid viewing), and the finite element predictions are shown
manner; contours of constant transverse displaceménty) with solid lines. In these plots, the average curvatures are deter-
are nearly circles. This is also the case as the size increasesitoed from the measured and computeg:, ) by averaging
I = 200 and 250um, although the displacements increase as, = —d?w(x,0)/9z? andk, = —d%*w(0,vy)/dy* along the
the plate size increases. At 300 m, though, the transversepathsy = 0 andxz = 0, respectively, over a region of 15m
displacement contours are not circular, but elliptical, indicatirdjameter from the center of the plate. Again, this is the extent
that the deformation is no longer spherically symmetric. It isf the region that is experimentally accessible. Thandy-di-
apparent that when subjected to the same temperature chargstjons are taken to be aligned with the principal curvatures
both the magnitude and deformation mode of the different siaéter bifurcation. Before bifurcation, the response is spherically
plates depend on the plate size. As the in-plane dimension of #ygnmetric and so the- andy-directions are arbitrary and in-
plate increases with the thickness held constant, the deformatitistinguishable. The use of the average curvature as a measure

IV. RESULTS AND DISCUSSION
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0|®| 4
nOll

Fig. 4. Contour plots of the (a) measured, and (b) predicted transverse displacerqeng$ at room temperature for the four gold—polysilicon square plates:
L = 150,200,250, and300 xm from left to right. Each contour band represents a displacement of 0.23, 0.35, 0.45, and fo:6the L = 150, 200, 250, and
300 um plates, respectively.

i

B &

of the plate deformation seems appropriate if the curvature i 400 1

or is close to, spatially uniform. This aspect will be taken up t
some degree later. The measurements and predictions in Figs _ 300
and 6 show the three regimes of deformation as discussed in 1£
Introduction. Itis apparent from both the measurements and prs
dictions that in regimé, the curvature-temperature response it :
independent of plate size and shape. In redimehough, there
is a strong dependence on plate size. Although only one set 100
data exists in regimil , calculations and measurements that ar
not shown demonstrate a dependence on plate size and she
Figs. 5 and 6 show good agreement between the measureme
and predictions in all three deformation regimes. The major dit
crepancy is the sharpness of the bifurcation foritke300 m 400
plates; itis quite sharp in the predictions but much more gradu
in the measurements. There is of course a related discrepancy
the temperature change at which the bifurcation occurs. Tou g
derstand this we remind that the source of the bifurcation is e

Increasing D

200

Curvatul

300 Increasing D

imperfectionof some sort that breaks the ideal symmetry; W(§ 200
will take this up in more detail in the following. é
Following Freundet al. [13] and Freund [14], we introduce |
the nondimensional curvatuf€ and temperature change (mis-
match strain)s
2 0 ! ! ! ! : ’ ! '
_ R 0 10 20 3 40 50 6 70 80
16t5 Temperature Change (°C)
3ACYAT£2t1M1
8t%M2 Fig.5. Average measured (top) and predicted (bottom) curvature as a function

. _ . of temperature change upon cooling from 10D to room temperature. The
Inthese expressions= D, L for the circular and square plates ¢ es from top to bottom are for th® = 150, 200, 250, and 300 gm

respectively. The data of Figs. 5 and 6, before bifurcation, artcrostructures, respectively.
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g Increasing L g 0
g 200 Tg 0.4
g S
E
100 202
z

0 1 I I 3

400 ¢ 0.0 0.5 1.0 1.5 2.0
Nondimensional mismatch strain, S

: Fig. 7. Nondimensional average curvature as a function of temperature change
Increasing L . ; . o .
for the linear and nonlinear regimes. Measurements (symbols: filled for circular
plates, and open for square plates) and predictions (solid line for both circular
and square plates) are shown. Both open and close symbol shapes denote the
200 same plate sizes as in Figs. 5 and 6, i.es, 150 pm (triangles)/ = 200 um
(squares); = 250 pm (diamonds), andl = 300 pm (circles).

300

Curvature (1/m)

100
agreement with these, particularly qualitatively (the differences
can be seen to some degree in Fig. 14, although that is not the
primary intent of that figure). In each figure, contours for con-
stant polysilicon layer thicknesses are shown. Of particular note
aret = 1.5 ym andt = 3.5 um. These thicknesses correspond
Fig. 6. Average measured (top) and predicted (bottom) curvature asafunctGnplates fabricated from the POLY2 and POLY¥2POLY1
of temperature change upon cooling from 10D to room temperature. The layers in the MUMPS process. The curve= 4.5 um corre-
curves from top to bottom are for the = 150, 200, 250, and300um  snonds approximately to the case of a plate fabricated from the
microstructures, respectNer. .
MUMPS POLY2+ OXIDE + POLY1 layers, i.e., a structure
fabricated with a trapped oxide layer (Cowanal, [1]). It is

plotted in terms of these nondimensionalized variables in Fig.approximate because the elastic moduli of the oxide differ from
The four curves collapse to a single curve and the plate size #fat of polysilicon. Also notable are the curves for 8.5 um.
fect in this regime is described by the nondimensionalizatiomhese are applicable to a polysilicon process that is capable of
We emphasize, though, that this is in part because the averdgpositing more structural layers, such as the Sandia SUMMIT
curvature is computed over a region of 15 diameter, and process (see for example, Sniegowski and de Boer, [27]). Figs. 8
the curvature is relatively uniform over this region. In agreeand 9 show the strong influence of the plate length/thickness
ment with Freund'’s results, the geometric nonlinear effects imatio on the development of geometrically nonlinear deforma-
tiate at a normalized temperature change (mismatch strain}tioh and bifurcation.
aboutS = 0.3. Interestingly, predictions for both the circular InFig. 10, we explore the effect of possible imperfections that
and square plates are indistinguishable, but the measurememds trigger the bifurcation in the deformation behavior. In order
differ slightly, particularly at larger values &f. Here the results to simplify the interpretation of the results and identify basic
for the circular microstructures are slightly above those for thghenomenological features, the calculations in Fig. 10 were car-
square microstructures. The reason for this is unclear, but itried out with constant room temperature material properties.
perhaps due to slight differences in properties between the thais slightly alters the exact magnitudes of calculated quan-
fabrication runs to produce the two sets of samples. Neverthigies, but does not affect the conclusions drawn. This can be
less, the agreement between the measurements and predicters quantitatively by comparing the results here with those in
is quite good. Fig. 6 which incorporate temperature-dependent material prop-

In Figs. 8 and 9 we explore the connection between the therties. First, in Fig. 10(a) we alter the thermal expansion mis-
momechanical loading (the temperature change), the geometrgtch by increasing the thermal expansion coefficient of the
(plate size), and the boundaries between the three deformatimid cv,, = «v; ando,, = a1 + d«r, while keepings« fixed. This
regimes for the gold—polysilicon plate microstructures. Fig. iBcreases the mismatch straleA7T. Note that the same ef-
shows the temperature change necessary to initiate nonlinfest could be generated by decreasing the thermal expansion of
effects (the transition between regionandll) as a function the polysilicon while keeping that of the gold constant since the
of polysilicon thickness when the gold film thickness is keghermal expansion mismatch drives the deformation. Fig. 10(a)
constant at 0.5:m. Fig. 9 shows similar results for the onseshows that increasing the mismatch strain by about 8.5% de-
of bifurcation (the transition between regiolsandlll). For creases the temperature at which bifurcation occurs by about
simplicity, the calculations leading to these results were carri8dC, but at the resolution of the plot it does not significantly
out using the analytical model previously described. Limited reffect the linear and nonlinear portions of the temperature-cur-
sults obtained from finite element calculations are in reasonabiture response. Of course these results are for the particular

0 1 1 i L L i i —

0 10 20 30 40 50 60 70 80
Temperature change (°C)
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Fig. 8. Temperature change required for the initiation of nonlinear geometn’ 500
effects as a function of plate size and the thickness of polysilicon for the
gold—polysilicon microstructures.
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Fig. 9. Critical temperature change for bifurcation as a function of plate size ~ 400 F
and the thickness of polysilicon for the square (solid lines) and circular (dasheg . .
lines) gold—polysilicon microstructures. Z 300 F JL increasin
o)
ot
=
material system and geometry considered. This 8.5% differenc 5 200
in the mismatch strain is probably not an unrealistic estimate ¢
the uncertainty of the actual mismatch strain. Looking at thes 100 |
results in light of the measurements, it seems that the unce
tainty in knowledge of the mismatch strain can not explain the 0 : : : : : * ! ! !
discrepancy between the observed and predicted deformatic 0 10 20 30 40 50 60 70 80 90
This is because it is not adequate to predict the observed diffe Temperature Change (°C)

ence between the measured and predicted temperature at which
bifurcation occurs, and because it does not resolve the differ- o _ _ _
ence in the sharpness of the bifurcation between measuremé%s:r% pIaEtg:e((:S gf; ol c;g':'i' l'ripf_'fi“'losn ;;‘dtg‘g_;'ffgfzf/'ir‘cf‘(’g)fﬁ ot
and predictions. of Say:6a = 0.004, 0.1, and 0. 10°/°C; and (c) effect 0B L:6L =

In Fig. 10(b), we study the effect of slight anisotropy in thé.05,0.1, 0.5, 3, and &m.
mismatch strain by increasing the thermal expansion anisotropy
of the gold,é«; . The principal result of this is a gradual beginprecisely the temperature change at which the bifurcation starts.
ning of the bifurcation, from the sharp result with; = 0.004, InFig. 10(c), we study the effect of imperfection in the structural
aséay is increased. To the resolution of the plot, no significargeometry, specifically, the side length of the square plate. Like
effect is observed in the linear and nonlinear regimes prior tioe thermal expansion anisotropy, increased small anisotropy in
bifurcation. Interestingly, anisotropy i of less than one per- the plate side lengthi leads primarily to a gradual beginning of
cent leads to a decrease in temperature change at the beginthiegoifurcation. Heré . = 6 um leads to only about a 7-1G
of the bifurcation of about 15-20C. The latter is in line with decrease in the beginning of the bifurcation. The latter is less
the discrepancy between measurements and predictions, andhha that observed in the measurements and the former is much
former is probably not an unreasonable degree of anisotropyl@ager than thé L measured which is about open at most. As
discussed previously. We note, though, that because of the deesult, anisotropy in the geometry is probably not the primary
crease inthe sharpness of the bifurcation it is difficult to descrilmperfection that actually contributes to the gradual bifurcation.

(©
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These results, along with similar ones reported by Freur 3% [

et al[13] and Freund [14], show that the details of the bifur 200 b i
cation are strongly influenced by slight perturbations of the in~ 2D =02 2%/D =033
perfection. This sensitivity probably precludes a sharp bifurc= 300 -
tion in practice. Although we focused on the possible roles £
S andés L, other imperfections such as other slight variatior £ 200 -
in the geometry, nonuniformities in the layer thicknesses due S
deposition imperfections, the etch holes, and anisotropy and

heterogeneity in other material properties also can play a rc 0 L L ) ' L L L '
in the exact bifurcation details. In summary, the bifurcation d
tails are a strong function of the details of the imperfectionsar 3% r
probably represent an aggregate effect of all of these. As ares w00 | i
it is prohibitively difficult to predict the bifurcation details. We = 2x/D =05 2x/D = 0.67

100 B

E
note, though, that if it is desired to make the bifurcation occur < 300 f S
a particular direction one can incorporate an imperfection in E
the microstructure design, for example, anisotropy in the leng g 2% [ I

that overwhelms all other sources of imperfections that may r © ’
be able to be accurately controlled.

In the analytical treatments discussed previously itis assurr 0 . . . ! . . —
that the curvature is spatially uniform. The power of the finit 0 N 20 40Ch 60 e 80 0 20 40 60 80
element calculations is that this requirement is relaxed and t..c emperature Change (1) Temperature Change (C)
spatial variation of th_e_ curvature can be StUd'?d' Our_fu"'f'ellgg. 11. Pointwise curvature as a function of temperature change f@» the
measurement capability allows us to study this experimentaliyo .m microstructure at four locationgz/D = 2y/D. Solid lines are
as well. We take up this line of inquiry in Figs. 11 and 12 wherredictions and the open circles are measurements which are connected by lines

; to aid viewing.

predicted and measured curvaturegz, 0) and ,(0,y) are
plotted as a function of temperature change for four discrete

00 | -

positions along the:-axis (y = 0) andy-axis (z = 0), re- 500
spectively, for the = 300 pm microstructures. In the linear o X
regime, the curves are indistinguishable implying that the cul = 2%/L = 0.17 2x/L = 0.33

vature is essentially uniform across the plate. In the nonlinei= 3¢ |
regime, though, the curvature varies appreciably with positior §
increasing by about a factor of two from the center to the pe £ 200 |
riphery of the plate. As with the average curvature, good agrewé1
ment also exists between measurements and predictions he 100
with the most significant discrepancy being the details of th 0 ) . : ) . : :
bifurcation as discussed previously. Although not shown, add
tional calculations have shown that the spatial nonuniformity c = 300 r
the curvature increases as the plate size increases. The spe 00 b i
variation of the curvature raises concern regarding the suitabl 2 %L =05 2%/ = 0.67
ness of an analysis based on constant curvature. As mentior = 300 | I
previously, such an analysis may be adequate to describe 1 £
general deformation behavior, but not finer details.
While to this point we have primarily focused on curvature. ©

200 -

urvati

100 |+ -

in Fig. 13 we show the computed dependence of the midplar

strain on the temperature change at five discrete positions 1 0 ' . . ! ' : : !

a square plate witl. = 300 pm. Although not as promi- 0 20 40 60 80 O 20 40 60 80
nent, the three deformation regimes described in the context . Temperature Change (1C) Temperature Change (1C)

the curvature versus temperature chagge- AT) response Fig. 12. Pointwise curvature as a function of temperature change for the

are apparent in the® — AT response. In regimelsandll, L = 300 um microstructure at four locationgz/L = 2y/L. Solid lines are

€2 = £2 = £°, while after the bifurcation (regimitl ) 2 # 2  predictions and the open circles are measurements which are connected by
o Y L : e Y lines to aid viewing.

as the deformation is no longer symmetric. The midplane stra

vary nearly linearly with temperature throughout the deforma-

tion; the nonlinearity in regiodl is slight. Additionally, the ingly, unlike the curvature variation with position, the midplane
midplane strains do not vary significantly with position, espestrains do not vary monotonically with position from the center

cially when compared to the curvature variations of Figs. 1 the periphery of the plate. This is perhaps difficult to see from

and 12. This has important implications for strain measuremefrig. 13(a), so in Fig. 13(b), we show the two contributionslo

using X-ray or neutron diffraction as it suggests fairly larggdu’/dz) and1/2 (6w /dz)?), along withe? itself, as a func-

in-plane dimensions could be used for the sampling. Interestn of = plotted alongy = 0 when the plate is subjected to
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Fig. 13. (a) Pointwise midplane straif) (ands?) at five location2x/ L (and2y/ L) as a function of temperature change for fhe= 300 zm microstructure.
Curves before bifurcation correspond2e(2y)/L = 0.67, 0.83, 0.5, 0.33, and 1 from top to bottom; (b) Midplane strain forithe 300 ;sm microstructure
and its componentéu/dx, and(1/2)(dw/dx)? alongy = 0 for AT = —76 °C.

AT = —76 °C. This illustrates the role played by the geo )
metrical nonlinearity; the variation of thi@ /2)(9w/dz)* term
largely cancels out the variation of théu°/9x) term.

In Fig. 14 we plot the critical average curvature at which th§ 200 ®  Measurement
bifurcation in the equilibrium shape occurs as a function of tf ¢
plate sizeL. Although not shown, similar behavior results f0|§ 150 F
the circular plate with diametdp. Four results are shown: i) an %
analytical prediction from the constant curvature calculation .2 1% [
given by (5); i) predictions from the simplification where there;‘i:.3 50
is no elastic mismatch between the layers, (7); iii) finite ele“

Equation (5)
250 | S Equation (7)
O  Finite element calculation

ge ('C)

ment predictions; and iv) the measurement forthe 300 um 0 : . . . . . . ,
sample. Despite the fact that the constant curvature approxir 100 150 200 250 300 350 400 450 500
tion becomes questionable for larger plate sizes, (5) is a gc Plate size, L (um)

approximation as seen by the agreement with the finite element

calculations, atleast for the elastic mismatch and plate sizes cbfi- 14 Critical temperature change for bifurcation as a function of square
' plate size for the gold—polysilicon microstructures. The error bars on the finite

sidered here. In fact, the simplified result of (7) for no elasti@ement calculations represent the difference in the critical temperature change
mismatch is in reasonable agreement with the finite element ahat results from a one percent change in the anisotropy of the mismatch strain

the complete analytical results. Even better agreement wo(fg discussed with regard to Fig. 10).
be expected for practical situations where the elastic mismatch

were less such as silicon dioxide/gold and silicon dioxide/althat results from a one percent change in the anisotropy of the
minum multilayers. The finite element calculations are shownismatch strain (as discussed with regard to Fig. 10). Unfortu-
with error bars. These error bars show the range of critical curvaately we only have a single measurement, but it is accurately

ture (actually critical temperature change as shown in the figu@gscribed by both the analytical and finite element results.
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V. CONCLUSION In (Al), the Qiji depend on the generally anisotropic elastic

_ ) - moduli of the:th layer; for isotropic materials the nonzero com-
We studied the deformation response of polysilicon/golghnents reduce to,

square and circular plate microstructures subjected to uniform
temperature changes. Consistent with previous observations,

we observed three regimes of deformation in terms of the ~ A~ B

average curvature-temperature respohdieear thermoelastic Qu, =@z, = 1—v2’

responsell geometric nonlinear response, diidbifurcations ~ ~ v, E; ~

in the deformation behavior. These phenomena, particular Q12 =Qn, = 1— 12 =i,

regimes |l and Ill, can be detrimental when dimensional _ Q1. — O1o,

stability is a requirement, or can be beneficial for actuator Qes, =Gi = I E— (A3)

applications. In all three regimes, we found good agreement

between measurements and predictions, the latter basedwhereL;, v;, andG; = E;/(2(1 + 1)) are Young’'s modulus,
both an analytical calculation assuming a constant curvatifeisson’s ratio, and the shear modulus, respectively, oitthe
deformation mode, and finite element calculations that removigyer.

this restriction. While simple analyses assuming a constant
curvature deformation mode are perhaps sufficient for simple
shapes (e.g., relatively simple blanketed or thin line patterns),
the finite element approach is better suited for arbitrary ge-I[1l
ometry with spatially varying curvature. The most significant
discrepancies between the measurements and predictiong
occurred in the details of the bifurcations, but we showed that
these are unlikely to be accurately modeled without detailed[3]
information regarding the imperfection that initially triggers
the bifurcation. When geometric nonlinearity occurs, the 4]
average curvature depends on the in-plane dimensions of the
plate, and the curvature can vary significantly over the in-plane
dimensions. The average curvature may thus be insufficient td”!
adequately describe the deformation state of the microstruc-
ture. The spatially nonuniform curvature, and thus stressesl®l
makes the use of common average curvature measurements to
determine film stress, via the Stoney formula, questionable;
interpretation of such measurements must be made with card’]
Finally, although our focus has been on deformation, we note
that significant differences exist with regard to the stress statd8]
due to the comparable thicknesses of the layers, but these will
be discussed elsewhere. [

(0]
APPENDIX

The composite moduli used in the text are defined in mosttl]
standard texts on composite materials (see for example, Jones
[19]), and are recorded here for completeness [12]

_ _ _ _ [13]
Aij =Qij, (71 — 20) + Qij, (22 — 21) = Qij, b1 + Qij 2
1. - ~
Bij =5 {Qij, (1 —20) + Qij, (23 — 1) }
1. - _
Dij =3 {Qij, (21 = 2) + Qug, (5 — 20) }

wherez; andt; are defined in Fig. 1(a). In terms of andt,:

(14]

[16]
[17]

_ t1 + 12 [18]

2

ti—t

i+t
2 B '

2

z20 = 21 22 (A2)
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