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Deformation of Blanketed and Patterned Bilayer
Thin-Film Microstructures During Post-Release
and Cyclic Thermal Loading
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Abstract—We study, both experimentally and theoretically, is used to yield suitable optical properties. The latter include
the deformation of blanketed and patterned bilayer thin film  many microactuators, including bilayers which rely on misfit
microstructures subjected to temperature cycles from room strains, for example due to thermal expansion mismatch,

temperature to elevated temperatures following processing by . .
surface micromachining and release from the substrate. While between two adhering layers. To obtain the necessary thermal

the theoretical treatment is general, the experimental component €xpansion mismatch in bilayer actuators, one film is typically
focuses on beam-like microstructures consisting of a 06m thick a metal and the other a material with a much lower thermal

gold film on a polysilicon film that is either 1.5 pm or 3.5 pm  expansion coefficient such as a glass or ceramic. Innovative
thick. For all microstructures the underlying polysilicon film designs and layering arrangements have led to microactuators

is the same size, but the gold film is patterned into a line that . . .
runs the length of the beam. Its width is varied from 0 to 100% capable of deforming both in and out of the plane of the bilayer,

of the width of the polysilicon. We experimentally characterize Providing three-dimensional motion. Such actuators have
the deformation by measuring the full-field deflection of the been used for many purposes including RF switches, optical

gold/_polysilic_on bilayer be_ams_ as a function of temperature using positioning, accelerometers, and 3-D microassembly [1]-[7].
a white-light interferometric microscope. From the deflection, the Irrespective of the intended application, MEMS multilayer

curvature is determined, and we report the evolution of curvature terial t tible t bstantial def fi
with the temperature cycling. Qualitatively the behavior is the material systems are suscepuble 1o substantial deformation

same regardless of the linewidth. The quantitative differences UPON temperature changes, and their implementation relies
can be described by a simple model incorporating an inelastic on a solid understanding of this behavior, either to use it
tempe_rature-driven mechani_sm in addition to linear the_rmoelastic productively or to compensate for it. In either case, the most
behavior. We show experimentally and/or analytically, how gyaignhtiorward phenomenon to deal with from a design
the parameters in the model vary with linewidth. The results . S . . .
are discussed in the context of the current understanding of viewpoint is linear thermoelastlc behavior where the mult|!ayer
microstructural evolution in thin-film metals, and in relation to ~ deforms linearly with a temperature change. Metal films,
anticipated thermoelastic response. We show that via a suitable however, do not typically exhibit a stable microstructure in
thermal process, the thin film material microstructure can appar-  their as-deposited state, and exposing them to temperature
ently be stabilized over a prescribed temperature range, rendering ey cyrsions results in highly nonlinear deformation behavior
the subsequent deformation linear thermoelastic. We discuss the during the first few cycles due to microstructural evolution
implications of these findings in the context of the design and S ) .
fabrication of high-yield, dimensionally stable MEMS devices Such as annihilation of excess vacancies, void coalescence, and
utilizing bilayer material systems. Although our measurements grain growth. This phenomenon has been known for some time
are focused on gold/polysilicon bilayer films, the concepts and in the microelectronics materials community [8]-[11] where
associated analysis are applicable to other bilayer film systems, yhe primary interest has been in understanding the evolution
particularly ones with metals, although there will surely be . . .
quantitative differences. [1007] of stressgs in deposited metal lines over a few thermal cycles.
It exists in the context of MEMS multilayers, also, and rears
its head in the form of short-term and long-term dimensional
stability issues due to inelastic deformation mechanisms in
the metal. Relevant examples include RF switch arrays [12],
I. INTRODUCTION tunneling accelerometers [5], and resonant mass sensors [13].
In MEMS applications the film thicknesses are often, but not
Iways, comparable, unlike in microelectronics where the
applications. They may serve passive and/or active structu ital film is typically orders of magnltydg thlpngr than the
roles. The former include micromirrors where a metal filnt" strate.We referto the IaFter as the thin-film limit of the case
of two arbitrary thickness films. In the cases where the film
thicknesses in MEMS multilayers are not comparable, i.e., one
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Furthermore, there is a through-thickness stress gradient, unlik
in the thin-film limit where the stress through the thickness of
the film is essentially constant since the substrate is so thick.

Motivated by microelectronics applications, curvature and
stresses have been studied recently for substrates with perioc
patterned line geometries [14]-[22]. These studies have focuse
on both unpassivated and passivated metal lines. Regardir
the former, which is most relevant for our purposes, they havt
shown that patterning in the form of lines can substantially alte!
the curvature of the film/substrate system and the stress state
the lines both along and across the direction of the lines. In al
of these studies the substrate is much thicker than the film an
a periodic pattern of lines is considered. As such, these resul
are not directly applicable to the situation we consider here—:
substrate of comparable thickness to the film and a single lin
on a beam-type structure where the free transverse edges c
come into play.

The thermoelastic deformation experienced by such mi
crostructures has been the subject of numerous studies and

(b)

fairly well understood, including both linear and geometrically V:‘ ¥
nonlinear deformation [23]. Very little work has focused on _ y %

inelastic deformation of thin film microstructures subjected to ' & '

thermal loading [12], [24], [25]. In this work we study the defor- t;f Wy
mation response of thin film bilayer beams during the first few L

thermal cycles to elevated temperatures (of 208-275°C) @

following processmg and release from the sul_:)s'grate. Wh”e t .'S. 1. Scanning electron micrographs (SEMs) of (a) gold (&5 thick)/
temperature range is modest compared to similar studies V‘ﬂtﬂysilicon (1.54m thick) fully covered; (b) gold (0.5 thick)/polysilicon
aluminum and copper films for microelectronics applicationgs.5 um thick) fully covered; (c) gold (0.5:m thick)/polysilicon (1.5pm

it is quite relevant for practical microsystems application&ick) strip-patternedw, = 30 yum) beam microstructures (39dnx 50ym)

. - L . supported by a post at the center; and (d) definition of the relevant geometrical
including postfabrication packaging processes. Furthermorepéfametersl

is relevant for optical applications where the optical properties

of gold film covered micromirrors have been observed t9
degrade at temperatures of about 245 [26]. Our efforts vapor deposition (LPCVD). A 2am-thick polysilicon film

primarily involve characterization of the deformation rESpon?%olyl) is then deposited on the PSG, patterned, and etched
by measuring the full-ﬂeld deflection of go_ld/poly_siliconA 200-nm-thick PSG film is then dep,osited an(i the wafer
bilayer beams as a function of temperature using an 'merfefg'annealed at 1050C for 1 h to dope the polysilicon with
metric microscope. From the deflection profile we determin osphorus from both PSG films, and to reduce the residual
the _curvature and study its evolution with t_he te‘mper"m"s?ressinthe polysilicon film. The top PSG and polysilicon films
cycling. We propose a simple model to describe the observed

behavior which incorporates an inelastic temperature-drivarre\e lithographically patterned and etched to produce the desired

(100) single crystal silicon wafer by low pressure chemical

. . . : . : am and plate shapes and sizes. Another Aui8hick
mechanism in addition to linear thermoelastic behavior. G sacrificial film is then deposited, followed by a second
discuss the results in the context of the current understandTg_ m-thick polysilicon film (Poly2) ,and another 200 nm
of microstructural evolution in thin-film metals, and discusls_,'sg film to serve as a mask for pz;ltterning and etching the
their use for the design and fabrication of reliable deViC%oly 2 layer to conform to the desired beam and plate shapes
utilizing multilayer material systems. Regarding the latter, We { sizes. This is followed by another annealing process to
show that via a suitable thermal process, the microstructure can ’

i . minimize residual stresses and stress gradients. Aufl5-
apparently be stabilized over a prescribed temperature ra”&&u film with a 200A chromium adhesion layer is deposited
rendering the subsequent deformation linear thermoelastic. '

then lift-off patterned [28]. Finally, the polysilicon/gold mi-
crostructures are freed from the substrate by etching away the
PSG sacrificial film in a 49% hydrofluoric acid solution. In
We designed a series of gold/polysilicon beam-like mprder to assure the etchant attacks the PSG completely and in a
crostructures and fabricated them using the MUMPSs’ surfatimely manner, etch holes are patterned in the microstructures
micromachining process, specifically MUMPs runs 36 and 46 provide an easy flow path for the etchant. The thin film
[27]. The process consists of a series of standard microelagicrostructures are then dried using a supercritidah drying
tronics lithography, thin-film deposition, and etching processgstocess to prevent the beams from sticking to the substrate.
Briefly, the relevant steps of the complete process consist ®anning electron micrographs of beam-like microstructures
depositing a Z2zm-thick sacrificial film of phosphosilicate are shown in Fig. 1; the geometrical parameters used subse-
glass (PSG) on top of a 600-nm-thick silicon nitride film orguently are defined in Fig. 1(d). For each MUMPS’ run, Cronos

[I. SAMPLES AND MEASUREMENTS
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measures film stresses using wafer curvature. For MUMPs’ 4 14 ¢
which is used for all but one measurement, the film stress in tt 12 _°o° polgyzzﬁc(ff(f?ﬁm) o]
Polyl and Poly2 films is 12 and 11 MPa, respectively, both i ° fully-covered o
compression. The film stress in the gold is 13 MPa, in tensio@ 1E S o
Stress gradients in the film result in curvature upon releas= 3 gold (0.5 um)/ e
For the poly2 beams, the curvature after releasetis.7 m=*; g 08 1 % polysilicon (1.5 ym) poé::ﬁc(::(;?ﬁm) 3
from this we estimate the stress gradient to beMBa/um. 8 06 [, 5 70 fllycovered &
For the stacked polyl/poly2 beams, the curvature after releefgL 0a

(o) R

is —9.7 m~!; from this we estimate the average stress gradie
for the beam to be 81Pa/um.

We use the terminologypeam-like recognizing that for
the planar aspect rati@./w,) of these microstructures, plate
theory, rather than beam theory, is formally required to descrit 0
the deformation. Nevertheless, for convenience we will refe
to the microstructures aseams The lengthL of the beams _ , , ,
was 300um and the widthw, was 50 um. Two series of Elgozoc Measured deflection profiles of tie= 300 pm beams upof\T" =
microstructures were fabricated; with polysilicon thicknesses '
of 1.5 ym (formed from the MUMPSs’ Poly2 layer) and 3/bn . : : .
(formed from the MUMPs’ Poly1 and Poly2 layers). For botﬁles’ with the maximum temperature in each successive cycle

series, the gold was evaporated at a nominal thickness"i!)‘freaSing by 20C. During the heating and cooling cycles, in-
' i:rferograms were obtained at 20 increments with the inter-

o
)

(=]

100
Position along the beam (um)

150 200 250 300

0.5 um after deposition of a thin chromium adhesion laye Tic mi At each i fthe t i
In addition, beams with patterned gold lines were fabricat grometric microscope. At éach increment the tlemperature was
eld for 3—4 min to make two measurements at thermal equi-

with polysilicon thicknesses of 1.pm and nondimensional ||~ .

linewidths w; /w, of 0-1.0. The idea behind the design of th’ﬁ:’”“m' Upon temperature changes, the thermal expansion of

microstructures was to yield gold/polysilicon bilayer bea e MEN_IS chip and the hqt stage produces vertical movem_ent
olfothe microstructures. This can be observed from the motion

microstructures that were supported as freely as possible. O ¢ interf i h ; fthe mi Tuct
this end, the beams were supported from the substrate b '.I\ € interference Iringes on the surface ot theé microstructures.
hermal equilibrium is typically reached in 3—4 min as indi-

16 diameter polysilicon support in the center of the beam. 4 .
pI POty PP cated by lack of further fringe motion. From the measurements,

We_ measured the deformation O.f the m_mrostructure_s BS1f-field out-of-plane displacements(z, y) of the surface of
function of temperature change using an interferometric "Ke beam were determined: typical results are shown in Fig. 2.

croscope and a thgrmal chamber that is covered by a .quqfrtrz)m the measured displacement field we determined the curva-
window to allow optical access. The thermal system consists. 0 S
tire along the length of the beam (thelirection) as:(z,y) =~

closed-loop temperature controller, a microscope hot/cold stage 2u(z,y) /022, In all cases the curvature was found not to

and a cooling system. Full-field measurements of the out-of- . " - .
. . . oo vary with position except within a localized area close to the
plane displacement were made with scanning white light inter-

. upport post, and thus the deformation is well-described by the
ferometry as the temperature was changed. The resolution of th
: . aveérage curvature. Although we can not measure them, we are
measured out-of-plane displacement$y, ), is on the order

o : c?nfident that temperature gradients in the temperature chamber
of a nm as verified by making measurements on standard réef- . . L .
) . cantribute insignificantly to the curvature of the gold/polysil-
erence samples; the resolution of the temperature chamber s ; . L
N : o o icon plate microstructures. This claim is based on measurements
about 1°C. A 5X Michelson objective was used yielding a lat- ; . .
. . of curvature developed in homogeneous single-layer polysil-
eral spatial resolution of about 2udn. . . '
. : icon beams subjected to the same temperature change: they are
The test protocol is designed to carefully study the deforma: : )
. . about three orders of magnitude less than those developed in the
tion of the bilayer beams upon release, and then upon subse- o >
) . . old/polysilicon beam microstructures.
guent uniform heating and cooling cycles over a temperatu(rle
range from room temperature to 100-275°C. This tempera-
ture range encompasses the temperature excursions that are ex-
pected during many postprocessing and packaging steps. From/e begin by discussing the results for the fully covered beams
room temperature, following release, the samples were heated /w, = 1). Figs. 3 and 4 show the measurements of curva-
to 100°C at a rate of about 200C/ min. The heating rate ture versus temperature for the fully covered gold/polysilicon
varies as the sample temperature approaches the target tempérostructures with both 1 mm and 3.5um thick polysilicon
ature; within about 5C of the target temperature, the heatindilms. Both microstructures exhibit similar response.
rate dramatically decreases from about 200 min to about During the initial heating the deformation is thermoelastic,
10 °C/ min as the temperature slowly approaches the targgtaracterized by a decrease in curvature with a condtalT’,
temperature. When the samples are cooled, the cooling raterigil the temperature reaches about’80(the theoretical ther-
approximately the same as the heating rate for temperatuneselastic slope is shown on each figure and is discussed later).
above about 50C. Below 50°C, the cooling rate decreasedUpon continued heating, the curvature changes at a much
to an average cooling rate of about 50/ min. The samples smaller rate. The small region of pure thermoelastic response

were then heated and subsequently cooled for five more ¢petween room temperature and about@pis consistent with

I1l. RESULTS AND DISCUSSION
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1000 a positive curvature means a beam with the gold on top is curved
Gold (0.5 ym) upward. The existence of a regiondf/dT thatis much smaller
800 Polysilicon (1.5 um) than the thermoelastic value is consistent with many findings in
_ thin film/thick substrate systems studied with microelectronics
& 600 r . . applications in mind (primarily aluminum and copper films on
‘g 100 | \\\{X’“W =-5.56m'/C silicon substrates). The behavior in this region apparently results
8 because the microstructure of the evaporated film is not stable in
§ 200 | the as-deposited condition. The temperature increase during the
) first cycle promotes microstructural changes in the film. These
ot result in tensile straining of the film which competes with the
thermoelastic deformation [8], [11] resulting ifx/dT being
-200 much smaller than the thermoelastic value. Using high-resolu-
0 50 100 150 200 250 300 tionscanning electron microscopy we have studied the evolution

Temperature (°C) of the gold microstructure during this first cycle. Upon release,
. . . the gold microstructure consists of a fine, roughly columnar,
Fig. 3. Curvature versus temperature for gold (@i thick)/polysilicon . ..
(1.5 pn thick) 300 pmx 50 g beam microstructures. The solid lines ardrain structure (average grain size about 500 nm)' Furthermore,
tests with six cycles from room temperature to 200 with the maximum there exists a subgrain structure of about 25-50 nm size. Upon
temperature in each successive cycle increasing byQ0The dashed lines heating to 200 C and cooling, there appears to be coalescence

are tests with two cycles: the first from room temperature to 20tand then . L
back to 30°C, and the second to 275 and then back to 30C. The arrows Of the subgrain structure, but no significant growth of the overall

indicate the direction at the beginning and end for each set of tests. grains. This would result in tensile straining of the gold film,
consistent with the observed curvature response, although the
400 . magnitude of this effect is difficult to quantify. Heating to higher
[ Gold (0.5 pm) temperatures, say 50€—600°C, and holding for longer times
300 | \“\ Polysilicon (3.5 um) leads to observable grain growth, but associated with this is a
. loss of reflectivity of the gold so we do not study the behavior
"‘é 200 | . at these elevated temperatures. Upon cooling from°1Qahe
2 IXK/dT =-l44m'rC response is again thermoelastic, this time throughout the entire
‘g 100 1 h cooling process. This is in contrast to similar results for alu-
3 minum and copper films for microelectronics where yielding
can occur upon cooling [8], [9], [11]. The reason for this differ-
O TSN ) ence, though, is because the temperature change in our experi-
"""" ments is much smaller than in most others; for example)the
-100 ' : L . ' during our first cycle is only about 80C, while that during the
0 50 100 150 200 250 300  experiments of Bakest al.[11] is about 600 C. The curvature

Temperature (°C) upon return to room temperature is larger than that initially at
Fig. 4. Curvature versus temperature for gold (@i thick)/polysilicon room temperature. The — T behavior durlng t.hIS .ﬁr.St C¥C|e'
(3.5 jum thick) 300 mx 50 ;im beam microstructures. The solid lines are@Nd during SUbsequem ones for that matter, |s_5|_rr_1llar in C_har'
tests with six cycles from room temperature to 260 with the maximum acter to the stress-strain response of metals exhibiting plasticity:

temperature in each successive cycle increasing by@0The dashed lines in ; ; ; ; ; _
are tests with two cycles: the first from room temperature to 20tand then elastic-plastic behavior during loading, followed by elastic un

back to 30°C, and the second to 275 and then back to 38C. The arrows 10@ding resulting in a permanent plastic strain.
indicate the direction at the beginning and end for each set of tests. As a point of reference, we have frequently referred to studies
of thin film/thick substrate systems motivated by microelec-
results in thin aluminum and copper films on thick silicorronics. In discussing the second and subsequent cycles in our
substrates, typical of microelectronics applications [8], [11{ests, a direct comparison to results from microelectronics appli-
The results in [8] and [11], along with results from similar thircations is not appropriate. This is because in all microelectronics
film/thick substrate systems, show thé&t/dT" often initially studies the first cycle is taken to a temperature high enough, and
exceeds the thermoelastic slope during the first cycle, but tlaparently for a time sufficient enough, to stabilize the mate-
then follows it for some period. This is attributed to plasticial microstructure. As a result, the thermomechanical behavior
relaxation that occurs at room temperature caused by the hafithe second and subsequent cycles is the same. In our tests
film stresses [11]. we have not taken the material to a temperature high enough
In our measurementsr/dT does not initially exceed the to fully stabilize the gold microstructure in the first cycle. As
thermoelastic slope. This is not necessarily inconsistent with theesult, subsequent cycles going to successively higher tem-
results of Bakeet al.[11], though, because the stress levels iperatures appear to have the effect of continuing to stabilize
our films at room temperature are lower than the yield stress; tthe microstructure. In our tests, the response during the second
polysilicon layer is so thin that the stresses are relaxed by caycle is similar to the first with the exception that the tempera-
vature, rather than plasticity (we discuss the stress state in munee change required to initiate inelastic behavior is increased;
detail later). Between room temperature and 10Ghe curva- again the response is similar to the elastic-plastic response of
ture changes from positive to negative, our convention being tlsametal. Indeed, over the range of temperature cycles studied
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in our tests, each subsequent cycle is similar, exhibiting ther- TABLE |

moelastic response upon heating until a point where nonlinear”REDICTED AND MEASURED THERMOELASTIC SLOPE /) = di/dI’ FOR
. . . . THE FUuLLY COVERED GOLD/POLYSILICON MICROSTRUCTURES AS A

x — T behavior commences. The cooling process is again ther- FUNCTION OF THE POLYSILICON THICKNESS

moelastic with the subsequent room temperature curvature in-

creasing with each cycle. Polysilicon n (m'/°C)

Also shown in Figs. 3 and 4 are results for a second set Thz"];“;ss Iz’lljeai?“e;i ?easi‘,“e‘)l Pre?‘ft‘;d P(rsdw“)’d
. . . . . catin coolin, ate cam
of tests on nominally identical microstructures with only two ’fs ] ;3‘% = 38g (?5 56 456

cycles: the first from room temperature to 200 and back 35 143 141 1.44 1.16
to 30°C, and the second to 275C and back to 30°C. For
both polysilicon thicknesses, the results of the first cycle to
200°C neatly envelope the results of the set of tests with cgrence temperature where = 0) and can be expressed as
cles up to 200°C. Indeed these results suggest that althoudB9]-[32]
there is clearly a path dependence of the deformation behavior, 6AQT 1+h
this dependence is controlled by the maximum temperature s = . hm T 2l (3 3h 20 A 1)
reached during cycling, independent of how many increments 2 +2hm (24 3h + 2h%) + hEm
are carried out to reach that temperature. The second cyclemtereh = t1/to, m = M;/Ms, andM; = E;/1 —v; (i =
275 °C shows the same behavior observed in all cycles. For2). In (1) we considered a two-layer plate with layer thick-
the microstructures with a 1,bm polysilicon film, the beam nesst; andt, as shown in Fig. 1(d). Each layer is assumed
deflection upon cooling from 278C becomes too large to isotropic and characterized by a Young’s moduliysPoisson’s
measure at about 10@. Although we cannot measure it, weratior;, and thermal expansion coefficient. In the application
expect that the corresponding curvature continues to incregsollow, we take layer 1 to be gold and layer 2 to be polysilicon.
linearly between 100C and 30°C. We also expect that if a Equation (1), valid in the regime of small deformations, shows
cycle were performed at a high enough temperature, the gett the bilayer curvature is independent of the plate size and
film would yield upon cooling resulting in a maximum cur-shape. An analysis similar to that which led to (1) can be car-
vature difference between the as-processed and thermal cyeled out under the assumption that deformations normal to the
conditions, consistent with behavior observed in thin film/thiclong axis of the microstructure are zero, i.e., beam theory. Such
substrate systems. Indeed we have observed these phenora@ngalysis leads to a curvature along the long-axis of the beam
upon cooling below room temperature, but these results wifiven by (1), but withv; = 0 (i = 1,2) and soM; = E;. In the
be presented elsewhere. following we apply (1) to model the thermoelastic response of
The results presented here have been obtained at a constasold/polysilicon bilayer plates, but do not consider the in-
heating/cooling rate. In terms of the stabilization of the materifilience of the thin (20 nm) chromium adhesion layer, since it
microstructure which results in inelastic material behavior, the so much thinner than the gold and polysilicon films. Calcula-
rate, along with the time held at the elevated temperature, withns show that its contribution to the thermoelastic deformation
probably play a significant role. Related to this is the behavig negligible. However, the role it plays in the inelastic deforma-
during subsequent thermal cycles to a temperature below the is unclear due to the lack of complete knowledge regarding
maximum reached. For example, if the samples from Figs. 3 aih@ details of the deformation mechanisms.
4 were subsequently thermal cycled to %0, they would be  Figs. 3 and 4 show the linear thermoelastic slgpe dr/dT
expected to follow the thermoelastic path. Indeed, preliminagyedicted by (1) as used for plates. It depends on the thermo-
data shows this to be the case for hundreds of cycles. Preswgtastic properties, thicknesses, and geometrical arrangement
ably over this range, the microstructure is stable. For cyclestirough the thickness of the films. The predicted thermoelastic
the thousands, though, a gradual shift of the thermoelastic cuglepes for the two microstructures are also shown in Table I,
downward is observed, possibly due to creep and stress relakong with the average measured slope during the heating and
ation in the gold, although the thermoelastic slope is maintainedoling cycles. Calculation results for both plates and beams
[25]. These two issues are obviously closely related and are iare tabulated. In all calculations both the gold and polysilicon
portant, but beyond the scope of this study. are modeled as linear thermoelastic with isotropic material
We have repeatedly referred to the response in certain regirpesperties. Input parameters alp = 163 GPa, v, = 0.22
as linearly thermoelastic, meaning the curvature varies linealy line with many measurements over many MUMP’s runs;
with temperature change as predicted by the theory of lind88]), £, = 78 GPa, v, = 0.42 [34]. The thermal expansion
thermoelasticity. In addition, we mentioned the distinction beoefficients of the materials are assumed constant and their
tween beams and plates. Now we will take up both of these @sserage values over the temperature range considered are
sues in some detail. Formally, we must treat these microstrugr = 2.8 x 10°¢/°C, anda; = 14.4 x 1076/°C [34]. Al-
tures as plates. In fact, for the fully covered beams, the curvattineugh some uncertainty exists in the values of these material
in the transverse direction differs insignificantly from that alongroperties for the gold and polysilicon films, we think that they
the length of the beam. When the displacements are small, #re accurate enough for the purpose of modeling the observed
average curvature of a bilayer plate with in-plane dimensiopbenomena. Good agreement exists between the predictions
much larger than the thickness,= xx = &y, depends lin- using plate theory and the measurements while predictions
early on the thermal expansion mismatch strAin7’ (where based on beam theory are significantly less accurate, demon-
Aa = as — ay, andT is the temperature change from a refstrating the need to use plate, rather than beam, theory.
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Fig. 5. Stress distributions through the thickness in the gold and polysilicgiy. 6. Schematic diagram showing the parameters in the simple model that
layers for gold/polysilicon microstructures for a temperature change @éscribes the curvature versus temperature behavior of the bilayer beam during
—100 °C. thermal cycling after release.

While we have focused on the deformation of the goldleviation of 2°C. This suggests that the mechanism responsible
polysilicon microstructures, in Fig. 5 we show the correspondirigr the inelastic behavior is predominately temperature driven.
stress distributions through the thickness of the gold and polydfdrther evidence leading to this conclusion comes from calcu-
icon layers based on linear plate theory when subjected tdations of the elastic stress state in the gold for a temperature
temperature drop of 100C. The stress scales linearly with thechange as a function of= w; /w-. We have carried out such fi-
temperature change so results for different temperature changis element calculations and found that the average Mises stress
can be obtained by simply scaling the results in Fig. 5. In thekethe gold increases by about 60%as/w-, decreases from 1
calculations based on plate theory the stress is biaxial in the plan®.1 for gold (0.5.m thick)/polysilicon (1.5:m thick) bilayer
of the microstructure, and is uniform. In practice this assumptiditms. This leads us to conclude that the onset of inelastic de-
is accurate except for regions very near the edges and the cefaemation is driven primarily by temperature, rather than stress.
support; we verified that this was the case by carrying oflihe results in Figs. 3 and 4 along with those for varioygw.
full-field finite element calculations. The stress varies linearlguggest a simple description of the evolution of curvature with
through the thickness in both the gold and polysilicon films. Féemperature as shown in Fig. 6. Four parameters are required:
the temperature drop considered here, the stress in the gold ldheras-released curvatutg, (and the associated release temper-
is in tension; its magnitude is larger at the interface than at tature,7).), the critical temperature at which inelastic behavior
free surface. In the polysilicon, the stress is compressive at temmencesT,,., the slope of the: — T curve in the thermo-
gold/polysilicon interface, decreases in magnitude through thistic regiony), and in the inelastic regiod, In generak,., 7,
thickness of the polysilicon, and becomes tensile at the polysiid¢ are functions of the linewidth = w; /ws, butT,, is not.
icon free surface. As the thickness of the polysilicon substratie as-released curvatute is determined primarily by the in-
increases, the slope of the linear stress distribution in both filfrgsic stress developed upon film deposition, cooling to room
decreases. In the thin-film limit (a very thick substrate) the streksmperature, and release from the substrate. It should be directly
is essentially constant through the thickness of each layer. Tietated to the film stress that would be measured, for example
relaxation of stresses by curvature is also evident in these resuigswafer curvature, before release. For simplicity we use only
The magnitude of the stress in the gold layer is increased the single parametérto characterize the inelastic response. We
about 50% as the thickness of the polysilicon layer is increaseauld incorporate a more accurate description, say in the form of
from 1.5um to 3.5um. It increases another 50 percent as the power law, but such refinement seems unwarranted presently.
polysilicon layer becomes infinitely thick. However, Figs. 3 andlvith knowledge ofx,., T..,., and¢, these three parameters and
4 along with Table | show that for the same temperature changfes thermoelastic slopg one can readily compute the curvature
the magnitude of the curvature developed in the gold (@5 following a defined thermal loading history. For a thermal cycle
thick)/polysilicon (1.5xm thick) microstructure is about four from the release temperatuife to a maximum temperatufg,,,
times that developed in the gold (0:om thick)/polysilicon and back tdl;

(3.5 pm thick) microstructure. In practice, either curvature or
stresses may be critical design criteria; these results represent (T) =#r +n (T = T) for
the tradeoffs between the two. T.<T <T, (T S 0)

Although not shown, the evolution of curvature with temper-
ature cycling for the beams with patterned lines is qualitatively £ (T) =tir + 1 (Ter - 1) +&(T = Tey) for
identical to that for the fully-covered beams. In fact, for all of T.. <T < T, (T > 0)
the beams with patterned lines, the temperature at which the in- _ _ _ _
elastic behavior commences is about trF:e same; the average of (1) =r +1 (.T T)+ (&= m) (T = Ter) for
all sampleg0.1 < ¢ = w; /ws < 1) is 105°C with a standard T <Tp, (T < 0) . (2)
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Fig. 7. Thermoelastic slopg versus temperature change as a function of theig. 8. Curvature after release. as a function of the normalized gold film
normalized gold film width for gold (0.n thick)/polysilicon(thickness =  width for the gold (0.5¢m thick)/polysilicon (1.5zn thick) strip-patterned
t,) strip-patterned beams. Open circles are finite element simulation results, feams.

solid line is the analytical result of (3), and the filled circles are measurements.

In (2), T > 0 denotes heating anfl < 0 denotes cooling. 300 o°
One can use (2) to describe the curvature evolution after t o °
first and subsequent cycles by simply replacifig with 75, 200 }+ o
from the previous cycle and:.., T’.) with the appropriatéx, 7" o
pair obtained at the end of the previous cycle. In(2),isthen & o
interpreted as the maximum temperature reached in the curr= 100 | o
cycle. o o
For our measurements, all microstructures were all releas
atT,. = 25 °C, and from the experiments we determiriegd = or °
105 °C. Furthermore, it is a reasonable approximation to tak g
¢ = 0, which simplifies (2) considerably. With these values . : s . .

fixed for all linewidthsec = wq /w,, the only parameters that
depend orc arex,. andn.
With the terms as defined in (1), the curvature of the patterneu

line structure can be expressed as Fig. 9. Curvature after release. vs. thermoelastic slopg for the gold
(0.5 pm thick)/polysilicon (1.5¢m thick) strip-patterned beams.

0 1 2 3 4 5 6
n (m'/°C)

6AaT
Rpatterned = 1y
1+h the thermoelastic mechanics of the bilayer with internal stresses;
I 3 i
xXhem 1+ 2hem (2 + 3h 4 212) + hAcZm? (3)  these are well dgscrlbed by (3). The. release curvastyr@rsus
the thermoelastic slope for all; /w, is also plotted in Fig. 9.
where ¢ = w;/wse is the nondimensional linewidth; for The release curvature. increases withix/dT, approximately
¢ = 1, (3) reduces to (1). In Fig. 7 we plot the variation ofinearly.
N = Fpatterned/T With linewidth. The solid lines are pre- We conclude this section by discussing the implications of

dictions from (3) for various thicknesses of polysilicon. Alsdhese results in the design and realization of devices making
shown in Fig. 7 are predictions from finite element calculationsse of thin film multilayers. As an example, consider a bilayer
(open circles) carried out to validate the analytical result gold/polysilicon cantilever beam that serves as the active me-
(3), and measurements (filled circles). The finite elemenhanical element in a switch array. During operation there are
calculations and measurements both show that (3) accuratedp key parameters that are strongly impacted by the cyclic
describes the effect of linewidth on curvature development. thermal behavior discussed above: the linearity of the curva-
practice, many bilayer beams are cantilevered from one emdre developed as a function of temperature, and the curvature
The tip deflection of a cantilevered beam of lendihthat is at room temperature (or any other specified temperature) which
patterned by a strip described by= w; /wy can be computed sets the reference state for the device. For example in an electro-
asop, = mpatmmcdﬂ /2. statically-actuated switch, the room-temperature deflection sets
The effect of linewidth on the as-released curvatkyeis the open or closed configuration, depending on the design, and
shown in Fig. 8. Previously we argued thatdepends primarily linear response with a temperature change is desired to facil-
on the intrinsic film stresses that result from deposition, but itate robust temperature compensation schemes. As shown in
behavior as a function of linewidth is similar to thatpfThisis Figs. 3 and 4, the linearity can be ensured over a certain tem-
because although the magnitude of the curvature depends orp&ture range by cycling the microstructure to a temperature
intrinsic stresses, the variation with linewidth is related more tugher than the maximum intended use temperature, i.@anby
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nealingit. For example, if the microstructure has been cycled ttomena and via a suitable thermal process, the microstructure
200°C, it can be expected to deform linearly over a temperatucan apparently be stabilized over a prescribed temperature range,

range with a maximum temperature less than 200 Again,

rendering the deformation linear thermoelastic. We discussed

the complete characterization of the deformation-temperatuhe implications of our findings in the context of the design and
behavior requires the consideration of the rate of temperatdabrication of devices utilizing multilayer material systems, and
change, and in particular, the length of time the microstructutierough an example, illustrated how they can be applied. While
is held at the elevated temperature [24]. In addition, the thermtbe experimental component of our study focuses on gold/
mechanical behavior under cyclic loading can also be importagralysilicon bilayer films, we expect similar phenomena to arise
in practice; this has received only limited study, but some asith other metal films, although there will likely be quantitative

pects have been taken up in [25].

differences. This appears to be the case with aluminum and

Regarding the room-temperature (or any other temperatucepper films on thick substrates as studied in the context of
deformation, it can be tailored by a combination of the structuralicroelectronics applications.

geometry and the annealing process parameters. For the sake of
discussion, consider the gold/polysilicon beam microstructure
in Fig. 3. Assume that a device application requires that after
packaging, the beam is expected to have a curvature ahi300
for example, to yield a desired tip deflection of a cantilever. Iﬁ'
addition, assume that a packaging process, e.g., wire bondin
exposes a microstructure to a temperature of 120 If one a
simply carried out this process, upon return to room temperatlﬁ?eS
the curvature would be about 400!, rendering the device
unusable. Instead, if an anneal step were performed at @80
for example, the curvature at room temperature after the annedll
would be about 7068 1. Subjecting it to the 120C temperature
during the packaging process would induce no further defor-[2]
mation upon return to room temperature since the deformation
during that temperature change would be linear thermoelastic[3]
Thus the proper anneal process would make the deformed shape
of the microstructure stable during the packaging process. How-
ever, the curvature of about 780!, although stable, would 4]
still not be acceptable. The remaining challenge would then be
to design the geometry, for example the layout of the gold film
on the polysilicon, so that the room-temperature curvature aftef!
the anneal was the desired curvature. In the present example this
can be accomplished by patterning the polysilicon beam with a
gold line—the results shown in Figs. 7-9 can be used to guidd®l
the design. This example is intended to demonstrate that if
one understands the deformation response, both material and
structural, it can be used in the design process to facilitate higH?l
device yield. Furthermore, it can be taken advantage of by a
clever designer to increase design flexibility.
(8l
IV. CONCLUSION [9]
We studied the deformation of bilayer beam-like microstruc-
tures fabricated by the MUMP’s surface micromachining;g
process and subjected to a few temperature cycles from room
temperature to elevated temperatures (2@3-275 °C for
the measurements) following processing and release from they,
substrate. Upon heating the response is linear thermoelastic until
a critical temperature is reached and an inelastic deformationi2]
presumably due to microstructural evolution, is activated. Thé
response is again thermoelastic when the beam is cooled to
room temperature. Qualitatively this behavior is unchanged if!3]
the polysilicon beam is not covered fully by gold but is covered
only with a line. We developed a simple model to describe thg14]
phenomena, and showed experimentally, and in some cases an-
alytically, how the parameters in the model vary with linewidth. [15]
We showed that one can take advantage of the deformation phe-
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