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Abstract

Multi-layer material structures in micro-electromechanical systems (MEMS) differ considerably from their micro-

electronic counterparts since the thicknesses of the film and substrate are comparable. Due to thermal expansion co-

efficient mismatch between metallic and polysilicon materials, thermal fluctuations in multi-layer MEMS structures

may lead to out of plane displacements several times the structure thickness. In the present study we examine the

deformation of a series of gold/polysilicon test structures produced using the commercial multi-user MEMS Process.

The test structures are multi-layer plates with a gold layer that is 0.5 lm thick on a polysilicon layer with a thickness

that is either 1.5 or 3.5 lm. The structures have varying in-plane dimensions on the order of 50–300 lm. Using an
interferometric microscope, we measure the full-field deformed shapes of the Au–Si structures subjected to thermal

cycles or hold periods. Depending on the Au–Si plate geometry, the structures deform in a non-linear manner and

buckle when the temperature change is large enough. When subjected to temperature holds, the curvature of the plates

relaxes. Beam-like plates subjected to repeated thermal cycles demonstrate a cyclic response that depends strongly on

the mean (or maximum) temperature. Samples cycled at lower mean temperatures show significant ratcheting toward

lower curvatures as the number of cycles approaches 10,000. Samples cycled at higher mean temperatures undergo

degradation of surface reflectivity as the number of cycles approaches 1000.

� 2003 Elsevier Ltd. All rights reserved.
1. Introduction

Emerging micro-electromechanical systems

(MEMS) contain ever-increasing levels of com-

plexity including moving mechanisms, contacting

parts, and layered material systems. For example,

Fig. 1 shows a bimorph micro-switch actuator
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comprised of a thin gold (Au) film deposited on a

thin polysilicon (Si) film (Miller et al., 2001). The

actuator functions electrostatically, but the cur-

vature observed in the beam is due to the thermal

expansion coefficient mismatch between the two

material layers in the multi-layer system and is

very similar to that observed in the beams used in
this study. Aside from switching, numerous other

structural roles can be served by the use of multi-

layer material systems in MEMS such as actuation

or surface shaping. Although the use of multi-layer

material systems in MEMS introduces a design
ed.
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Fig. 1. SEM image of a Au–Si bimaterial beam used in a

MEMS switch (Miller et al., 2001).
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degree of freedom, their use also admits unique

material behavior and reliability issues and re-

quires the use of advanced science and engineering
design tools.

Multi-layer material systems consisting of thin

films deposited on thick substrates have been ex-

tensively studied in the micro-electronics sector.

Specifically, the thermomechanical behavior of thin

metal films deposited on relatively thick rigid

substrates such as silicon has received considerable

attention in the past (e.g. Nix, 1989). Much work
in this area focused on understanding the stresses

in thin films using wafer curvature measurements

and the Stoney formula (Stoney, 1909). Subse-

quent work has focused on the thermomechanical

behavior of thin films under repeated thermal cy-

cles (Thouless et al., 1993; Shen and Suresh, 1995;

Evans et al., 1997; Koike et al., 1998; Harris and

King, 1998; Keller et al., 1999; He et al., 1997;
Leung et al., 2000). The aforementioned studies

have placed particular emphasis on understanding

the micro-mechanisms that lead to the overall de-

formation response and subsequent evolution and

degradation during thermal cycling.

The overall thermomechanical response of thin

metallic films on thick substrates subjected to

thermal fluctuations is reasonably well established.
For systems in which the thermal expansion coef-

ficient of the film is greater than that of the sub-

strate, the thin metallic films usually have a

residual tensile stress at room temperature created

by cooling the multi-layer system from a higher

processing temperature––the metallic layer typi-
cally attempts to contract more than the substrate.

If the multi-layer structure is heated from room

temperature, the tensile stresses will initially de-

crease linearly towards a compressive regime.

Upon continued heating, the slope of the stress–

temperature response decreases, and the stress
approaches zero at high temperatures. Upon sub-

sequent cooling the stress–temperature response

follows a path such that the overall response

demonstrates a closed hysteresis in stress–temper-

ature space. If irreversible micro-structural chan-

ges occur, the hysteresis loop will often not close,

particularly during the first thermal cycle. The in-

elastic deformation mechanisms controlling the
aforementioned non-linear thermomechanical re-

sponse have been a subject of some discussion.

Numerous inelastic deformation mechanisms have

been reported and wrapped into modeling efforts

such as temperature dependent dislocation motion

(Nix, 1989), grain-boundary diffusion (Thouless

et al., 1993), and power-law creep (Keller et al.,

1999).
Due to the transfer of standard batch fabrica-

tion processing practice from integrated circuits,

thin metallic films in MEMS components often

share the same initial micro-structure as their

electronic counterparts. However, the substrate in

multi-layer MEMS structures has a thickness on

the order of the film itself in contrast to thin films

in micro-electronics which are typically deposited
on substrates hundreds of times thicker than the

film. The difference in the substrate thickness be-

tween MEMS and micro-electronics applications

leads to quite different behavior during thermo-

mechanical loading. Some representative differ-

ences are listed below:

1. During thermal cycling, MEMS structures
experience out-of-plane displacements several

orders of magnitude larger than their micro-

electronic counterparts. As a result, MEMS

structures can exhibit geometric non-linearity

and bifurcation during thermal loading. More-

over, changing the relative thickness of the

film/substrate system significantly alters the

stress-state and degree of non-linearity. Under-
standing these bifurcations and non-linearities

is critical in developing the tools to tailor the
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geometry (size and thickness) of MEMS struc-

tures and produce useful micro-systems.

2. Since the material layers in MEMS structures

are of comparable thickness, significant stress

and strain gradients can exist through the thick-
ness of the films. These stress gradients make it

difficult to use an average stress metric to char-

acterize the loading state.

3. The coupling between the applied temperature

range and the induced stress level differs consid-

erably in MEMS structures compared to micro-

electronics. This difference has ramifications on

the operant degradation modes during creep
and fatigue. For example, the thermomechani-

cal fatigue of films in micro-electronics has been

limited to the extreme low cycle regime for typ-

ical temperature cycles (Thouless et al., 1993).

For equivalent temperature changes, thin films

in MEMS structures will experience lower stress

values and higher cycle numbers. Understand-

ing the difference in the micro-mechanisms of
low and high cycle fatigue in the films is imper-

ative. An equivalent argument exists for the

mechanisms of creep deformation.

Based partially on the differences noted above,

it is clear that the research efforts completed in the

micro-electronics arena will not directly transfer to

multi-layer MEMS structures. Work is in progress
by several researchers to study the monotonic and

cyclic deformation mechanisms in metallic thin

films relevant to MEMS. Some examples are the

study of the geometric non-linearity in thin film/

substrate structures (Salamon and Masters, 1995;

Finot and Suresh, 1996; Freund, 2000; Dunn

et al., 2001), the fatigue of freestanding thin films

(Read, 1998; Schwaiger and Kraft, 1999), creep of
multi-layer MEMS structures (Zhang and Dunn,

2001), and the cyclic deformation of thin film/

substrate systems (Hommel et al., 1999). Much of

the experimental work presented above is pre-

liminary in nature and often focuses on a partic-

ular material such as silver, copper, or gold. The

measurement technique also differs considerably

depending on the investigator, ranging from
micro-beam deflection (Schwaiger and Kraft,

1999) to miniature tensile testing configurations

(Read, 1998).
In the present paper we study the deformation

of a commercially available MEMS material sys-

tem, Au–Si. The test structures consist of 0.5 lm of

Au deposited on 1.5 or 3.5 lm of polysilicon. Full-

field deflections of Au–Si beams and plates sub-

jected to temperature changes are measured in situ
using interferometric microscopy. The purpose of

this investigation is to evaluate the deforma-

tion patterns of the Au–Si test structures under

monotonic and cyclic temperature changes and

hold periods. We begin by outlining the materials

and experimental methods employed. Following

this, we present the experimental measurements in

various forms. The experimental results are then
discussed in light of previous work and future

work is delineated. The paper ends with conclu-

sions.
2. Materials and methods

The gold/polysilicon beam and plate micro-
structures were fabricated using the commercially

available multi-user MEMS process (MUMPs,

Koester et al., 2001). The so-called surface micro-

machining process consists of a series of standard

micro-electronics lithography, thin-film deposi-

tion, and etching processes. Briefly, the relevant

steps of the complete process consist of depositing

a 2 lm thick sacrificial film of phosphosilicate
glass (PSG) on top of a 600 nm thick silicon nitride

film on a (1 0 0) single crystal silicon wafer by low

pressure chemical vapor deposition. A 2 lm thick

polysilicon film (Poly 1) is then deposited on the

PSG, patterned, and etched. A second PSG film

200 nm thick is then deposited and the wafer is

annealed to dope the polysilicon with phosphorus

from both PSG films, and to reduce the residual
stress in the polysilicon film. The top PSG and

polysilicon films are lithographically patterned and

etched to produce the desired beam and plate

shapes and sizes. Another 0.75 lm thick PSG film

is then deposited, followed by a second 1.5 lm
thick polysilicon film (Poly 2), and another 200 nm

PSG film to serve as a mask for patterning and

etching the Poly 2 layer to conform to the desired
beam and plate shapes and sizes. This is followed

by another annealing process to minimize residual
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stresses and stress gradients. A 0.5 lm gold film

with a very thin chromium adhesion layer is de-

posited, then lift-off patterned. Finally, the poly-

silicon/gold micro-structures are freed from the

substrate by etching away the first PSG film in a

49% hydrofluoric acid solution. In order to assure
the etchant attacks the PSG completely and in a

timely manner, etch holes are patterned in the

micro-structures to provide an easy flow path for

the etchant.

Representative plate (300 lm by 300 lm) and
beam (50 lm by various lengths up to 340 lm)
structures are shown in Fig. 2. The structures in

Fig. 2 were imaged by a scanning electron micro-
scope (SEM). A support post exists at the center of

the plates and beams to secure the structure to the

base Si wafer, and allow them to deform as freely
Fig. 2. SEM images of plate (top) and beam (bottom) Au–Si

test structures.
as possible under a temperature change. The

structures initially contain PSG between the Au–Si

plate and the nitride layer on the Si base wafer.

The PSG is removed in a standard release process

that consists of submersing the structure in HF

acid for 4.5 min followed by drying in a CO2

critical point dryer. The etch holes dispersed

throughout the plates and beams in Fig. 2 allow

etchant to reach the PSG beneath the plate during

the release of the structure. The Au layer is always

0.5 lm while the polysilicon layer is either 1.5 or

3.5 lm. The outer dimensions of the structures
vary, as shown in Fig. 2.

The as-fabricated micro-structure of the Au
layer was investigated by employing a focused ion

beam (FIB) microscope. The FIB can be used to

make cross-sectional cuts through a structure and

to subsequently image the sliced materials. Imag-

ing in a FIB differs from that of a SEM in that

the specimen is bombarded with ions, which can

preferentially attack certain regions in the sample,

such as grain boundaries, specific crystal orien-
tations, or phases. We performed several cuts

through the multi-layer MEMS test structures

shown in Fig. 2. Fig. 3a presents a low magnifi-

cation image of a square FIB cut made in the edge

of a round as-released plate. Fig. 3b is a close-up

view of the cross-section through the plate show-

ing the different materials present. The scale in the

horizontal and vertical directions in Fig. 3a and b
differs because the sample is tilted 45� in the stage.
In Fig. 3b, the grain structure is apparent. The

grain size of the as-released polycrystalline Au film

is generally smaller than the film thickness. This

observation is consistent with findings on as de-

posited films in micro-electronics.

Individual MEMS chips, which may contain as

many as 50 test structures, are subjected to thermal
fluctuations in a special thermal chamber with a

temperature range of )190 to 600 �C. The chamber
has controllable heating and cooling rates so that

specific cycle blocks can be applied in a timely

manner. Fig. 4 is a plot of the temperature in the

chamber as a function of time for a representative

thermal cycling experiment. Small hold periods,

which result in the stair–step pattern of the tem-
perature profile shown in Fig. 4, were necessary for

in situ displacement measurements. Measurements
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Fig. 4. Thermal cycling profile within the temperature cham-

ber. The steps represent hold periods where measurements were
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Fig. 3. FIB image of the micro-structure of 0.5 lm Au deposited on 1.5 lm of Si shown at (a) low and (b) high magnifications in a

cross-section cut through a plate structure. The Au and Si materials are marked on image (b). The scale in the horizontal and vertical

directions differs because the sample is tilted 45�.
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were only made at certain cycle intervals to mini-

mize possible hold time effects.

During heating or cooling, the full-field dis-

placement of selected plate structures is measured

in situ using an interferometric microscope. The

out-of-plane displacement resolution of the mi-
croscope is on the order of nm, and the viewing

window is approximately one square mm, allowing

measurement to occur simultaneously on several

MEMS test structures. The measurements rely

upon a surface that is relatively smooth and nor-

mal to the objective lens. If the sample curves

significantly and the slope of the displacement field

is too large, or excessive surface roughening is
encountered, measurements cannot be made. The

microscope provides raw data in the form of

height versus in-plane position. Using this infor-

mation, the curvature, j, for selected linear paths
can be calculated. Data throughout the paper will
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be presented as either raw height data or the cur-

vature of specimens at specific temperatures.

Finite element modeling was completed with

ABAQUS, and details can be found in Dunn et al.

(2002). The model used composite shell elements

to approximate the thin-plate kinematics of the
Kirchoff theory. Geometric non-linearity is mod-

eled using the well-known von Karman theory for

thin plates with large deflections. Both materials

are modeled as linear elastic with isotropic mate-

rial properties. Input parameters to the finite ele-

ment calculations are E2 ¼ 163 GPa, m2 ¼ 0:22
E1 ¼ 78 GPa, m1 ¼ 0:42. The thermal expansion
coefficients of the materials were assumed to vary
linearly with temperature and values at 100(24) �C
used are a2 ¼ 3:1ð2:6Þ � 10�6 �C�1, and a1 ¼
14:6ð14:2Þ � 10�6 �C�1. Typical finite element me-

shes for the plate micro-structures contained ele-

ments with a characteristic dimension of about

12.5 lm, a size that was chosen after a convergence
study with mesh size.
3. Results

The experimental and modeling results are

presented in Figs. 5–12. Fig. 5 presents a series of
Fig. 5. Example of a typical surface plot reproduction created using

during cycle number 100. Temperature is in �C. The curvatures are ex
times. Below 80 �C the ends of the beam are not visible by interferen
deformed shapes as a function of temperature for a

300 lm by 50 lm beam that has been thermally

cycled 100 times from )50 to 200 �C, prior to this
particular measurement. The out-of-plane dis-

placements are magnified by a factor of 50 to vi-

sualize the dependence of the beam curvature on
temperature. At low temperatures, the beam

curves upwards away from the substrate due to the

larger contraction of the Au layer compared to the

polysilicon layer. For this sample and temperature

cycling range, the beam ends are no longer mea-

surable below about 80 �C due to large slope of the
beam. However, the center portion of the curved

beam that remains in focus can still be used to
determine the overall curvature of the beam. As

the temperature is raised, the curvature of the

beam decreases as the Au expands more than

the Si substrate. Towards higher temperatures, the

curvature eventually reverses itself away from the

microscope (Fig. 5).

The series of images in Fig. 5 were created using

actual displacement data, and they provide a good
visualization tool for the overall thermomechani-

cal response. A more quantitative and compact

representation of the data in Fig. 5 is average

curvature versus temperature plots (Figs. 6 and 7).

In Figs. 6 and 7 we plot curvature along the long
the full-field displacement data for the 300 lm by 50 lm beam

aggerated by increasing the scale in the plane of the beam by 50

ce patterns because the displacement is too large.



Fig. 6. Curvature–temperature response of an as-released beam

heated until the specimen reflectivity degraded to the point that

measurements could no longer be obtained with the interfero-

metric microscope.

Fig. 7. Curvature–temperature response of an as-released beam

cycled in an incremental step pattern for continuously increas-

ing temperatures.
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axis of a beam as a function of temperature. The

measurement begins at room temperature (25 �C)
on an as-released sample and the temperature is

raised monotonically while incremental curvature

measurements are made. As observed in Fig. 5, the
curvature decreases towards a negative value as

the temperature increases. The curvature has a

tendency to saturate around 200 �C, and increases
as the temperature is subsequently raised towards

300 �C. Above 300 �C the Au surface reflectivity

degrades severely and interference measurements
on the Au surface become impractical (Burns and

Bright, 1998). A similar response is shown in Fig.

7, with the exception that the change in tempera-

ture (DT ) is incrementally increased and decreased.
The incremental unloading response shows that

the Au–Si structures exhibit a significant depen-
dence on the maximum temperature experienced

during a cycle from the as-released state. The slope

of the curvature temperature response is indepen-

dent of the maximum temperature, however, the

maximum curvature developed upon cooling in-

creases as the maximum temperature increases.

The results indicate a permanent strain in the Au

with an accompanying inelastic deformation
mechanism. Complete details of this response are

given by Zhang and Dunn (2003).

Certain Au–Si multi-layer structures demon-

strate a non-linear thermomechanical response.

Fig. 8 plots average specimen curvature as a

function of temperature for square plates of vari-

ous sizes. The experimental data in Fig. 8a was

taken on as-released plates that were cycled from
room temperature to 100 �C several times and then
cooled to room temperature. It is important to

understand that the response of the plates in Fig. 8

was tracked after applying about three thermo-

mechanical cycles to temporarily stabilize the ther-

momechanical response in this temperature range.

The modeling data in Fig. 8b was constructed using

a multi-layer finite element model that accounts for
geometric non-linearity (Dunn et al., 2002). Cur-

vatures in the x-direction, jx, and curvature in the

y-direction, jy , are presented in both Fig. 8a and b.

For all of the plates, the curvature–temperature

relationship is linear at small curvatures and non-

linear at large curvature values. Moreover, the re-

sults in Fig. 8 show a plate size dependence of

the curvature–temperature relationship. Upon the
same thermal loading, larger plates tend to resist

deformation and even show a bifurcation of the

curvatures in the x and y directions. Smaller plates
curve more readily into a spherical deformation

pattern. The modeling results capture the overall

trends of the experimental measurements including

the bifurcation in the larger plate.

The Au–Si plates were found to experience
creep if held at a constant temperature for a period

of time. In Fig. 9 we present curves of curvature
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versus hold time for 200 lm square plates (Fig. 9a)

and 300 lm square plates (Fig. 9b) held at 120 �C.
The larger plates are buckled in their initial con-
figuration, while the smaller plates are deformed

spherically. Before experiencing the temperature

hold, the as-released plates were heated from room

temperature to 190 �C and subsequently cooled to

120 �C. In Fig. 9a we observe the creep behavior
for 0.5 lm Au on 1.5 and 3.5 lm of Si, which both

demonstrate a decrease in curvature as a function

of time. The specimen with the thinner Si layer
begins with a larger initial curvature, however, the

creep rate of both specimens appears comparable.

The buckled plate (Fig. 9b) shows an increase/de-

crease in the curvature in the x-direction, jx, and a

decrease in the curvature in the y-direction, jy ,

over time. The creep curves in Fig. 9 for all plates

show rates that are initially larger than the ap-
parent steady-state rates. Complete details are

given in Zhang and Dunn (2001).

The effect of repeated thermomechanical cycles

is presented in Figs. 10–12. In Fig. 10 the tem-

perature was cycled over a range of DT ¼ 250 �C
and a mean temperature of Tm ¼ 75 �C, where
DT ¼ Tmax � Tmin and Tm ¼ ðTmax þ TminÞ=2. The
300 lm by 50 lm beam (Fig. 10a) and 200 lm by

50 lm beam (Fig. 10b) show nearly identical re-

sponses up to 100 cycles in contrast to the different

size plate structures in Fig. 8, which showed a plate

size dependence. The results in Fig. 10 show that

the thermomechanical response is stable up to 100

cycles for DT ¼ 250 �C and Tm ¼ 75 �C. Fig. 11
shows the effect of increasing Tm ¼ 75–150 �C and
keeping DT at 250 �C. Burns and Bright (1998)

have shown that similar Au/Si layered structures

undergo thermally induced damage at tempera-



Fig. 10. Thermal cycling response of (a) a 300 lm by 50 lm
beam and (b) a 200 lm by 50 lm beam. Test parameters:

DT ¼ 250 �C, Tm ¼ 75 �C.

Fig. 11. Thermal cycling response of a 300 lm by 50 lm beam.

Test parameters: DT ¼ 250 �C, Tm ¼ 150 �C.

Fig. 12. Thermal cycling response of a 300 lm by 50 lm beam.

Test parameters: DT ¼ 175 �C, Tm ¼ 112:5 �C.
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tures 250 �C and higher. This type of damage may

contribute to the trends seen in Fig. 11. After 100

cycles, the thermomechanical response has shown
a significant downward shift towards smaller cur-

vatures, and at 1000 cycles the reflectivity of gold

surface had degraded so as to make interference

measurements impractical. This surface reflectivity

degradation is a result of the thermally induced

damage mentioned previously. A final thermal

cycling result is presented in Fig. 12 for DT ¼ 175

�C and Tm ¼ 112:5 �C. This cycling scheme pro-
duced a slower degradation response than Fig. 11.

The sample lasted more 8000 cycles with continu-

ally decreasing curvature before the experiment

was terminated.
4. Discussion

To design functional and reliable multi-layer

MEMS structures, it is necessary to understand

and predict their thermomechanical response for a

variety of possible loading paths and structure

geometries. The present results provide a prelimi-

nary investigation into the effects of layer thick-

ness, plate geometry, thermal path, and repeated

cycling on the thermomechanical response of lay-
ered Au–Si MEMS structures. Within this discus-

sion we shall provide explanations for some of the

observed results and future paths for elucidating

unclear behaviors.
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Multi-layered Au–Si square plates with a com-

parable in-plane x and y dimensions demonstrate a
non-linear curvature versus temperature response.

Smaller plates exhibit a spherical out-of-plane de-

formation pattern with equivalent curvatures in

the x and y directions. Larger plates show equi-
valent x and y curvatures for relatively small cur-
vatures, however, the x and y curvatures eventually
bifurcate resulting in a buckled plate structure.

Structures with a higher in-plane aspect ratio do

not show a noticeable size effect or bifurcation.

Finite element modeling results have proven that

the non-linear curvature effects are geometrical in

nature. In the finite element model, the bifurcation
must be seeded by introducing a material or geo-

metrical imperfection (Dunn et al., 2001, 2002).

Existing finite element and constitutive models

are capable of predicting the curvature–tempera-

ture response of the MEMS plates for one stabi-

lized thermomechanical cycle (Fig. 8, Dunn et al.,

2001, 2002). The reason that the aforementioned

finite element model shows good correlation with
experiments for a single stabilized thermomechan-

ical cycle is because micro-structural changes are

negligible over a single stabilized cycle and non-

linear elastic constitutive relationships are valid.

Predicting the behavior of an as-released structure

(Figs. 6 and 7), or a structure subjected to thermal

hold periods (Fig. 9) or repeated cycles (Figs. 10–

12) requires a constitutive damage modeling ap-
proach. Although such frameworks are standard

for macroscale material systems, it is not certain at

this time that these models can be extrapolated to

these small scales without modification.

The first thermomechanical cycle of as-released

structures differs considerably than subsequent

cycles. During an initial heating cycle, significant

energy dissipation occurs through one or many
inelastic deformation mechanisms. This observa-

tion is clear from the open hysteresis loops in Fig.

7, which are analogous to an elastic–plastic stress–

strain curve with intermittent unloading segments

(Zhang and Dunn, 2003). As mentioned in the

introduction the inelastic behavior in thin films on

thick substrates in micro-electronics has been ra-

tionalized as plastic flow, diffusion, grain growth,
or dislocation creep. Detailed microscopy work or

further experimentation must be completed in
multi-layer MEMS structures to fully determine

the inelastic deformation mechanisms controlling

the response of the as-released Au–Si structures.

Such investigations are part of the present work

and results will be presented in due course. We do

not believe that the deformation mechanism can
be simply explained by plasticity since the stresses

in the films are very small at the onset of the in-

elastic deformation. For example, upon cooling to

room temperature from 125 �C, the stresses in the
Au film in the structures in Fig. 7 are approxi-

mately 75 MPa. Near the zero curvature values in

Fig. 7, the stresses in the films are on the order of

10s of MPa.
The preliminary thermal cycling results pre-

sented here show that the curvature–temperature

response depends on the number of applied ther-

mal cycles. Based on Fig. 11, a structure cycled at a

relatively high mean (or max) temperature will

show a downward ratcheting leading to excessive

surface roughening. Fig. 12 shows the evolution of

the thermomechanical response when the sample is
not subjected to temperatures above 200 �C during
cycling. The sample degrades much slower, and the

thermomechanical response also ratchets towards a

lower curvature value. It appears that a different

degradation mechanism is operating in this regime

compared to the higher temperature regime.Micro-

structural observations and modeling are needed

to fully understand this evolutionary behavior
during cycling. Moreover, further experimentation

is necessary to clarify and quantify the role of the

temperature range versus the mean temperature

on the cyclic response. With the aforementioned

micro-structural and experimental information,

mechanism-based models of the cyclic response

can be developed as a step towards new multi-layer

MEMS design tools.
5. Conclusions

1. Bi-layer Au–Si MEMS structures exhibit a

non-linear temperature–curvature relationship

during a temperature change due to thermal ex-

pansion coefficient mismatch between the two
thin layers. Square plate structures show a size

effect of the curvature–temperature response,
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and larger plates show a tendency to buckle.

Beam-like structures do not exhibit a length ef-

fect.

2. Bi-layer Au–Si MEMS structures show a relax-

ation or curvature (creep) when subjected to a
thermal hold period.

3. The first thermal cycle of as-released Au–Si bi-

layer MEMS differs considerably compared to

subsequent cycles. Beam-like samples cycled be-

tween two temperatures showed significant rat-

cheting toward a lower curvature as a function

of the number of cycles.

4. Future work on bi-layer MEMS structures
must focus on understanding the mechanisms

of deformation during creep and thermal cy-

cling. Previous research on thin films in micro-

electronics may not trivially extend to MEMS

structures due to the completely different cou-

pling between temperature, induced curvature,

and stress in the two applications.
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