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Abstract. Thin film materials are normally under residual stresses as a result of fabrication
processes. Unlike microelectronics devices, a micromechanical structure is no longer
constrained by its underlying silicon substrate after anisotropic etch undercutting; therefore,
residual stresses may result in the bending and buckling of a micromechanical structure.
The buckling behavior has been exploited to measure the residual stresses of thin films.
This characteristic can also be applied to fabricate out-of-plane three-dimensional
micromechanical structures if their deflections are controllable. The buckling of a
microbridge is difficult to predict since it is strongly dominated by its fabrication processes
and boundary conditions. Currently the information regarding the buckling of
micromachined structures is still not complete. The application of the buckling behavior is
therefore limited. In this research, the effects of boundary conditions and gradient residual
stresses on the buckling behavior of microbridges were studied using analytical and
experimental approaches. The variations of the buckling amplitude orientations with the
thickness and length of the microbridges were obtained; therefore, the buckling behavior can
be predicted and then exploited to fabricate useful micromechanical structures. The potential
application of this research lies in preventing the leakage of the microvalves.

1. Introduction

As the result of fabrication processes, thin film materials are
normally under residual stresses [1]. The residual stresses
may lead to unwanted deformation, such as bending, buckling
and twisting towards micromachined structures which are no
longer constrained by the silicon substrate underneath after
undercutting, as illustrated in figure 1. The deformation
of micromachined structures can be used to determine the
residual stresses of thin films [1–3]. The residual stresses
can also be exploited to fabricate mechanical structures with
desired configurations, especially the structures with out-
of-plane deformation. A real three-dimensional structure
can therefore be fabricated through the micromachining
technology. The applications of this approach are the
predeformed microvalve plates in microfluidic systems [4].

Microcantilevers and microbridges (or in terms of
clamped–clamped beams) shown in figure 1 are two
fundamental predeformed mechanical structures. In general,
the bending effect predeforms the cantilever, which contains
one fixed end and one free end, as indicated in figure 1(a).
On the other hand, the buckling effect predeforms the
microbridge, which contains two fixed ends, as indicated in
figure 1(b). The mechanical behaviors of cantilevers have
recently been studied extensively [5, 6] and well understood;
however, the information regarding the buckling behavior
of micromachined structures is still limited [7–9]. This
is mainly due to the difficulties of predicting the elastic
instability phenomena of the buckling behavior. For instance,

Figure 1. Out-of-plane deformation of: (a) microcantilever; and
(b) microbridge.

the buckling of a microbridge could be affected by thin film
residual stresses, fabrication processes, as well as boundary
conditions. In fact, most of the models still considered the
buckling behavior as a linear perfect case [8, 9]. Though
the imperfection effect during buckling was mentioned in
[7], the sources that may introduce imperfections were not
discussed. The applications of predeformed microbridges
are thus limited.

The goal of this research is to develop a model regarding
the imperfections of a microbridge during buckling. The
unsymmetric and flexible boundaries of the microbridges
and the gradient residual stress are considered as two major
sources of imperfections in the proposed approach. The
buckling behavior of the microbridges observed in the
experiment can be explained qualitatively by using a study
of the boundary and residual stress.
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Figure 2. Fabrication of a microbridge: (a) not fully undercut; (b) not fully undercut; (c) fully undercut with convex corner boundaries;
(d) fully undercut with flat boundaries; and (e) fully undercut with concave corner boundaries.

2. Experiment and results

In order to observe the buckling behavior of microbridges,
SiO2 beams of various lengths and thicknesses were
fabricated using a standard bulk micromachining process.
A SiO2 layer was thermally grown at 1050◦C on a (100)
single-crystal silicon substrate. After the SiO2 layer was
patterned using hydrofluoric acid, the wafer was etched
anisotropically with a 25% KOH solution at 80◦C. The
SiO2 beams were suspended above a cavity after the silicon
substrate underneath was removed.

The etching time must be controlled properly so as to
obtain the desired boundaries of the beams. The optical
microscope photographs in figure 2 show an undercut process
of a silicon substrate for SiO2 microbridge patterns. The
triangular openings indicated in figure 2(a) were apt to form
two pyramid cavities on its underlying silicon substrate after
anisotropic etching [10]. As shown in figure 2(b), the
width of the microbridge wasW , and the hypotenuse of
the triangular openings wasLf . When the microbridge was
just released from the substrate, two convex corners formed
its boundaries, as indicated in figure 2(c). The effective
length of the microbridgeLx , as indicated in figure 2(c),
hence was approximately equal toLf −W/2. The convex
corner became flat for a longer etching time, as shown in
figure 2(d). The undercutting process was stopped by (111)
planes; therefore, two concave corners were formed on the
silicon substrate, as indicated in figure 2(e). The effective
length of the microbridge becameLv (= Lf +W/2) under
this circumstance. Thin films with thicknesses between
0.3 and 1.0 µm were grown in the experiment; arrays of

microbridges with a lengthLf between 30 and 120µm were
also fabricated. Since the lengthLf and the thicknesshof the
microbridges were two key factors studied in this research,
these samples were tested during the experiment.

The buckling amplitude orientation of each microbridge
was characterized by both an optical microscope and
interferometric profilometry. The microbridges were
confirmed from observed results to buckle with their
amplitude either upward or downward. Deflection
measurements for microbridges of thirty different lengths and
from twenty different arrays on the same wafer demonstrated
the variations of the buckling amplitude orientations (upward
or downward) with length forW andh specified. Typical
measured results for the microbridges with concave corners
and flat boundaries are indicated in figures 3 and 4,
respectively. The data bars in figures 3 and 4 denote
the percentage of the buckling amplitude orientations for
a specific beam length of a microbridge. The positive and
negativey-axis in figures 3 and 4 represent the upward and
downward directions, respectively.

Shorter microbridges are clearly found as tending to
buckle downward, according to the measurements, whereas
longer microbridges tend to buckle upward. Between the two
regions of different buckling amplitude orientations, there is
a transition region, for example 38 to 42µm in length for
a 0.67 µm thick microbridge as shown in figure 3(a). The
transition region of a thicker microbridge occurs in a beam
of longer length. For instance, the transition region ranges
from 46 to 50µm in length for a 0.85µm thick microbridge
as shown in figure 3(b). For the case of 1µm thick
microbridges, it is difficult to distinguish from figures 3(c)
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(c)

Figure 3. Variation of the buckling amplitude orientations (as a
percentage) with length for a microbridge with various
thicknesses: (a) 0.67µm; (b) 0.85µm; and (c) 1.0µm. The
boundaries of the microbridge are concave corners. Measurement
results for each beam length are taken from 20 different beams.

and 4(c) whether their beam lengths reached the transition
region. The microbridge still tends to buckle upward while
the length increases, as indicated in figure 3(c). Though
the boundaries of the microbridges in figures 3 and 4 are
different, their measured results have the same trends. In
short, the buckling amplitude orientations of microbridges
with various beam lengths are confirmed from the measured
experimental results not to be distributed randomly.

3. Modelling and analysis

A general residual stressσ in a thin film can be expressed
using the polynomial [1]

σ =
∞∑
0

σk

(
2y

h

)k
(1)

(a)

(b)

(c)

Figure 4. Variation of the buckling amplitude orientations (as a
percentage) with length for a microbridge with various
thicknesses: (a) 0.67µm; (b) 0.85µm and (c) 1.0µm. The
boundaries of the microbridge are flat edges. Measurement results
for each beam length are taken from 20 different beams.

Figure 5. Thin film residual stress with uniform and gradient
components.

where h is the thickness of the thin film. The origin
of the coordinates is chosen at the film’s mid-plane, thus
y ∈ (−h/2, h/2), as illustrated in figure 5. In the
first approximation, the residual stress is regarded as the
superposition of a uniform componentσ0 and a gradient
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Figure 6. A two-dimensional model of a microbridge with lengthL and thicknessh.

componentσ1(2y/h) (or calledσ1). The beam with its two
ends fixed will buckle if the compressive force exerted on the
beam is greater than the critical buckling loadPc [11]

Pc = 4π2EI

L2
(2)

whereLandEI respectively represent the length and flexural
rigidity of the beam. It may be deduced from (2) that a
microbridge will buckle if its uniform residual stress reaches
a critical valueσc.

If the beam was a perfect structure (idealization of
geometry and loading), it would have an equal opportunity
to buckle upward and downward. On the contrary, if the
beam had imperfections, it would tend to buckle towards a
specific direction [12]. There are several possible sources,
including fabrication defects, geometric irregularities, non-
ideal loadings and boundaries, which introduce imperfections
into microbridges. The buckling amplitude orientations of
the microbridges observed in this experiment were found to
be strongly dominated by these imperfections. It is believed
that this is the main reason for the regular distribution of the
buckling amplitude orientations of microbridges as shown in
figures 3 and 4.

It is important to predict the buckling amplitude
orientations of microbridges at the design stage in order to
apply the characteristic of a buckling beam to a microsystem.
The buckling behavior associated with the geometrical shape
(including length and thickness) and the imperfections of
microbridges are discussed in this study. The sources of
imperfection include the boundaries of the microbridge and
the gradient residual stresses of thin films. Commercial
software was used to establish finite element models with
which to explain the buckling behavior observed in the
experiment. To clarify the influence of the geometrical

Figure 7. The side-view of a microbridge: (a) for a conventional
boundary AB; (b) for a proposed boundary AB; and (c) the
boundary AB before the relief ofσ0; and the boundary AB′ after
the relief ofσ0.

shapes and the imperfections on the buckling behavior of
microbridges, the model was carried out using the nonlinear
analysis. A simple two-dimensional finite element model,
including a microbridge and its underlying silicon substrate,
established in this study is shown in figure 6. The model
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Figure 8. The change of the boundaries AB of these models with
lengths: (a) 36µm; and (b) 100µm. These models were only
subjected to uniform residual stress. Line AB represents the
undeformed left boundary, whereas line AB′ represents the
boundary configuration of the microbridge subjected to uniform
stress at the prebuckling state.

represents the cross section of a microbridge along its axial
direction. The domain FGHJ indicated in figure 6 represents
the silicon substrate. In addition,L represents the length of
the microbridge;hs is the thickness of the silicon substrate;
hc is the depth of the cavity when the microbridge is just
released from the underlying silicon substrate. The boundary
conditions of the model were applied at points F and G by
means of constraining their displacement in they direction;
however, the rest of the region of the model is free to expand
and bend.

In this study, the material used for the microbridges was
thermal SiO2 with residual stressσ0 = −300 MPa. The finite
element models with the same film thickness,h = 8500 Å,
and six different lengthsL = 36µm, 50µm, 55µm, 60µm,
80 µm and 100µm, respectively, were established. The
models represent different buckling amplitude orientations
due to different lengths shown in figures 3(b) and 4(b). The
silicon substrate used in the experiment was 500µm thick.
The elastic moduli of SiO2 and Si were respectively taken
to be 70 GPa and 190 GPa [13], and the Poisson’s ratios
of SiO2 and Si were assumed to be 0.15. The thickness of
the substratehs , as was indicated from a nonlinear analysis,
would not influence the results of the finite element analysis
while hs exceeds 300µm. The thicknesshs in the finite
element model therefore was only 300µm instead of 500µm

Figure 9. Prebuckling shapes of the simulated (a) 36µm and
(b) 100µm long microbridges only subjected to uniform residual
stress.

so as to save computational time. Similarly the wall thickness
hw was modelled to be 50µm but not several millimetres.

3.1. Boundary effect

The conventional fixed (or clamped) condition has zero
displacement and zero slope along the boundary, as is
illustrated in figure 7(a). The boundary conditions of
micromachined structures however, are limited to the
fabrication processes. The boundary conditions of a
microbridge shown in figure 7(b) are different from those
of the conventional clamped–clamped beam indicated in
figure 7(a). The boundaries AB and CD of a microbridge
depicted by the broken lines in figure 7(b) are only fixed
at points A and D. Thus, AB and CD would expand to the
broken lines AB′ and CD′ shown in figure 7(c) after the relief
of a uniform compressive residual stress. The microbridge
consequently is bent to form the configuration shown in
figure 7(c) due to its deformed boundaries.
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Figure 10. Postbuckling shapes of the simulated (a) 36µm and
(b) 100µm long microbridges only subjected to uniform residual
stress.

In order to clarify the influence of the boundary effect on
the buckling behavior by means of finite element analysis, the
model shown in figure 6 was subjected to a uniform residual
stress. The boundary AB of the microbridge with arbitrary
beam length was deformed to a similar configuration, as was
indicated from a nonlinear analysis. Two typical deformed
boundary configurations AB′ for microbridges withL =
36 µm and 100µm are shown in figure 8. Microbridges
with arbitrary beam length were clearly indicated from
previous analysis to have the initial configuration shown in
figure 9 at their prebuckling state. Since buckling amplitude
orientation was very sensitive to the initial configuration
of the beams at their prebuckling state, the microbridges
were all buckled downward. For instance, the buckling of
microbridge withL = 36 µm and 100µm are shown in
figure 10. To summarize, the boundary of a microbridge is
a source of imperfection leading the microbridge to buckle
downward.

Figure 11. Deformed shapes of the (a) 36µm and (b) 100µm
long microbridges after being subjected to gradient residual stress
only.

3.2. Bending effect

Gradient residual stresses would result in the bending of
a microbeam as shown in figure 1(a), after the underlying
silicon substrate was removed [1, 6]. In this regard, a
microbridge should be no longer a perfect straight beam
while it is subjected toσ1 described in equation (1). The
deformation profile of a microbridge induced by gradient
residual stresses hence would affect the buckling amplitude
orientations. Microbridges influenced by gradient stresses
were analysed using the finite element model shown in
figure 6.

In the present finite element model, 0.85µm thick SiO2

microbridges with six different lengths were studied. The
gradient residual stressσ1 of a 0.85 µm thick SiO2 film
determined from the curvature of a micromachined cantilever
was 6.25 MPa. Two typical simulated shapes of the 36µm
and 100µm long microbridges, under the action of the
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Figure 12. Prebuckling shapes of the simulated (a) 36µm and
(b) 100µm long microbridges subjected to both uniform stress
and gradient stress.

gradient residual stressσ1, were consequently both bent
upward, as illustrated in figure 11. In short, the initial
configuration induced by the gradient residual stress of the
SiO2 film in the studied case tends to induce microbridges to
buckle upward.

3.3. Net effect

Residual stresses of thin films consist of both the uniformσ0

and the gradientσ1 components. The initial configuration
of a microbridge at the prebuckling state is thus determined
by both the boundary effect and the bending effect. The
σ0 and σ1 values were imposed on the models by means
of finite element analysis. The initial configuration of the
microbridges with lengthsL = 36µm and 100µm are shown
in figure 12. The initial configuration of the 36µm long
microbridge remained deflecting downward after imposing
the bending effect, as is indicated from a comparison of
figure 9(a) with figure 12(a). On the contrary, the initial

Figure 13. The change of boundaries AB for the models with
lengths of (a) 36µm and (b) 100µm. These models were
subjected to uniform stress and gradient stress. Line AB
represents the undeformed left boundary of the microbridge. Line
AB ′ represents the boundary configuration of the microbridge at
the prebuckling state, whereas line AB′′ represents the boundary
configuration of the microbridge at the postbuckling state.

configuration of the 100µm long microbridge shown in
figure 12(b) became deflected upward after imposing the
bending effect. The boundary of the microbridge changed
from the initial state AB to the prebuckling state AB′ as shown
in figure 13. The 36µm long microbridge therefore remained
buckled downward, whereas the 100µm long microbridge
became buckled upward, as illustrated in figure 14. The
boundary of the microbridge at the postbuckling state AB′′ is
also indicated in figure 13.

The variations of the buckling amplitude orientations for
six different lengths of the microbridge were also studied
using the finite element model, as shown in figure 15(a).
The microbridges were demonstrated from the analysis to
buckle downward whileL = 36 µm, 50µm and 55µm,
and buckle upward whileL > 60 µm. The transition
length was near 50µm to distinguish the buckling-up region
from the buckling-down region of the microbridges, as was
illustrated from a comparison of the simulated results with
the experimental results shown in figures 3(b) and 4(b). As
another example, the 0.67µm thick SiO2 microbridges with
five different lengths were also studied by means of the finite
element model. The distribution of the buckling amplitude
orientations with the beam lengths is shown in figure 15(b).
The microbridges were demonstrated from the analysis to
buckle downward whileL = 30µm and 35µm, and buckle
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Figure 14. Postbuckling shapes of the simulated (a) 36µm and
(b) 100µm long microbridges subjected to both uniform stress
and gradient stress.

upward whileL > 40 µm. The transition length of the
microbridge obtained through the experiment, however, was
near 44µm, as indicated in figures 3(b) and 4(b).

4. Discussion and conclusion

The buckling amplitude orientation of a microbridge is
influenced substantially by its initial configuration. In this
study, two primary imperfection sources, which may produce
the initial configuration of a microbridge, were demonstrated
using finite element models. The first imperfection source
is the deformation of the partially clamped boundaries AB
and CD for a microbridge shown in figure 7(b). The
partially clamped boundaries may thus introduce an angular
deflectionθ at the boundaries of the microbridge. The initial
configuration of the microbridge induced by this effect is
regarded as the model shown in figure 16(a). In this case, the
microbridge is considered to be bent by an effective bending

(a)

(b)

Figure 15. Simulated results of the variation of the buckling
amplitude orientations with length for microbridge with two
different thicknesses: (a) 0.85µm and (b) 0.67µm.

Figure 16. The influence of: (a) boundary effect; and (b) bending
effect on the configuration of a microbridge.

moment

M0 = 2EIθ

L
= Ebh3θ

6L
. (3)

In short, the boundary effect, as indicated in figure 16(a), is an
imperfection leading the microbridges to buckle downward.
The second imperfection source is the bending of the
microbridge due to the gradient residual stressσ1 of thin
films. The initial configuration of the microbridge induced
by this effect is regarded as the model shown in figure 16(b).
In this case, the microbridge is bent by a bending moment

M1 = 2Iσ1

h
= bh2σ1

6
. (4)

The gradient stress of the SiO2 film resulting in the bending of
a microbridge, as indicated in figure 16(b), is an imperfection
leading it to buckle upward.

The effective momentM0 is found from (3) to decrease
while the microbridge lengthL increases, whereas the
momentM1 is found from (4) to remain a constant while
L changes. In general,M0 would dominate the buckling
amplitude orientations for shorter microbridges. On the
other hand,M1 would dominate the buckling amplitude
orientations for longer microbridges. In addition,M0 is
proportional toh3; however,M1 is proportional toh2. The
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(a)

(b)

Figure 17. Variation of the buckling amplitude orientations (as a
percentage) with length for 0.46µm thick microbridge. The
boundaries of the microbridge respectively are: (a) concave
corners; and (b) flat edges. Measurement results for each beam
length are taken from 20 different beams.

microbridge therefore tends to widen its buckling-down range
corresponding to the increase of the film thickness. This
is the explanation for the experimental observations shown
in figures 3 and 4. According to (3) and (4), the buckling
amplitude orientation of a microbridge can be estimated or
controlled if the proper film thickness, beam length and thin
film residual stresses are chosen.

The buckling amplitude orientations of 0.85 µm
thick microbridges with various lengths were simulated.
Microbridges shorter than 55µm consequently buckled
downward, whereas the microbridges longer than 60µm
buckled upward, as indicated from the simulated results of
figure 15. The change in the buckling amplitude orientation
is indicated from the simulation to occur between 55 and
60 µm long microbridges. Compared with experimental
results, there is a shift of 5–10µm in the transition region.
There is also a 5–10µm difference in the transition region
between the experimental and analytical results for 0.67µm
thick microbridges; this may be because the model took
no account of the boundary effects introduced by the real
shapes of the convex and concave corners shown in figure 2.
In addition, the gradient residual stresses of the 0.67 µm
thick and 0.85 µm thick thin films were obtained using
interpolation. This approach may be another possibility
by which to induce the deviation to the distribution of the
transition region compared to the experimental results.

The thinner microbridges all buckled downward when
their lengthsL became larger, as indicated in figure 17.

The 0.46µm thick microbridges however were apt to buckle
downward again after their lengths exceeded 70µm. Almost
all of the microbridges additionally buckled downward
for all lengths when their thickness was only 0.3 µm.
This characteristic is believed to be introduced by surface
tension from de-ionized water during drying the wafer.
For the case of thinner microbridges, their stiffness is too
small to tolerate the absorption of surface tension; thus,
the buckled microbridge would experience a snap through
a deflection from the upward position to the downward
position.
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