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Abstract

For the micromachined thermal bimorph structure, there is often initial
deflection, or so-called geometrical imperfection, which may affect the
stability of the structure. Here, finite element simulations and experiments
are conducted to study the influences of initial deflection and actuating
region on mechanical behaviors of a curved bimorph structure with clamped
boundary condition. Devices are fabricated by adjusting the internal stresses
of polysilicon layers on bimorph structures to achieve various initial
deflections. Various actuation regions are achieved by designing different
sizes of top layers covering the bottom layers of the bimorph structures.
Stable and unstable regions in terms of two design factors, initial deflection
ratio and bimorph ratio, are characterized by simulations and experiments. It
is found that the curved bimorph structure is stable when the bottom layer is
fully covered with the top layer or the initial deflection is much smaller than
the structure thickness. The stable device is found to deflect in one direction
only. The bimorph structure becomes unstable while the initial deflection is
close to or larger than structure thickness. For unstable curved bimorph
structures, we find the snap buckling effect with two-way deflections and a

hysteresis loop.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Thermal bimorph effects have been applied widely to micro-
actuators for large deflections and moderate forces under
IC-level low driving voltages. One typical structure type used
in thermal bimorph actuation is the cantilever structure [1-6].
Thermal bimorph structures with beam and membrane types
are also found in many applications [7-12].

Analytical solutions to describe the tip deflections and
forces of thermal bimorph cantilevers have been discussed
[1, 13, 14]. Analyses on flat bimorph beam and circular plate
have been developed [13, 15]. Thermal buckling of a curved
bimorph beam and a circular plate has been derived for simply-
supported boundary conditions under uniform temperature
differentials [13, 16-18]. It was pointed out that snap
buckling or instability occurs for a simply-supported curved
bimorph structure only with the material combination of a large
difference in coefficient of thermal expansion (CTE) [18].

0960-1317/03/060955+08$30.00 © 2003 IOP Publishing Ltd Printed in the UK

However, in micromachined thermal bimorph structures,
itis hard to fabricate bimorph structures with simply-supported
boundary conditions, because most micromachined bimorph
structures have a high slenderness ratio (structural length over
radius of gyration of beam cross section), which is closer
to clamped boundary conditions [19-21]. Puers et al [8]
have reported on the effects of thermal expansion against
the clamped wall on the behaviors of bimorph structures
in different sizes. As they pointed out, thermal expansion
becomes important while the size of the bimorph structure
decreases. However, there has been no report yet of a study
of the instability of micromachined curved bimorph structures
with clamped ends.

Here, the mechanical behaviors of curved bimorph
structures with clamped ends under different actuating regions
are investigated analytically and experimentally.  Finite
element models are built for simulations. In experiments,
curved bimorph structures are micromachined and tested. Two
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Figure 1. Configurations and structural parameter definitions of the
central actuating bimorph structure model.

Table 1. Major material properties used in FEM analysis.

Polysilicon ~ Aluminum
Young’s modulus E (GPa) 160 (E)) 69 (E,)
Density p (kg m™) 8910 2700
Poisson’s ratio v 0.26 0.334
CTE « (10°¢°C™1) 2.33 (ay) 23.2 (a3)

crucial factors, the initial deflection ratio and the bimorph ratio,
show strong influences on the structural stability of the thermal
bimorph structures in both simulations and experiments.
The hysteresis effect shown in this investigation due to the
combined effects of these two factors would be helpful in
explaining the experimental data of previous literature [11].

2. Finite element analysis

2.1. Finite element model

Commercial software ANSYS 5.5 is used to study the
mechanical behaviors of curved thermal bimorph structures
with clamped ends. The finite element model is built with an
eight-node three-dimensional (3D) structural solid element,
SOLID45. Nonlinear buckling analysis is performed without
considering the intrinsic stress in each layer. Stress stiffening
and large deformation effects are also included. Only two
major layers, an aluminum layer with larger CTE («2) on
top and a polysilicon layer with smaller CTE («;) at the
bottom, compose the bimorph structure model. Other layers,
such as heating resistors and the electrical isolation layer,
are neglected due to their thinner thickness compared to the
major layers, and the meander pattern of the resistor is not
considered in the model, which could affect the buckling
temperature in simulation results. The bimorph structure
model is subjected to a uniform elevated temperature load,
denoted as AT, which is limited in range of —50 °C to +200 °C
with a reference temperature of 20 °C. Table 1 lists the major
material properties used in simulations.

Figure 1 shows the schematic diagrams of the bimorph
structure model where the structural parameters are also
defined. The bimorph structure is in concave shape with
clamped ends initially. To investigate the actuating region
effect, the top layer partially covers the central portion of
the bottom layer, which can provide a central actuating mode
in simulation. When the top layer covers the bottom layer
over more area, a larger actuating region is obtained. The
span of the central actuating bimorph structure (L) is fixed
at 1000 um with a 2.0 um thick (#,) aluminum layer and
a 2.0 pum thick (#;) polysilicon layer. The parameters o,
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Figure 2. Typical load—deflection curve on the center of a bimorph
structure under uniform elevated temperature loads AT, where Ts;
is the forward snap buckling temperature referred to position A and
Ty, is the snap back temperature referred to position B (B, = 0.8,
D, =3.0).

h, d and L represent initial deflection, total beam thickness
(i.e. h = t; + 1), the span of the top layer (also the span
of the actuating region) and the span of the bottom layer,
respectively. The effective slenderness ratio of the bimorph
structure model can be expressed as V3(L / h) and s calculated
to be 433. This high slenderness ratio ensures that the
bimorph structure model can be set to clamp to the substrate
regardless of boundary compliance effects. Two crucial design
factors, the initial deflection ratio (§y/ &), denoted as Dy, and
the bimorph ratio (d/L), denoted as B;, are varied to study
the influences on mechanical stability. These dimensionless
factors, D, and B, are used to indicate the degree of initial
deflection and actuating region, respectively. A positive D;
means the bimorph structure is in concave shape initially. In
contrast, a negative D, means the bimorph structure has a
convex shape initially. The B; factor is in the range of 0.0-1.0
where B, = 0.0 and B, = 1.0 refer to bimorph structures
without a top layer and with a top layer fully covering the
bottom layer, respectively.

2.2. Typical load—deflection behaviors

Figure 2 demonstrates simulated typical load—deflection
curves on the center of a central actuating bimorph structure
subjected to a three-step temperature loading cycle with
D, = 3.0 and B, = 0.8. For clarity, only the major part of the
load—deflection curves in the temperature range of —40 °C to
+90 °C is shown in figure 2. First, the elevated temperature
AT increases from 0 °C (point O) to 200 °C, then drops from
200 °C to —50 °C, and finally returns to 0 °C. As shown in
figure 2, two significant features, two-way deflections and
hysteresis loop, are found in snap buckling. It should be
pointed out that, when the top layer fully covers the bottom
layer (B; = 1.0), the clamped curved bimorph structure would
deflect towards the initial deflected direction monotonically.
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Figure 3. Illustration of the operation principles of the thermal bimorph structure with clamped ends in concave shape initially.

This means that instability will not occur for the clamped and
curved bimorph structures with B, = 1.0.

In figure 2, the bimorph structure deflects towards the
initial curved direction at first. While AT approaches Ts;, the
bimorph beam stops deflecting in the initial curved direction
and starts to deflect in the opposite direction gradually. Once
the increasing AT reaches and exceeds Ts;, the bimorph
structure becomes unstable and snaps through to the other side
(point A, AT = Ts;) and then deflects in the post-buckling
state with convex shape. In the cooling period, the deflection
of the bimorph structure in an upward direction decreases
gradually. Similarly, once AT is lower than Ts,, the bimorph
structure becomes unstable and a snap through in a backward
direction occurs (point B, AT = Ts;). When AT becomes
zero, the bimorph structure returns to its initial position.

In general, the mechanical behaviors can be explained by
the equilibrium of three moments, as illustrated in figure 3.
The thermal bimorph moment generated on the actuating
region of bimorph structure, denoted as Mp;, tends to bend
the structure in an opposite or upward direction and causes
snap buckling. The reaction moment acting on the ends,
denoted as Mo, holds the slope of the clamped ends to be
zero. Besides, the reaction force on the ends, denoted as P,
would generate bending moment Mp on the whole structure
to deflect the curved structure more or to flatten the curved
shape depending on the direction of reaction force P. While
the elevated temperature AT exceeding 7s;, moment Mp;
overcomes moment Mp and pushes the whole structure to
deflect upward suddenly and forward buckling occurs. While
the elevated temperature AT decreases lower than Tg, from
a higher temperature, the reducing moment Mp; cannot keep
the structure in convex shape any longer and the structure is
snapped back by the reaction moment Mg and moment Mp.

2.3. Effects of initial deflection ratio D, and bimorph ratio B

The initial deflection ratio D; is set in the range of 0.1-5.0,
and the bimorph ratio B; is set in the range of 0.2-1.0 in
simulations. To study the effects of these two design factors
independently, the influences on mechanical behaviors are
conducted by fixing one factor and varying values of the other.

Figure 4 shows the simulated load—deflection curves of
bimorph structures with B, = 0.8 under various values of D;.
In figure 4, it is shown that a larger D; factor causes buckling at
higher forward snap buckling temperature 7s; and lower snap
back temperature Ts,. This means that the hysteresis loop can
be enlarged obviously at a larger D; factor, i.e. a larger initial
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Figure 4. The simulated load—deflection curves of bimorph
structures (B, = 0.8) with various values of D, factor.

deflection. Besides, the deflection stroke, which is defined as
the difference on deflections before and after snap buckling, is
significantly increased with a larger D, factor also. When D,
is too small, two-way deflections and snap buckling will not
occur, such as in the case with D, = 0.2 in figure 4, where the
central actuating bimorph structure deflects upward only; this
is similar to the behavior of a central actuating flat bimorph
structure [10].

Figure 5 shows the simulated load—deflection curves of
bimorph structures with D, = 2.0 under various values of
B;. The forward snap buckling temperature Tg; is evidently
increased at B, larger than 0.9. For instance, the temperature
Ts; is slightly increased from 30.5 to 34.5 °C while B; is
increased from 0.6 to 0.8. However, Ts; is significantly
increased from 34.5 to 81.7 °C when B, changes from 0.8
to 0.95. For T, the B, factor does not affect the snap back
temperature Tg, evidently in general, from O to —20 °C as
shown in figure 5. But, the deflection stroke will be increased
with a larger B, factor also. As mentioned above, bimorph
structures with B, = 1.0 will deflect towards the initial curved
direction monotonically and no instability occurs, as shown in
figure 5.

Figure 6 summarizes the simulation results, which shows
the relations of mechanical stability between the initial
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Figure 5. The simulated load—deflection curves of bimorph
structures (D, = 2.0) with various values of B, factor.
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Figure 6. The simulated relations of mechanical stability between
the initial deflection ratio D, and the bimorph ratio B,. The vertical
axis is in log scale.

deflection ratio D, and the bimorph ratio B;. The crosses
denote unstable cases and the circles represent stable cases.
In figure 6, a solid line divides the results into two regions,
stable and unstable regions. The plot does not include the
cases with B, equal to 1 and less than 0.2. When there are
a combination of design factors located in stable regions,
the bimorph structures will deflect in the upward direction
only where two-way deflections and snap buckling will not
occur. In contrast, for those located in unstable regions, two-
way deflections and snap buckling do occur. Furthermore, it
should be noted that the bimorph structure becomes unstable
while the D, factor is close to or more than 1. This means
that mechanical instability can be induced easily if the initial
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deflection caused by residual stress in the micromachined
bimorph structure is not small enough. Therefore, a bimorph
structure with initial deflection much smaller than the structure
thickness can avoid unstable behavior. For the actuating region
effect, only B, factors in the range of 0.4—0.8 have wider stable
regions. Otherwise, stable regions become very limited for B,
beyond this range.

3. Fabrication considerations and process

We have fabricated central actuating bimorph structures with
different initial deflections and actuating regions. The initial
deflections are achieved by adjusting internal stresses on
structure layers, and the various actuation regions are obtained
by designing different sizes of top layers. To fabricate bimorph
structures with concave shapes, positive stress gradients must
be formed in layered structures. In addition, to achieve
different initial deflection ratios, the residual stresses of
deposited materials must be adjustable. Hence, low-pressure
chemical vapor deposited (LPCVD) polysilicon is chosen as
the bottom layer of the bimorph structure owing to its wide
range of residual stress [22], which depends on deposition
condition and annealing process. Since aluminum has large
CTE and is easy to evaporate with high thickness, it is chosen
as the top layer of the bimorph structure. Besides, the
evaporated aluminum has a tensile residual stress. Therefore,
the arrangement of the bottom polysilicon layer in compressive
stress and the top aluminum layer in positive stress forms a
positive stress gradient that can bend the bimorph structure into
the desired concave shape after the stress releasing process.

The curved bimorph structure can be fabricated by surface
or bulk micromachining techniques. However, using surface
micromachining, the thickness of the sacrificial layer limits the
initial downward deflection of the released bimorph structure.
Moreover, stiction during and after releasing may occur due
to the concave structure shape. Therefore, to simplify the
fabrication process, bimorph structures with dimensions of
1 x 1 mm? are fabricated by bulk micromachining with the
back-side anisotropic wet etching process.

Figure 7 shows the four-mask fabrication process. First,
a 3000 A thick LPCVD Si3Ny layer is deposited on a double-
polished 4-inch wafer as an electrical isolation layer and
masking layer for back-side anisotropic etching. Then, 2.0 um
thick LPCVD polysilicon is deposited at 620 °C to form a
bottom structural layer with highly compressive residual stress.
In order to have different initial deflections, the polysilicon
layer is then treated by three different heat treatments: without
annealing, annealing at 900 °C for 90 min and annealing at
1100 °C for 90 min. Then, the metal heating resistors made
of Ti/Au/Ti (250 A/1500 A /250 A) are evaporated and lifted
off. Then, 3000 A thick plasma-enhanced chemical vapor
deposited (PECVD) TEOS SiO; is deposited and patterned
to electrically isolate the metal resistors. Next, 2.0 um thick
aluminum is deposited and patterned as top structural layer.
The Si3Ny layer on the back side of the wafer is then patterned
by reactive ion etching (RIE) to form the etching windows for
back-side etching. The anisotropic wet etching is performed
in a 25% alkaline solution at 70 °C where a Teflon chuck is
used to protect the front-side patterns of the wafer. The SizNy
layer beneath the polysilicon bottom structural layer is then
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Figure 7. Fabrication process. (a) Deposition of LPCVD Si;N,4 and
polysilicon. The polysilicon layer is annealed in furnace,

(b) evaporation of metal resistors then patterned by lift-off process,
(c) deposition of PECVD TEOS SiO;, as electrical isolation layer
and patterning and (d ) backside anisotropic etching with Teflon
chuck to protect front-side patterns. The bimorph structures are
formed in concave shapes by final Si;N, stripping with RIE.

Figure 8. The perspective view of the fabricated curved bimorph
structure with a 2.0 pm thick aluminum layer on top and a 2.0 um
thick LPCVD polysilicon layer at bottom (B, = 0.8, D, = 3.3).

stripped using RIE. Finally, bimorph structures with concave
shapes are obtained.

4. Testing results and discussion

4.1. Polysilicon/aluminum bimorph structures

Bimorph structures with values of B; factor in the range of
0.4-1.0 and various initial deflection ratios are fabricated and
tested to compare with the simulation results. Figure 8 shows
optical photo of a 1 x 1 mm? central actuating bimorph
structure where the initial curved shape can be observed.
In experiments, there are two types of meandering resistor
pattern, parallel and spiral, designed to uniformly heat the
bimorph structure. The device shown in figure 8 has the
meandering resist pattern in parallel. In testing, the two
resistor patterns showed no difference in mechanical behaviors
of the fabricated devices. The initial deflection ratios of the

-4 @ Polysilicon Without Annealing
# Polysilicon Annealed at 900'C 90min.
o4 & Polysilicon Annealed at 1100°C 90min.

o ! i

G 30—
20 - 1 f
~ t
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02 04 086 08 1.0
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Figure 9. Measured initial deflection ratios of the fabricated
bimorph structures with various design factors B, under different
polysilicon annealing temperatures.

fabricated devices are calibrated by optical microscopy with a
resolution of +1.0 um, as shown in figure 9. The maximum
D, factor up to 5.8 is achieved by the proposed stress adjusting
fabrication process.  The averaged residual stresses of
2.0 pm thick polysilicon layers measured by the conventional
wafer curvature method are —300, —200 and +9 MPa for
three different heat treatments, respectively. As mentioned
above, the positive value of the D, factor means that the
fabricated device is in the desired concave shape initially.
A few devices are observed having convex shape initially
with negative D, factors, which all occurred for devices with
polysilicon annealed at 1100 °C for 90 min. From figure 9,
it is found that the D, factor is not only influenced by the
polysilicon annealing temperature, but it is also affected by
the B, factor. Under the same heat treatment, the fabricated
device with a larger B, factor leads to a smaller D;, which
results from the higher flexural rigidity of the device due to
the large actuating region. In general, a higher annealing
temperature results in smaller initial deflection.

Static deflections of the fabricated devices with various D,
and B; factors are measured by a laser confocal displacement
meter with a resolution of £0.2 um. The effects of the D;
factor have been tested, and are shown in figure 10. The tested
results of B, = 0.6 and B, = 0.8 are shown in figures 10(a) and
(D), respectively. The cross near the end point of each curve
means that the tested devices are ruptured in buckling due to
the large shear stresses generated on the interface between the
top and bottom structural layers. Although rupture occurs, the
phenomena of two-way deflections and snap buckling are still
observed with design factors located in the unstable region
predicted in the simulations of figure 6. In figures 10(a) and
(D), the devices with the smallest D, factors deflect only in the
upward direction, which also agrees with the simulation. In
experiments, larger electrical powers are required to cause
buckling for devices with larger D, factors, which is also
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Figure 10. Tested load—deflection curves of bimorph structures at
(a) B, = 0.6, (b) B, = 0.8 and (¢) B, = 1.0 with different values of
D, factor.
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Figure 12. The testing results are shown by different symbols in
terms of the initial deflection ratio and bimorph ratio, where the
devices in figures 10 and 11 are labeled. The solid line is the
simulated results of figure 6, and it divides the plot into two regions.

indicated by simulation results that larger D, factors lead to
higher forward snap buckling temperature 7; .

For a device with B, = 1.0, this means the bottom layer is
fully covered by the top layer, and mechanical instability does
not occur, as shown in figure 10(c). In figure 10(c), devices
with initial concave and convex shapes are found to deflect only
in the downward and upward directions, respectively, despite
the D; values, which all support our simulated mechanical
behaviors. The stable device deflects only in the initial curved
direction even when the aluminum top layer melts at an applied
power over 1200 mW.
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Figure 13. (a) A photograph of the fabricated silicon-oxide/
aluminum bimorph structure (B, = 0.9, D, = 1.8). (b) Measured
load—deflection curve of the fabricated device subjected to a loading
cycle.

The testing results on the effects of the B, factor are shown
in figure 11. In figure 11, it is shown that snap buckling will
occur at higher electrical power for devices with larger B,
which means a higher snap buckling temperature. Besides,
the deflection stroke is enlarged with increasing B,. Figure 12
summarizes the testing results on stability in terms of the
initial deflection ratio D; and bimorph ratio B;. As shown in
figure 12, the circles, crosses and triangles represent stable,
unstable and B, = 1.0, respectively. The measured data shown
in figures 10 and 11 are labeled with small letters in figure 12.
The solid line, which is the simulation results of figure 6,
divides the testing results into stable and unstable regions.

4.2. Silicon-oxide /aluminum bimorph structures

Another bimorph structure made of a 3.1 um thick silicon-
oxide bottom layer and a 1.8 pum thick aluminum top
layer has been fabricated and tested. The bottom silicon-
oxide layer consists of a thermal-SiO,/SisN,/PECVD-SiO,

Figure 14. Operation of the initial curved bimorph structure made
of silicon-oxide and aluminum: (a) before activation (initial
concave shape); (b) deflecting in downward direction (7" < Tg;);
(c) asymmetry deformation on just snap buckling (7" — Ts;);

(d) after snap buckling in a convex shape (T > Tg;).

(1.4 um/0.3 pm/1.4 pm) layered structure. The residual
stress in each layer is hard to modify by heat treatments,
therefore only limited D; values in the range of 1.2-1.8 are
available in the fabricated devices. Figure 13(a) shows a
photograph of the fabricated device, and the testing results are
shown in figure 13(b). In figure 13(b), the two-way deflections,
snap buckling and post-buckling behavior are all observed.
However, all fabricated devices snap back at driving powers
almost the same as in forward snap buckling. Therefore, the
hysteresis loop is not obvious because the D, factor is not
large enough. Figure 14 shows different deformation states
of the silicon-oxide/aluminum bimorph structure before and
after snap buckling. The dark regions in the photographs are
due to the scattering of the projected lights on the inclined or
deformed structure surfaces.

5. Conclusion

Simulations and experiments are conducted to study
the stabilities of micromachined curved thermal bimorph
structures with different actuating regions. Two design factors,
initial deflection ratio D, and bimorph ratio B;, are found to
play important roles in the mechanical stability of the clamped
bimorph structure. For the bottom layer fully covered by
the top layer (B, = 1.0), the bimorph structures are always
stable and deflect in the initial curved directions only. For
bimorph structures with B, < 1.0, instability may occur when
the initial deflection is close to or more than the structure
thickness. Unstable behaviors with snap buckling, two-way
deflections and hysteresis loop can be found. With a larger
D, factor, structural instability with large stroke is observed
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and confirmed. Besides, design factors D, and B, are found
to have strong influences on hysteresis loops. In general,
the loops can be enlarged significantly by increasing values
of D, and B, factors. The simulation and experimental
results discussed in this paper are helpful in designing thermal
bimorph micro-actuators and other microelectromechanical
systems (MEMS) suspended multilayered structures that may
undergo temperature variations.
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