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Abstract. This paper presents design, simulation, fabrication, and testing of a novel two-way
micro-membrane actuator able to deflect in both upward and downward directions with
continuous deflections. The design concept, to realize two-way continuous movement, is
achieved by arranging different bimorph structures at different regions of the actuator with
two kinds of boundary conditions. The actuator comprises of a square membrane with four
bimorph beams and one central bimorph plate on it. The material (e.g. aluminum) on the top
layer of the bimorph beams and plate has a larger thermal expansion coefficient than the
material (e.g. silicon dioxide) of the membrane. The driving voltages in the two operating

modes are both less than 3.5 V at about 350 mW maximum power consumption for an 1 mm

2

membrane actuator. The upward and downward deflections achieved up to 50 and 15 um
with maximum simulated temperatures less than 420 and 150 °C, respectively. A
finite-element model is built to simulate the thermal mechanical behaviors that are compared
with the experimental results. The design parameters influencing the deflections of the

actuator are also discussed.

(Some figures in this article appear in colour in the electronic version; see www.iop.org)

1. Introduction

As one of the essential components in the micromechanical
elements, micro-membrane actuators can be used for
micropumps [1], valves [2], relays, switches [3], ink-
jet heads [4], self-testing features for accelerometers [5]
or pressure sensors [6]. Different principles, such as
piezoelectric, electrostatic, thermal and electromagnetic
have been used in the membrane actuators for various
applications. Thermal actuators are usually simpler, more
reliable and easier to construct. Thermal actuation schemes
are generally based on either the linear/volume expansion
or phase transformation of the materials. The minimum
power consumption and thermal loss can be reduced through
elaborated geometric and structural designs of the device and
the appropriate choice of materials, which can enhance the
efficiency. In addition, thermal actuation has been shown
to provide significant displacement, force and moderate
activation time due to the scale effect [7, 8].

For out-of-plane movement, most actuators can deflect
in one direction only, with continuous deflections [2,9, 10]
or discontinuous deflections by a buckling effect [4].
Only a few actuators with two deflection directions have
been reported. These two-way actuators are based on
the mechanical bistability of the buckled beam or plate
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structures. The micromechanical bistable bridges using
electrostatic forces to switch the states are used for the
non-volatile memory cells and tunable acceleration switches
[11,12]. Matoba et al [13] produced a mechanical bistable
switching device actuated by the interactive forces of a
200 pm long buckling cantilever and a tension band achieved
a vertically snapping action of £6 pum [13]. Also, a
bistable buckled polyimide membrane of 3.3 mm diameter
achieved a deflection of 120 pum in both directions with
thermopneumatic actuation for the use of a microvalve
[14]. Wagner et al [15] developed a bistable electrostatic
membrane actuator module, with a pneumatic coupling
operating in counteraction, achieved a deflection of £10 pm.
However, they can only stay at two stable positions by
snapping from one position to another in turn.

In this paper, an electro-thermally driven micro-
membrane actuator able to deflect in both the upward and
downward directions with continuous deflections is pro-
posed. This novel design concept of two-way continuous
movement is achieved by forming different bimorph struc-
tures at different regions of the actuator with two kinds of
boundary conditions. While the bimorph beams are heated,
the actuator will deflect from the initial rest state to the down-
ward direction. In contrast, the heating of the central bimorph
plate structure induces an upward flexing. The characteristics
of the two operating modes with continuous deflections from
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an initial unactivated state to the other upward or downward
deflecting state have not been found in other membrane actua-
tors. This feature enables us to control the deflections and di-
rections of the membrane optionally. Through finite-element
analysis, geometric and structural parameters of the actuator
influencing the deflections in two directions are discussed. In
addition, experimental and testing results are discussed and
compared with finite-element analysis.

2. Principle and concept design

2.1. Basic principle

The conventional thermal bimorph actuators can provide de-
flection or force due to the bending moment generated by
the stresses induced from the interface of two components
of a composite with different thermal expansion coefficients
when the temperature changes. The theory of a bimorph strip
under uniform heating was first investigated by Timoshenko
in 1925 and the considerations in calculating the behavior of
bimorph plates was also discussed [16]. The results obtained
by this theory are useful in choosing the material combination
and deciding on the layer thickness to maximize the bimorph
effect. The analytical equation of the bimorph cantilever, as
the simplified case of the bimorph strip, for the tip deflection
and force as a function of temperature change was derived
[17,18]. Theoretical expressions described the behaviors of
the bimorph membrane and the circular bimorph membrane
subjected to a uniform temperature increase on the annular re-
gion under different boundary conditions [19]. For a clamped
circular bimorph membrane with a material of a larger ther-
mal expansion coefficient on the top layer, the deflection is
downward; for a simply-supported membrane, the deflection
is upward. However, the theoretical model is a composite
membrane with only the annular region being heated, hence
it is impractical in actual actuator design and fabrication.

In order to investigate the effects of different heating
regions of a bimorph membrane with different boundary
conditions, finite-element method (FEM) models are used.
The FEM models comprise 1 mm x 1 mm SiO, square
membranes, 2.8 um thick, with an aluminum film, 1.8 um
thick, covering only the central square region or outer
region of the SiO, membrane. The behavior of circular
bimorph membranes is similar to the square bimorph
membranes and hence it is not listed. In simulation, only
the central square region or outer region covered with the
aluminum film is subjected to a uniform temperature increase,
5°C. Figure 1 demonstrates the relationships between the
membrane deflections and heating regions with different
boundary conditions. The lateral axis represents the ratio
between the edge lengths of the central square region /
and the membrane L, denoted by //L. The arrows on the
curves indicate the direction where the areas of the heating
bimorph region increase. For membranes with Al films
covering on the central region, the heating area increases
as the ratio //L approaches one. On the other hand, for
membranes with Al films covering on the edge region, the
heating area increases as the ratio / /L approaches zero. It is
found that the simply-supported membranes deflect upward
only, no matter where the heating region is, i.e. at the central
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Figure 1. The effects of different heating regions of a square
bimorph membrane with two kinds of boundary conditions. The
central and outer region are subjected to a uniform temperature
increase of 5 °C. The lateral axis represents the ratio between the
edge lengths of the central square region / and the membrane L
(=1 mm), denoted by / /L.

or outer area. In addition, in figure 1, it is shown that only
a clamped membrane with a heating region at the outer area
can provide downward deflection. Moreover, membranes
with a heating region in the central area deflect upward
only, regardless of the boundary conditions and the simply-
supported membrane provides larger upward deflection than
the clamped membrane. When the Al films cover the whole
region, the deflection of the clamped membrane will reduce to
zero if the induced thermal stress is less than the critical stress.

2.2. Concept design

In order to realize continuous two-way deflection, different
bimorph structures with different boundary conditions are
combined on different regions of a membrane. Figure 2
shows the schematic diagram of the proposed actuator. The
actuator comprises a 1 mm? square composite membrane
(S8i0,/Si3N4/Si0,) with patterned aluminum films on the
top layer. These aluminum films constitute four bimorph
cantilever structures on the four sides of the membrane
denoted by A, B, C, D; one central bimorph plate structure
including the central area denoted by M; and four rectangular
areas denoted by ml, m2, m3 and m4 at four corners
of the membrane. The bimorph cantilever structures are
rigidly connected with the substrate that can be regarded
as one-end-clamped bimorph cantilevers subjected to the
constraint of nonlinear spring forces at the periphery when the
cantilevers are heated. Figure 3 demonstrates the downward
operating mode of the membrane actuator by heating the
bimorph cantilevers. The generated bending moments
from the bimorph cantilevers force the membrane to deflect
downwards. On the other hand, the central bimorph plate
structure is connected with the substrate through the relatively
thin-film members on the borders of the four corners, which
can be treated as an approximation of the simply-supported
boundary condition of the membrane. When the central
bimorph plate structure is heated, as shown in figure 4, the
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Figure 2. A schematic diagram of the two-way micro-membrane actuator, which defines the geometry.
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Figure 3. Downward operating mode of the two-way membrane actuator by heating the four bimorph cantilevers A, B, C and D (where C

and D are not drawn here).
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Figure 4. Upward operating mode of the two-way membrane actuator by heating the simply supported central bimorph plate structure M.

membrane will deflect upward due to the simply-supported
boundary condition. Therefore, the deflections and deflecting
directions can be controlled by heating different bimorph
structures of the actuator i.e. the operating modes can be
optionally controlled.

Taking the materials commonly used in the semicon-
ductor technology and the bimorph effects into consider-
ation, a combination of SiO, and Al is chosen. Due to
the large compressive intrinsic stress of the SiO, film, the
Si0,/Si3N4/SiO; (1.4 pum/0.25 um/1.4 pum) sandwich
structure is used to serve as the membrane structure and
to compensate the stress distribution through the thickness
of the membrane. Other materials such as single-crystal
silicon, polysilicon and silicon-rich nitride can be used in-
stead of the SiO, as the membrane structure due to their
good mechanical properties. Likewise, nickel and copper

are good substitutes for the aluminum because of the higher
melting points and stable characteristics over time. The ma-
terials on the borders of four corners are the composite of
Si0,/SisNy (0.25 m/0.25 pm), which approximates the
simply-supported boundary condition of the central bimorph
plate structure. Heating of the bimorph structures is achieved
by integrating meandered metal resistors embedded in the
sandwich membrane structure and under the aluminum films
in order to have uniform heating of the bimorph structures.

3. Numerical modeling

In the simulation of the two-way membrane actuator, a three-
dimensional solid model was established to examine the
thermal mechanical behaviors by using the finite-element
analysis software ANSYS 5.3. Nonlinearities such as large
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(b)

Figure 5. Deflections of the three-dimensional solid model used
in finite-element analysis: (a) downward operation mode
(b) upward operation mode.

deflection and stress stiffening were considered. In addition,
heat conductivity, free convention and radiation were also
considered. The steady-state temperatures and deflections
of the membrane actuator are simulated by applying a heat
generation rate per unit volume (W m~) to the metal resistor
layers embedded in the composite membrane structure of
the model. The simulation results are compared with the
experimental results in a later section (see figure 11 below).
Figures 5(a) and 5(b) show the deflections of the membrane
actuator under upward and downward operation modes with
an applied heat power of 100 mW. For upward operation
mode, itis found that the temperature is uniformly distributed
over the whole central bimorph plate structure and reaches
about 420°C at 350 mW heat power. However, for the
downward operation mode, a strong temperature gradient can
be found near the clamped end of the bimorph cantilever.
The temperature along the bimorph cantilever increases
nonlinearly from the fixed end to the tip and achieves 150 °C
at 350 mW heat power. It is obvious that the thermal loss
for downward operation is much greater than the upward
operation. This is due to heat conduction from the clamped
end of the bimorph cantilever to the silicon substrate and
the heat absorption from the central bimorph plate structure.
From analysis, the heat losses at the surfaces of the actuator
by free convection, conduction and radiation to the air can
be neglected in comparison with the heat losses from the
bimorph cantilever to the silicon substrate.
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Figure 6. The influences of the thickness ratio #,;/1,, on the
upward and downward deflections at a constant elevated
temperature of 100 °C for both operating modes. The width and
length of the bimorph cantilever are both 250 pm; the dimension
of the membrane actuator is 1 mm?,

The influences of some design parameters on the
mechanical performances of the membrane actuator are
also simulated at a constant elevated temperature of 100°C
applied to the bimorph structures for both operating modes.
Figure 6 shows the relationship between the thickness
ratio #,/t,. and the deflections. The values of f,; and
t,x represent the thickness of the aluminum film and
the total SiO, film thickness of the SiO,/Si3N4/SiO;
(1.4 um/0.25 um/1.4 pm) sandwich membrane structure,
which is set to be a constant of 2.8 yum in the simulation. It
indicates that the maximum upward deflection occurs at the
thickness ratio #,;/t,. ~ 2.5 and the maximum downward
deflection occurs at the thickness ratio 7, /f,, ~ 2.0, which
means a thick Al film of 5.6-7.0 um is required. However,
the deposition of thick aluminum films by processes such
as thermal evaporation or sputtering would be wasteful and
expensive, therefore, a 1.8 pum thick Al film is chosen in the
fabrication process.

In addition to the thickness ratio, the dimensions of
the bimorph cantilever also affect the deflections of the
membrane. In figure 7, ‘w’ denotes the width of the bimorph
cantilever and the lateral axis represents the area percentage
of the four bimorph cantilevers to the total membrane area.
In simulation, the width of the bimorph cantilever w is set
at several values of 150 pum, 200 pum, 250 um, 300 um
and 350 um and the total area of the membrane is set
to be a constant value of 1 mm?. For a given width w,
the downward deflection increases with the areas of the
cantilevers. However, the upward deflection becomes smaller
when the area percentage of the bimorph beams increases.
Therefore, the deflection stroke, the difference between
upward and downward deflections, is almost invariant for the
dimension given for the membrane actuator. For instance, the
deflection stroke of the 1 mm? membrane actuator simulated
hereis 30+2.5 um when itis elevated by 100 °C. In addition,
a wider cantilever leads to larger upward and downward
deflections. However, in order to avoid overlap between four
beams, the width of the cantilever has a certain limitation.
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Figure 8. The deflection ratio is influenced by area percentage of
the bimorph cantilevers with different widths at a constant elevated
temperature of 100 °C for both operating modes.

Figure 8 shows the influences of the area percentage
of the bimorph cantilevers on the deflection ratio, which
is the ratio of upward deflection to downward deflection.
The desired deflection ratio can be achieved by adjusting the
width and/or the area percentage of the bimorph cantilevers.
As shown in figure 8, increasing the area percentage of
the bimorph cantilevers and/or widening the beam width
can result in a larger downward deflection. However, from
simulations, it is found that increasing of the area percentage
of the bimorph cantilevers will reduce the flatness of the
membrane to form a more spherical shape in both upward and
downward operations. Furthermore, when the width of the
bimorph cantilever is 250-300 pm, the membrane has better
flatness; otherwise, the deformed shape of the membrane
becomes more spherical in the central region. Therefore, a

Two-way membrane-type micro-actuator

bimorph cantilever that is 250 um long and 250 um wide is
chosen here.

4. Fabrication

The fabrication sequence is illustrated in figure 9.
The complete process combining surface and bulk
micromachining technology uses five photomasks. Surface
micromachining is used to form the composite membrane
structure comprising different material layers with different
thicknesses. The membrane is then released by bulk
micromachining.

The process begins with 1.4 um thermal oxidation
on a 4 inch double-side polished (100) silicon wafer.
Subsequently, the 1.25 pum deep trenches are formed on
the four corners of the membrane by the buffered oxide
etchant (BOE) and a 0.25 um thick low-pressure chemical
vapor deposition (LPCVD) silicon nitride SizNy is then
deposited (figures 9(a)-(c)). The thin composite members
Si0;,/Si3Ny (0.25 um/0.25 wm) on the four corners are
more flexible relative to the whole membrane structure and
can be treated as the simply-supported boundary condition
of the membrane. Next, a positive photoresist, used as the
lift-off masking layer, is spin coated and developed with a
photomask. Then, the first 300 A Cr layer and the second
1200 A Au layer are deposited by electron beam evaporation
(EBE) and patterned by a lift-off process to form the heating
resistors of the actuator (figure 9(d)). Then an 1.4 um thick
plasma enhanced chemical vapor deposition (PECVD) SiO,
film is deposited and patterned to isolate the metal heating
resistors (figure 9(e)). The large compressive intrinsic
stresses of the first thermal oxide film are compensated by
the SiO,/SizN4/SiO, sandwich structure. Subsequently
an 1.8 um thick aluminum film is deposited by thermal
evaporation and patterned (figure 9(f)). The aluminum
patterns and the composite membrane structure form the
actuating elements of the actuator: the bimorph cantilevers
and the central bimorph plate structure. Finally, the SiO,
film on the back side of the wafer is patterned to define the
windows for the silicon back-side etching (figure 9(g)). A
Teflon chuck is designed to protect the patterns on the front
side of the wafer. Then the wafer is anisotropically etched
in a time-controlled 30 wt% alkaline solution at 70 °C. After
removing the Teflon chuck, cleaning in deionized water and
drying the wafer in the air, the completed membrane actuator
is obtained (figure 9(h) and 9(1)).

5. Experimental results and discussions

Experiments are conducted on a probe station with an
optical microscope. We focus the optical microscope on
the center of the membrane. The input power is recorded
and the upward/downward deflections are measured by the
focus/defocus method, which gives a measurement error
of about +1 pum. Figure 10 is a scanning electron
microscope (SEM) micrograph of the fabricated two-way
micro-membrane actuator. Owing to the residual stresses
induced in the fabrication process and the intrinsic stresses
of the different materials, the initial downward displacements
of about 5-10 pm are found in the center of the membranes.
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Figure 9. Schematic diagram of the fabrication process of the membrane actuator using surface and bulk micromachining. (a) Double-sided
polished (100) silicon wafer is thermally grown with 1.4 pum thick SiO, layer. (b) The trenches on the borders are etched to the depth of
1.15 pum. (c) Deposited by LPCVD 0.25 pum of Si3Ny. (d) Evaporated Cr/Au (300 A /1200 A) in sequence and define the metal heating
resistors by a lift-off technique. (e) Deposited by PECVD 1.4 um of SiO, and then pattern the PECVD SiO, on the borders. (f) Deposited a
1.8 pm thick aluminum layer and then pattern. (g) Etch the back-side SiO, layer by IR alignment. (h) Anisotropic etch the back side of the

wafer with KOH etchant. (i) Remove the Teflon chuck.

This displacement could be improved by decreasing the
thickness of aluminum films or by annealing the aluminum
films to reduce the large tensile stresses that cause the whole
membrane to deflect downwards.

The averaged testing results of the devices and
simulation results are plotted in figure 11. The experimental
results are smaller than the predictions of the simulations.
This may be due to the initial downward curvature of the
membrane, which makes the membrane stiffer. In addition,
the mechanical properties are set to be independent of
temperature in the simulation and the residual stress effect
is not included in the three-dimensional solid model. It is
also found that the difference between the testing results and
the simulated results becomes more evident at an input power
over 250 mW during upward operation. This phenomenon
is due to the thermal buckling effect of the membrane that is
not considered in the FEM model. The buckling effect is not
found during downward operation even at the input power
of up to 350 mW. This is due to the much lower operation
temperature of the bimorph cantilever resulting from the
thermal loss to the silicon substrate. For the same reason,
it is found that the temperatures of the bimorph structures of
the membrane under the two operating modes with the same
input powers are different where upward operation achieves

392

higher temperatures and therefore larger deflections than that
of downward operation, and hence a larger deflection ratio is
observed. At a 350 mW power consumption of the 3.5 V dc
input voltage, the membrane actuator reaches a maximum
upward deflection of 50 um and a maximum downward
deflection of 15 wm. When the input power exceeds 350 mW,
the Al films on the central bimorph plate structure begin to
melt during upward operation.

In experiments, the thermal responses of the membrane
actuator cannot catch up with the electrical signals at
55 Hz input frequency. The amplitudes reduce as the input
frequency increases. Photography of the membrane actuator
under different operation conditions are shown in figure 12.
The dark places in the photographs are the regions of the
membrane with a curved shape, which result in the scattering
of the projected light. It is observed that the central area of
the membrane during downward operation is clear, however,
it becomes darker during upward operation. Therefore, it is
concluded that the shape of the membrane on the central area
during downward operation is flatter than that during upward
operation.



Figure 10. SEM micrograph of the fabricated two-way

micro-membrane actuator.
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Figure 11. Experimental and simulation results of the upward and
downward deflections on the center of the membrane actuator
under different input powers. 1 mm? square membrane actuators,
the width and length of the bimorph cantilever are both 250 pm.

6. Conclusions

A new design concept is demonstrated for an electro-
thermally driven two-way membrane-type microactuator
with continuous deflections by the arrangement of different
bimorph structures with different boundary conditions on
different regions of the actuator. The characteristics of two-
way continuous deflection from an initial unactivated state to
the other upward or downward deflecting state have not been
found in other membrane actuators. This feature enables us
to control the deflections and directions of the membrane
optionally for possible applications such as two-way three-
port active micro-valve and micro-flow control components
with the advantage of smaller size. For the 1 mm? membrane
actuator, the maximum upward and downward deflections
of 50 and 15 pm are achieved, respectively, with less than
350 mW or 3.5 V dc input voltage. A three-dimensional
finite-element solid model has been established to estimate
the thermal-mechanical behaviors of the actuator. According

Two-way membrane-type micro-actuator

(b)

Figure 12. Optical photographs of the two-way micro-membrane
actuator under different operation conditions: (a) downward
deflection, (b) upward deflection.

to the simulation results of the design parameters, deflections
of the membrane actuator can be modified by varying the
thickness ratio of the composite structure. In addition,
the deflection ratio is substantially affected by the area
percentage of the bimorph cantilevers. Better bimorph
beam widths are found to be 250-300 pum for an 1 mm?
membrane, which shows better flatness on the central area of
the membrane.
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