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ABSTRACT: This paper presents the design and characterization of thermally actuated Al-Si bimetallic membranes. The design was 
made with the Finite Element Method and was emphasized on optimizing the thickness ratio between the aluminum and silicon layers. 
The membrane defl ection was measured employing the Michelson Interferometer. The experimental process was carried out with square 
membranes of 5 mm of side length, 10 mm in silicon thickness, and an aluminum thicknesses of 4 and 1 mm. A maximum defl ection of 14 
mm was obtained for membranes with 4 mm of aluminum thickness, which is consistent with predictions made by numerical calculations.
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RESUMEN: En el presente trabajo se describen el diseño y la caracterización de membranas bimetálicas de Al-Si, con actuación térmica. El 
diseño se realizó empleando el método de los Elementos Finitos y se concentró en optimizar la relación de los espesores de las capas de aluminio y 
silicio. La defl exión de las membranas se determinó aplicando la técnica del Interferómetro de Michelson. En la etapa experimental se utilizaron 
membranas cuadradas de 5 mm de lado, con un espesor de 10 mm para el silicio y espesores de 4 y 1 mm para el aluminio. La caracterización entregó 
un desplazamiento máximo de 14 mm para la membrana con 4 mm de Al, lo cual es consistente con los resultados obtenidos numéricamente.

PALABRAS CLAVE: Efecto bimetálico, micromembranas, interferometría, Método de los Elementos Finitos.

1.   INTRODUCTION

Most of micro-mechanical actuators in micro-systems 
correspond to thin fi lm structures which modify their 
geometrical shapes, such as, for example, sensors with 
moving membranes or beams, piezoelectric resonators, 
micro-motors, micro-pumps, valves, cantilevers, and 
so on [1-8]. The characterization of this kind of micro-
structure requires a high-performance measurement 
system to determine the static and dynamic behaviour  
of small defl ections [9, 10].

The design of microsystems uses simulation tools 
based on the Finite Element Method (FEM). This 
method is useful to study components at the physical 
level [11, 12]. However, FEM analysis is not suitable 
to carry out the analysis of a whole system. In these 
cases it is necessary to extract behavioral models 

which can accurately describe the behavior of the 
system currently being analyzed [13, 14].

The behavior of linear systems can be represented by 
an adequate transferring function. However, many 
microsystems include considerable sources of non-
linearity arising from large geometrical defl ections in 
mechanical systems, or from temperature-dependent 
material properties in thermal problems. When the 
system behaves in a non-linear manner, it is known 
that the most accurate linear representation depends on 
the operating point. In those cases, it can be necessary 
to extract the transfer function from the   analysis  of  
signals in the time domain [15].

This work presents the design and characterization of 
a thermally actuated Al-Si bimetallic membrane. The 
design was emphasized on optimizing the thickness 
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ratio between the aluminum and silicon layers. The 
membrane defl ection was measured employing the 
Michelson Interferometer.

Experiments were carried out with square membranes 
of 5mm of side length, 10 mm in silicon thickness, and 
an aluminum thicknesses of 4 and 1 mm, respectively. 
In the sequel the most relevant results are reported.

2.   METHODS AND MATERIALS

2.1. The bimetallic effect

There are many mechanisms of action when building 
micro-pumps in micro-system-related technologies. 
One of them, the pneumatic mechanism, consists of 
using a radiating energy to heat the air molecules 
enclosed in a sealed cavity in order to increase the 
internal pressure to cause the membrane defl ection [16].

In this work we are interested in the bimetallic effect. 
It takes advantage of the difference in the mechanical 
and thermal properties of two different materials. 
Thus, the  radiating energy is absorbed by the  surface 
layer,  heating it up, causing the membrane defl ection.

Figure 1 shows a cross-section view of the bimetallic 
membrane. This structure consists of two layers with 
different materials, aluminum and silicon in this case. 
Changes in temperature lead to differential rates in 
thermal strain within the membrane. However, the 
layers are confi ned at each interface, and it leads 
to elastic strains in the fi lms and substrate. In the 
equilibrium condition, this membrane has no resultant 
forces or applied moments [17].

The membrane defl ection, d, is given by [18]:

R
Ls

8

2

      (1)

Where Ls is the membrane width and R is the effective 
radius of the deformed membrane.

There are many materials compatibles with the silicon 
technology like Si3N4, SiO2 and Al, that can be used 
to fabricate an integrated bimetallic membrane. Table 
1 shows the material properties for Al, SiO2, and Si. 

Table 1. Physical constants of Al, SiO2, and Si
Physical 

Constants Symbol Al SiO2 Si

Young’s 
Modulus E(N/m2) 0.7e11 0.72e11 1.9e11

Thermal 
Coeffi cient a(°K)-1 23e-6 1.83e-6 4.68e-6

Poisson’s 
Ratio n 0.30 0.17 0.09

Density r(kg/m3) 2.699e3 2.21e3 2.329e3

Heat Capacity c(J/kg °K) 0.904e3 0.73e3 0.705e3

Thermal 
Conductivity

k(W/m 
°K)

2.37e2 0.014e2 1.56e2

When selecting materials to fabricate the bimetallic 
membrane, Si was the fi rst considered because it is the 
basic element in microelectronics, and the actuation 
cavity can be molded by micromachining techniques. 
Then, Al was chosen as the other material because 
its thermal coeffi cient is higher than that of SiO2, the 
other available material.

An additional advantage of Al is that it is a good 
absorber of radiating energy mainly in the infrared (IR) 
spectrum. Thus, an incident IR radiating beam will 
be absorbed by the Al layer heating it, originating the 
bimetallic membrane defl ection at the same time [19].

2.2. Experimental setup

Some features of optical measurement techniques 
are: we get full information of the objects studied, 
the devices are free from contact, and have high 
sensitivity. There are some optical methods to measure 
small deflections of thin membranes such as the 
Position Sensitive Device, PSD [20], which detects 
the deviation of laser beam incident on the membrane; 
another alternative is the Optical Interferometry 
Technique. In the experimental work the second option 
was used, as described in Figure 2.

A monochromatic wave, supplied by a He-Ne laser, l 
= 0.633 mm, was employed. A beam-splitter produces 
the reference and test beams depicted in Figure 2. 
The last beam goes directly to the target, falling 
perpendicularly to the membrane. 

Figure 1. Cross-section view of a bimetallic membrane
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Figure 2. Experimental setup

The membrane defl ection produces a difference in 
the optical paths, which results in a phase difference 
between the waves; such a difference can be observed 
as dark and light fringes. As the whole surface is 
illuminated and each point on the membrane surface 
presents different defl ection values, it results in a 
two-dimensional image of the interference that can 
be observed on a CCD camera.

3.   RESULTS AND DISCUSION

3.1. Numerical analysis

The ANSYS code was chosen to model the 
microstructure; it is based on the Finite Element 
Method (FEM); furthermore, it allows for a static and 
dynamic analysis of mechanical, thermal, fl uidic, and 
electromagnetic problems [21]. Due to the geometrical 
symmetry of the structure, the simulation of a quarter 
of the system suffi ces to obtain complete information 
on the bimetallic membrane behaviour as shown in 
Figure 3. 

Figure 3. Model of the actuating cavity with a bimetallic 
membrane. The Si bulk is 250 mm high

All of the bimetallic structures were modelled with 
20-Node SOLID elements. Additionally, multi-layer 
SHELL elements were also applied to the structures 
of which the upper metal layers were affected by the 
load (laser light in these case), in an attempt to verify 
different element models. Some material properties   
are listed in Table 1.

This model lets us know the mechanical performance 
of the bimetallic structure with regard to thermal 
loads applied to the membrane surface. The analysis 
was carried out considering a square membrane of 
5mm in side length, including two layers where the 
Si supports Al. Thicknesses were selected from 5 to 
15 mm in silicon and aluminum thicknesses varying 
from 0.2 to 15 mm. The optical power used for ANSYS 
simulations was 10 mW. 

Figure 4 shows the FEM analysis results on the 
bimetallic membrane defl ection as a function of the 
Al and Si thicknesses. As can be observed in Figure 
4, there is an optimum relationship between the Al 
thicknesses for each Si thickness in order to maximize 
the membrane defl ection. In this case, the maximum 
defl ection was 12 mm for 5 mm of each layer. Another 
important result is that an increment in the total 
thickness of the membrane produces a decrement in 
the maximum defl ection. Thicknesses below 5 mm 
for the Si layer were not used for ANSYS simulation 
because, in practice, membranes of these dimensions 
become too fragile to be handled.

Figure 4. Membrane defl ection vs. thicknesses of Al            
and Si
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3.2.  Experimental results

The bimetallic membrane has Al on the upper side and Si 
on the bottom side. The Al thickness is 4 (and 1) mm and the 
Si thickness is 10 mm. The bimetallic membrane is square 
and its side length is 5mm. A commercial IR lamp was 
used for heating the membrane. Results of the defl ection 
measurement of the membrane show interference images 
like Figure 5. The shape of the rings is due to the fact that the   
maximum defl ection point lies in the center of the membrane. 
Then, with a TV-video system, we could   count them and it 
was possible to measure the rings’  formation time.

Rings appear from the central point of the membrane 
because it has the highest defl ection at any instant of 
time. In this experiment, the distance between two 
fringes corresponds to l/2 = 0.316 mm, so submicron 
precision it can be obtained. 

Figure 5. Interference images of defl ection

Figure 6 shows the numerical data interpretation of 
membrane defl ection obtained from the interference 
image for two thicknesses of Al. In the fi rst two minutes 
the inside-outside rings formation occurred and the 
positive slope was obtained. Afterwards, the outside-
inside rings formation occurred and the negative slope 
was obtained. From Figure 6 we can obtain 14 mm for 
the maximum membrane defl ection, with 4 mm of Al 
thickness. Similarly, the maximum defl ection for 1 mm 
of Al thickness membrane is 5 mm at 180 s.  

Additionally, Figure 6 shows that the best performance,   
with   the   same   optic  power, is obtained for the 4 

Figure 6. Numerical data interpretation

mm of Al thickness membrane, which is approximately 
50% higher than the 1 mm Al thickness.

Figure 7. Defl ection vs. time with different distances 
with the same optic power

Figure 7 shows the defl ection versus response time for 
the bimetallic membrane of 4 mm of Al thickness with 
different distances of optic power. As it can be seen, 
if the optic power is near to the membrane surface, 
radiation absorption is greatest and the membrane’s 
performance is better (time response is shorter and 
defl ection is greatest). 

As it can also be seen, deflection decreases 
exponentially with the distance of the power source 
as in Figure 8 [22].



Dyna 166, 2011 79

Figure 8. Defl ection vs. distance with the same optic 
power

4.  CONCLUSIONS

In this work we present the ratio optimization between 
Al and Si layer thicknesses of a square membrane 
designed to operate under the bimetallic effect. 
An important result of the FEM analysis is that an 
increment in the total thickness of the membrane 
produces a decrement in the maximum defl ection.

The experimental process was carried out with square 
membranes of 5mm of side length, 10 mm of silicon 
thickness, and an aluminum thicknesses of 4 and 1 
mm, respectively. A maximum defl ection of 14 mm 
was obtained for membranes with 4 mm of aluminum 
thickness, which is consistent with predictions made 
by numerical calculations.

The Michelson Interferometer was employed to 
measure the membrane defl ection as a function of the 
optical power applied. This technique allows for the 
characterization of static and dynamic behaviors with 
submicron resolutions.

6.  ACKNOWLEDGEMENTS

The bimetallic membrane was made at the Centro 
Nacional de Microelectrónica (CNM) Microelectronic 
National Center, Universidad Autónoma de Barcelona 
campus, Bellatera, Spain.

REFERENCES

[1] GUNTER, R. L., ZHINE, R., DELINGER, W. G., 
MANYGOASTS, K., KOOSER, A. and PORTER, T. 
L. Investigation of DNA sensing using piezoresistive 
microcantilever probes. IEEE Sensors Journal, Vol. 4, No. 
4, 430-433, 2004.

[2]   PEDERSEN, C., JESPERSEN, S. T., KROG, J. P., 
CHRISTENSEN, C. and THOMSEN, E.V. Combined 
differential and static pressure sensor based on double-
bridged structure. IEEE Sensors Journal, Vol.5, No. 3, 
446-454, 2005.

[3] HAUPTMANN, P., HOPPE, N., PUTTMER, A. 
Application of ultrasonic sensors in the process industry. 
Measurement Science and Technology Vol. 13, R73-R83. 2002.

[4]  VOICULESCU, I., ZAGHLOUL, M. E., MCGILL, R. 
A., HOUSER, E. J., and FEDDER, G. K. Electrostatically 
actuated resonant microcantilever beam in CMOS 
technology for the detection of chemical weapons. IEEE 
Sensors Journal, Vol. 5, No. 3, 641-647, 2005.

[5]  BLASCHKE, M., TILLE, T., ROBERTSON, P., MAIR, 
S., WEIMAR, U., and ITOH, M. MEMS gas-sensor array 
for monitoring the perceived car-cabin air quality. IEEE 
Sensors Journal. Vol. 6, No. 5, 1298-1308, 2006.

[6] EATON, W., SMITH, J. Micromachined pressure 
sensors: review and recent developments. Smart Mater. 
Struct. Vol.6. pp. 530-539, 1997.

[7] RUIZ O., SAMITIER, J., WENK, B., RIETHMULLER, 
W., and RAMOS MARTOS, R. Pendulum type accelerometers 
based on thick polysilicon surface micromachining. 
ESSDERC’96 Editions Frontiers, 725 – 728, 1996

[8]   YAMASHITA K. Miniaturized infrared sensor using 
silicon diaphragm based on Golay cell. Sensor and Actuators 
A 66, 29 – 32, 1998.

[9] DUARTE J. E., FERNÁNDEZ, F.H., and MORENO, 
M. Caracterización de microactuadores mediante técnicas 
ópticas. Revista de la Escuela Colombiana de Ingeniería. 
Año 15, No. 59,  35 – 38, 2005.

[10] DUARTE, J. E., FERNÁNDEZ, F. H., MORENO, 
M. Técnicas de medida para pequeños desplazamientos. 
Revista DYNA. Año 76, No. 158, 167 – 176,  2009. 

[11]  FUNK J. Modelling and simulation of IMEMS. [PhD 
Thesis] Dissertation, Swiss Federal Institute of Technology 
Zurich, Zurich, Switzerland, 1995.

[12]    FERNÁNDEZ F. H., SAMITIER, J., RUIZ, J., 
BAUSELLS, O., and ABDELHAMID, E. Design and 
simulation of a dielectrophoretic-based microsystem 
for bioparticle handling. 1st Annual International IEEE-
EMBS Special Topic Conference on Microtechnologies in 
Medicine and Biology. October 12-14,  Lyon, France. 2000. 

[13]    KIM J., VARADAN, V., VARADAN, V. and BAO, 
X. 1996. Finite element modeling of a smart cantilever plate 



Duarte et al80

and comparison with experiments. Smart Mater. Struct. 5, 
165 - 170. 1996.

[14] CARMONA, M., S. MARCO, J. SAMITIER, M. 
ACERO, J. PLAZA and J. ESTEVE. Modeling of silicon 
passive microvalves. The13th European conference on solid-
states transducers EUROSENSORS XIII. The Hague, the 
Netherlands. 721-724. September 12-15. 1999

[15] MARCO, S., CARMONA, M., SAMITIER, J. Extraction 
of dynamic HDL-A models of thermally based microsystems 
from physical simulations. International conference on 
modeling and simulation of microsystems semiconductors, 
sensors and actuators, Santa Clara, California, USA,  157 – 
162, 1998.

[16] DUARTE, J. E., MORALES, F. H., SIEIRO, J., 
LESEDUARTE, S., MORENO, M. “Thermo-mechanical 
modeling of a thermo-optically actuated silicon membrane”, 
4th International workshop on thermal investigations of IC 
and microstructures”, Cannes, France, 155-157, 1998.  

[17] BARNES, J. R., STEPHENSON, C. N., WOODBURN, 
C. N, O`SHEA, S. J., and WELLAND M. E., A femtojoule 

calorimeter using micromechanical sensors. Rev. Sci. 
Instrum. Vol. 12, No. 65, 3793- 3798, 1994. 

[18] LIM, J. H., HAN, M., LEE, J.,  EARMME, J. J., LEE, 
S., and IM S. A study on the thermomechanical behavior 
of semiconductor chips on thin silicon substrate. Journal 
of Mechanical Science and Technology, Vol. 22, 1483 – 
1489, 2008.

[19] HILSON, C. Infrared absortion of thin metal fi lms. 
Journal Optical Society Physics, Vol. 44, No. 3, 188-191, 1954.

[20] DUARTE, J.E., FERNÁNDEZ, F.H., MORENO, M. 
Caracterización de membranas termoneumáticas mediante 
interferometría óptica. Revista de la Academia Colombiana 
de Ciencias Exactas Físicas y Naturales. Vol. 31, 79 – 87,  
2007.

 [21] KOHNKE P. ANSYS Theory Reference Manual 
release 5.5. Swanson Analysis Systems Inc. 1995. 

[22] DUARTE, J.E. Diseño y Test de Micromembranas 
Actuadas Opticamente. [Ph. D. Thesis]. Universidad de 
Barcelona, 2001. 


