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Abstract—A tunable capacitor based on MEMS technology is
presented in this paper. The proposed structure consists of two
fixed-fixed parallel movable plates with 4 supports. Movability of
two plates makes it possible to actuate the plates with a small
voltage. When the actuation is applied, two plates move together
and their distance is decreased, hence the capacitance is
increased and tuning is achieved. The structure is simulated
through the finite element method using COMSOL and ANSOFT
HFSS software. Simulation results show that the actuation
voltage required to access the 59% tuning, is 7 V. The effective
area of the designed tunable capacitor is 200 x 200 pm2 with a
thickness of 2 pm. The quality factor is 91 at 11 GHz which is
sufficient for various RF communication applications such as
filters, transceivers and so on. The low stress induced on the
plates and low actuation voltage, are the main advantages of the
design.
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I. INTRODUCTION

The growing demands for the wireless communication
systems enforce researchers to design and implement new
components required for this purpose. The variable capacitors
and variable inductors as main components of a wireless
system play a main role and can be employed in frequency
based circuits. Diverse applications of he tunable capacitors
such as filters, voltage controlled oscillators, super-heterodyne
transceivers and so on make them an attractive subject. As
technology advances, the quality of tunable capacitors (tuning
range, quality factor and broad frequency) increase [1-5].

MEMS (Micro Electro Mechanical Systems) have a very
significant impact on the development of tunable devices e.g.
varactors. The capability of employing electrostatic actuation
and air dielectric makes possible to implement high quality
factor and low power consumption through the MEMS
technology [6]. There are many methods to design and develop
MEMS Variable capacitors. The parallel plate capacitors have
been used very well in communication transceivers due to their
simple tuning mechanism, low area consumption, high quality
factor achievement and MEMS fabrication possibility.
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A number of MEMS tunable capacitors have been designed,
fabricated and widely studied [7, 8]. Generally, there are three
methods to change the capacitance of the parallel plate
capacitors: the gap tuning method [9-12], the area tuning
method [13, 14] and the dielectric displacement method [15].
Different actuations are employed in the parallel plate variable
capacitors such as electrostatic [16], piezoelectric [17] and
thermal actuator [18]. The integrated fabrication compatibility
and low power consumption of the electrostatic actuation
almost enforce the researchers to employ it. Low actuation
voltage and high tuning range are the thermal actuation
advantages, however high power consumption is its drawback.

In this paper we present a new low actuation voltage and
four-support beam for tunable MEMS capacitors which are
studied using FEM software e.g. COMSOL and ANSOFT
HFSS. The paper includes two main sections. First section
explains the design and analytical considerations, and the
second section covers the computer simulation results.

II.  DESIGN AND ANALYTICAL CONSIDERATIONS

A. Proposed Structure

Based on the gap tuning method of the parallel plate
capacitors, we introduce a new design for the tunable capacitor.
As depicted in Figure 1a and Figure 1b, the proposed structure
consists of a bottom plate which is located on the etched silicon
and can be moved. The upper plate is attached to four supports
and is on top of the bottom plate.

The idea of the two plates moving is before introduced in
[19] in 2002 for MEMS switches and in [20] for Fixed-Free
cantilever beam tunable capacitors. Other researches have also
proposed two moveable plate tunable capacitors [21-24].
However, the novelty of the proposed tunable capacitor design
is the simultaneous movability of the two plates with an idea to
reduce the spring constant of the structure. We employ the
fixed-fixed cantilever-section beam which has the smaller
spring constant with respect to the fixed-fixed beam
counterpart. In our proposed structure, the plate is attached to
four supports and hence the stiffness of the plate is reduced
considerably.
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Fig. 1. Schematic of the proposed tunable capacitor: a) isometric view and

b) front view

B.  Tuning Mechanism

When the voltage is applied between the bottom and upper
plate, the two plates start to move together toward each other
and the gap between them (d) is decreased and regarding to (1)
the capacitance change is achieved.

&€, A4
d

c (1)

Assuming the gap between two plates d, the structure is
designed so that each plate displaces only d/6 and total
displacement is d/3. The one-third displacement has three
main advantages: the first it prevents the pull-in effect of the
electrostatic actuation and makes it possible to have good
control on the capacitance change. The second benefit is the
structure's stress and strain reduction, which increases the
lifetime of the designed capacitor. Third advantage is the
linearity behavior of the capacitance change in the one-third of
gap between two plates.
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Tuning mechanism of the designed tunable capacitor

Fig. 2.

C. Analytical Considerations

1) Structure Stiffness

The designed plates for the tunable plate can move
simultaneously. Referring to Figure 3a, the relationship
between the electrostatic force induced by the voltage applied

between the two plates and the plate displacement is expressed
as:

F :K1|X0_X1| @
F =K, |X;-X,| (3)

Where K; and K, are the spring constant of the up and
bottom plates, respectively. For Figure 3b, we would have:

F =K|X)-X,| )

Where, K is spring constant of the upper plate individually
and F'is the same as the Figure 3a. Considering Figure 3:

Xo—Xy=(Xo-XD+(X2-X3) (5
Combining (3), (4) and (5):
F F F
o ©6)
K K, K,

If two plates have the same configurations and the same
boundary conditions, then K; = K, and hence K = K,/2, that is
the spring constant of the total structure is the half of the one
plate moving structure and therefore the electrostatic voltage
will be small. Regarding this phenomena, to achieve the low
actuation voltage we choose two movable plates for our design.

Fig. 3. Comparison of two plates: a) two plates moving b) only one plate

moving

According to Euler-Bernoulli Equation, The governing
equation for bending of the isotropic beams of constant cross
section is as [25]:

d4w(x) _

EI
dx*

q(x) ™)

Where F is the young's modulus, / is the moment of inertia,
w(x) is the deflection point and q(x) is the applied transverse
load. For a fixed-fixed plate, assuming no residual stress, the
spring constant can be approximately calculated as [26]:

K= 16Ew(§)3 ®)

Where w, ¢t and [/ is the width, thickness and length of the
plate, respectively. Equation (8) is true for two sides
completely fixed plate. In our designed plate, we reduce the
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boundary condition employing four supports, hence the
stiffness and the applied voltage is diminished considerably.

2) Pull-in Voltage

When the voltage is applied between two parallel plates, the
plates start to deflect downward, decreasing the gap g and
increasing the electrostatic pressure on the plates. The
governing equation is:

" , cAV?
mg +bg +h(g—g)=F =—"— ©)
2g+*)

Er
Where m is the mass, b is damping coefficient and & is the
stiffness of the plate, g, is the gap between two plates, 4 is the
plate's effective area, ¢, is the thickness of the dielectric, ¢ is the
air permittivity, F, is the electrostatic force and V is the applied
voltage. Neglecting the mass and damping force, (9) has a

critical point at g = (2/ 3)- g, +t,. Replacing this value in (9),

we have [27]:
3
Vp = 8kd (10)
27¢yA

This voltage (V) is known as the pull-in voltage and is a
critical voltage for two plates contacting. Equation 10 shows
that when the distance between the two plates is decreased, the
actuation voltage can be reduced.

III. SIMULATION

To evaluate the actuation voltage and frequency response
of the designed tunable capacitor, the structure is simulated
employing the finite element method with COMSOL and
ANSOFT HFSS software. The COMSOL software is used to
find the required voltage for one-third displacement of two
plates and the HFSS software gives us the frequency
characteristics of variable capacitor such as quality factor and
tuning ratio.

A.  Pull-In voltage Simulations

Two structures are considered in the COMSOL software
simulation: one structure is a two clamped membrane with size
of 200 x 200 x 2 um’ (Figure 4a) and the other is our designed
structure (Figure 4b).

The main aim of this simulation is to compare the two
structures with varying stiffness (different spring constants K).
To simplify, in all simulations it is assumed that the residual
stress on the membrane is zero. It is evident that residual stress
will increase the actuation voltage. The mechanical properties
of the beam material (gold) are stated in Table I for this
simulation.

Based on the simulation results, the pull-in voltage for the
structure shown in Figure 4a is approximately 64V. The
displacement and stress distribution of this simulation is shown
in Figures 5 and 6, respectively. As shown in Figure 6, the
maximum stress on this structure is 23.6 MPa which is much
smaller than the critical stress of gold (205 MPa).
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Fig. 4. Schematic of the simulated beams: a) our designed beam b) two

clamped beam
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Fig. 5. Two clamped beam displacement
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Fig. 6. Total stress distribution on the two clamped beam

For the proposed structure shown in Figure 4b, the same
simulation is accomplished and the displacement and total
stress distribution on the beam is depicted in Figures 7 and 8§,
respectively. It should be mentioned that the deformation in
both figures was exaggerated for visualization purposes, so the
bottom plate extends in the area of the upper plate and vice
versa.
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Based on Figure 8, the stress on the designed structure is
7.1 MPa which is almost 3 times smaller than the Figure 4a
structure and very smaller than the gold material critical stress,
hence the lifetime of the proposed structure can be very good.
As shown in Figure 7, the actuation voltage (for one-third
displacement) in this structure is approximately 7 V which is
the main advantage of the 4-support beam structure.
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Fig. 7. Four-support beam displacement
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Fig. 8. Stress distribution on the proposed four-support beam

B.  Frequency Simulation

To evaluate the frequency behavior of the designed
capacitor, we employ the ANSOFT HFSS software which is
very suitable for the RF applications. Table 2 shows the
electrical properties of the designed beam material. The main
aim of this simulation is to find the capacitance ratio (tuning
range) and the quality factor.

The HFSS simulation results are shown in the Figures 9 and
10. As depicted in the Figure 9, the capacitance is changed
from 312fF to 497fF in the frequency of 11GHz; hence we
would have 59% tuning range. In This frequency, the quality
factor is 90, which is very suitable for RF communication
applications.
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Fig. 9.
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TABLE L. MECHANICAL PROPERTIES OF BEAM MATERIAL (GOLD)
Parameter Value
Yong's Modulus 76.52 GPa
Poisson Ratio 0.41
Density 19300 kg/m’
Yield stress 205MPa
Area 200 X 200 um’
Thickness 2 um
Gap 2 um
Support Length 100 um
Support Width 15 um
TABLE II. ELECTRICAL PROPERTIES OF THE USED MATERIAL
Material Conductivity Relative Permittivity
Silicon Substrate 0.003 S/m 11.9
Silicon Nitride 0.001 S/m 7
Gold 41e6 S/m 1
Air 0 1.0006
CONCLUSION

A low voltage tunable capacitor based on micromachining

technology is designed and simulated. The tuning mechanism
is based on the gap tuning of a new structure. Two plates
move-ability design decreases the stiffness of the total structure
and hence the applied voltage is considerably decreased. The
structure is simulated with FEM COMSOL and ANSOFT
HFSS software. The results show 7 V applied voltage for
deflection of the 0.35 pum of plates individually and a 59%
tuning range with quality factor of 90 at 11 GHz which is
compatible with the RF applications.
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