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ABSTRACT

This paper presents a new MEMS variable capacitor to achieve high stable region and extremely wide
tunability. The idea is based on increasing the stable region in the gap between the plates of the capacitor.
It is done by combining the functionality of two different vertical comb drive actuator sets to takeover a
unity air gap variation. The design of the structure is carried out so that the performance of these two
actuator sets is fully independent without any destructive or damaging effect on each other. The
advantage of this scheme is that adding the second mechanism of actuation does not change the overall
structure thickness compared with when the structure uses a single actuation mechanism. Therefore, the
tunability increases sharply. Aluminum is the structural material used for the design. Comb actuators are
widely used as MEMS motors due to their long range of linear motion, low power consumption and ease
of fabrication. A full review of electrostatic actuator portion is done. The structure is calculated using
MATLAB software. To verify, the calculated results were compared with simulated results using
Intellisuite software. The natural frequency is 1.173 KHz. According to calculation and simulation
results the achieved minimum tuning range is 2300%.

Doi: 10.5829/ije.2021.34.11b.16

1. INTRODUCTION

MEMS-based variable capacitors are used as key
building blocks in many wireless communication
applications, such as tunable filters, voltage-control
oscillators, matching networks and phase shifters [1-4].
Commercially available solid-state varactors such as p-n
junction diodes and Schottky diodes offer wide tuning
range, small size and very fast tuning speed [5].
However, they suffer from low power handling, low Q-
factor and non-linearity effect.

Compared to semiconductor varactors, MEMS
variable capacitors have the potential for an extended
tuning range, higher linearity and high quality factor [6-
12], along with the reduction in weight, size, and cost of
communication  systems. According to working
principle, the popular actuators for MEMS variable
capacitors can be mainly classified into three categories,
which include electrothermal, piezo-electric, and
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electrostatic actuators. Thermally and piezoelectrically
actuated devices provide great motion control. Very
linear variable capacitors can be obtained this way, and a
few have been reported [13-16]. However, some of the
major concerns are the hysteresis in actuation motion,
power consumption, and response time. On the other
hand, electrostatic actuation remains an attractive method
for actuation the tuning capacitors due to virtually
nonexistent current loss, high energy density, low power
consumption and high-quality factors and large force that
can be generated on the microscale [17, 18].
Micromachined variable capacitors generally fall in
two categories those that vary the area and those that vary
gap [17, 19]. Often, gap-tuning capacitors are constructed
from two surface-micromachined electrostatically
actuated parallel plates, one being movable and
controlled by an applied voltage and the other being fixed
[20-23]. The main problem in the electrostatic type
variable capacitor is the pull in instability. This
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phenomenon limits the range of tuning [24-29]. The
movable plate can only be actuated one third of the initial
gap distance; beyond this value, the two plates will snap
together. This phenomena can be explained by the
mechanical instability between electrostatic forces and
restoring forces of the varactor structure, which causes
the upper plate to snap down when it reaches one-third of
the air gap [2, 13]. In this case, the maximum theoretical
tuning ratio is only 1.5:1. Although, techniques that
increase the tuning range have been reported, they often
do not have tuning ratios large enough for many RF
applications, and furthermore, have increased process
complexity. Recently, several approaches have been
reported to enhance the tuning range of variable
capacitors. The approaches involve either parallel plate
capacitors and actuators [30-34] or interdigitate
capacitors with comb drive actuation mechanisms [10,
35]. The parallel-plate capacitor with electro-static
actuation that is preferable due to its high self-resonance,
high quality factor, low power consumption and the
interdigitated capacitors that have a linear respose, but
exhibit a low selfresonance and low quality factor.

Comb drive structures can be widely used in
electrostatically actuated MEMS devices. In this paper,
we present a surface-micromachined variable capacitor
that employs two sets of comb drive actuators to
vertically displace parallel plate capacitors. The main aim
of this article is to introduce a new structure to achieve
variable capacitor with large tuning range using
electrostatic actuators. In the comb drive electrostatic
actuators, the pull in instability occurs later than
conventional parallel plate electrostatic actuators [36]. A
particular type of a comb drives are made vertically and
are known as vertically comb drives. As mentioned, we
lose nearly half of the air gap because of the phenomenon
of pull-in.

We have proposed a new structure to overcome this
problem, and achieve very large tuning range. Based on
the proposed structure, we have introduced two steps of
displacement. At the first step or phase I, half of the
desired displacement is done by the first group of vertical
comb drive actuators. this step will stop when it comes to
pull in instability point. Then at the second step or phase
Il and for the first time, the other half of the desired
displacement becomes realized by the second group of
vertical comb drive actuators. In fact, using the second
group of comb drives, the first pull-in point is eradicated
and we were able to capture the entire air gap to obtain
maximum tuning range. Therefore, the tuning range of
the variable capacitor is sharply increased.

2. DEVICE STRUCTURE

The schematic diagram of the proposed structure is
shown in Figures 1 (Top view) and 2 (Button view).

The structure consists of two sets of movable and fix
comb drives (the outer side), four sets of movable and fix
comb drives (the inner side), four fixed-guided end
beams as springs (the outer side), four fixed-guided end
beams as springs (the inner side), two stoppers, frame,
four anchors and two parallel plates as_the desired
capacitor.

The anchors are 4 in number and in the corners of the
structure. The upper part of the structure, including the
frame, outer springs, inner springs, outer comb drives,
inner comb drives and up capacitor plate are all held in a
suspended state on these anchors at a certain distance
from the bottom structure. The anchors are connected
from the bottom to the substrate and from the top to the
external springs.

The lower plate of the capacitor is fixed to the
substrate and upper plate is suspended by inner fixed-
guided end beams. The plates are precisely opposite each
other and at a distance as a gap (g) from each other.

The movable plate together with fixed plate makes
the proposed variable capacitor. The frame is the
interface between the outer and the inner springs. Outer
springs from the side of guided-end and the inner springs
are attached to the fix frame.

As shown in Figure 3, the outer movable combs are
connected to the bottom of the frame and they move

Fixed-guided end beam (Phase IT)

Movable Capacitive Plate Fixed-guided end beam (Phase I)

Anchor Frame

Wafer

Figure 1. The schematic of the proposed variable capacitor
(Top view)

Movable electrode of comb drive actuation (Phase I)
" Fixed electrode of comb drive actuation (Phase I)
Fixed Capacitive Plate

Movable electrode of comb drive actuation (Phase IT)
” _ Fixed electrode of comb drive actuation (Phase IT)

Stopper

Figure 2. The schematic of the proposed variable capacitor
(Button view)
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Figure 3. Location of inner and outer comb drive actuators

downward by the external springs, whereas, the inner
movable combs are placed under the guided-end side of
the inner springs and moved downward by the inner
springs. The two stoppers are located at the bottom of the
other sides of the frame.

The proposed variable capacitor has a wide range of
capacitive variation. In order to realize this, two separate
electrostatic actuation mechanisms are used.

In phase I, by applying voltage to the external comb
actuators, the frame together with inner spring and upper
capacitor plate is moved downward by the outer springs.

After “;—’ displacement, the frame stop by the stoppers. At

this moment, the first displacement mechanism ends. If
we assume that the air gap between the front end of
external comb drives is g in the initial state, then at the
end of phase | this distance has reached %.

In general, when the actuation voltage is applied to
the comb drives, the electrostatic force generated in the
comb drives moves the upper plate downward. This
generated electrostatic force is more linear than the
conventional electrostatic force, produced by the
parallel-plate actuator. Moreover, this technique
postpones the pull-in behavior compared to conventional
parallel plate capacitors. Therefore, allows the movable
plate to continue moving down linearly and consequently
increase the tunability range of the variable capacitor. In
the pull in point the equivalent stiffness of the structure
becomes zero and leads the system to an unstable
condition by undergoing to a saddle node bifurcation. In
the proposed structure, by placing objects under the
frame and thus stopping the displacement mechanism, we
prevent the structure from entering this critical process.

In phase Il, by applying voltage to the inner comb
actuators, the upper capacitor plate continues moving
downward by the inner springs.

In this case, when the inner comb drives are reached
the critical point of the inner comb drive pull-in, at the
same time the top capacitance plate will also travel the
desired air gap (9/2) and touches the dielectric layer on
the button capacitive plate. It is the maximum
displacement rate of the top capacitive plate in phase II.

3. DESIGN

The aim of this research is to introduce two separate sets
of electrostatic comb drives as vertical actuators to create
variable capacitor with maximum tuning range. Figure 4

shows the total comb drive shape. As shown in this
figure, when the voltage is applied, the movable comb
will be displaced in the Z direction due to the fringing
fields created in the comb. The capacitance between
electrically conductive combs is expressed as:

1 1
Ccomb—drive = N&gl(z + bg) (E + m) 1)

For equal distance between the plates the capacitance is
expressed as:

Ccomb—drive = N&gl(z + bg) (3) )

In Equation (2), ‘N’ indicates the number of combs, ‘I’
refers to the comb-length, ‘b,’ is the initial overlap, ‘g’
is the adjacent gap size, ‘z’ is the vertical displacement
amplitude along the z axis and ‘y’ represents the
transversal displacement along the y axis. The energy
stored in the capacitor is:

1
Ue = 2 Ceomb-arive (Z)VZ 3)

On the other hand, the electrostatic force applied to the
comb drive is found by considering the power delivered
to a time dependent capacitance and is given in the
literature [37-39]:

d( = c)
fo==0" 4)
By substitution:
le _ Ff _ d(%Ccomb—drive(Z)Vz) _ 1V2 dCeomb-drive(2) —

. dz 2 dz (5)
N kol S (Neot) ==y
2 dz 2 g g
The movable electrode on ground potential will be
displaced in the z direction due to the fringe fields created
in the comb. There is another capacitor which consists of
the capacitor plate formed by the front end of the
movable fingers and of the parallel part of the fixed
electrode in front of it. This capacitance is expressed as:

A
Cparattel-piate (z) = 2Ngy @a-2 (6)

where ‘A’, ‘N’ and ‘d’ are the electrostatic area, number
of fingers, and initial distance of the front ends of the

I
—
<

Figure 4. Schematic of comb drive structure
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fingers if no actuation occurs and ‘z’ refers to the
displacement in the z direction, respectively. The
capacitor named by parallel plate capacitor does not have
same electrodes. If we consider the electrostatic area of
the front end of the movable fingers by A; = [ X t,, and
the parallel part area of the fixed electrode in front of
movable electrode by A, = [ X wy, then the capacitance
is expressed as:

AA
Cparallel—plate (2z) = 4Ng m (7)

The corresponding parallel plate electrostatic force is
given by:
FZZ — Fp — ldcparallel—plate(z) V2 —

2 dz

A qp2=1 4
v = 22Ngola |

1d

EE [ZNSOI
NéeglA (5o
(a-2)?

1 2 _
(d (d—z)] Ve = (®)

For an actuator in equilibrium, two types of electrostatic
forces can be considered. The total electrostatic force in
the comb drive is expressed as:

Negol NgolA
0 V2+ 0

F, = Fz:le‘l'FzzzFf‘}'Fp = g (d—-2)?

& )

If the movable electrode is displaced, following the
Hooke’s law, the reaction force F;, is generated:

F; =k, (d - 2) (10)

In this equation ‘k,’ refers to equivalent spring constant
in the ‘z’ direction. The springs used for both phases of
proposed structure are of fixed-guided end type (Figure
5). Corresponding equation of this spring constant that is
due to four fixed-guided end beams is given by Rebeiz
[40]:

Ewt3
k, = 4=3 1)

where, ‘w’, ‘t” and ‘I’ are width, thickness and length of
the beams, respectively. In this equation ‘k,’ refers to
equivalent spring constant in the ‘z’ direction. Now, for
the set of outer springs, we 're going to have k.
3
Je = 475 (12)

1,3

where, ‘w;’, ‘t;” and ‘l;’ are width, thickness and length
of the beams, respectively. In this equation ‘k,;’ refers to
equivalent spring constant in the ‘z’ direction; the spring
constant is due to four outer fixed-guided end beams.
These beams connect frame to anchors. And for the set
of inner springs, k.
iy = 422202 (13)

where, ‘w,’, ‘t,” and ‘l,” are width, thickness and length
of the beams, respectively. In this equation ‘k,,” refers to
equivalent spring constant in the ‘z’ direction; the spring
constant is due to four inner fixed-guided end beams.
These beams connect top capacitance plate to frame. We

will now apply the final Equations (9) and (10) in the
presented plan.

As mentioned in the description of the structure in the
previous section, the proposed variable capacitor is
designed to have two separate phases of motion and and
we also need to remember that the movement in each
phase will be made by the specific comb drive actutors of
that phase.

So, we can name the total electrostatic force in the
outer combs (phase 1) drive with F,,:

ngoll V12 + 1\(120_1;;421 V12 (14)

Foy = Fp1+Fy =
and subsequent, the reaction force with Fy;:
Foy = ky(d—2) (15)

Also these forces are F,,:

Nggl 2 NegglA 2
Fez = Ff2+Fp2 = go 2 Vz +#V2 (16)
and Fg,:
Fp = ky(d —2) (17)

for the inner combs (phase 1), respectively.

In equilibrium and by equating the applied
electrostatic force (9) with the mechanical restoring force
(10) the actuation voltage is achieved.

_ Kz(d-z)
V= \/NSOh+2NSO(d—z)g1A2 (18)

g (A1+42)

Large tuning ratio together with low actuation voltage are
the main goals of the proposed structure. The main
parameter in determining the initial capacitance is its air-
gap. Large tuning ratio requires large air-gap. For this
reason 6um air-gap is considered. On the other hand, low
actuation voltage requires low spring constant together
with small air-gap between the comb plates, long comb
length and large area by considering Equation (18).
Geometrical parameters in Table 1 satisfy our mentioned
goals. Based on the parameters in Table 1 the outer and
inner spring constant and by considering the equations
11, 12 and 13 are 0.11 and 0.72 N/m, respectively. The
corresponding voltages due to these spring constants are
4 and 11V, respectively. To verify, the calculated results
are again calculated using MATLAB software, and then
simulated using Intellisuite software in the next section.

¥y L
— |
! w

z X

- .
Figure 5. Schematic of fixed-guided end beam



2538 M. Ghalandarzadeh and S. Afrang / IJE TRANSACTIONS B: Applications Vol. 34, No. 11, (November 2021) 2534-2544

4. CALCULATION AND SIMULATION RESULTS

As discussed in the previous section, the moving of the
top capacitor plate to the bottom plate is done in two
phases, phases | and Il. For both phases, the calculated
results for the proposed structure are again calculated
using MATLAB software. Then, to validate the structure
is simulated using Intellisuite software.

Materials and geometrical parameters of the structure

is indicated in Table 1.

TABLE 1. Materials and geometrical parameters

Now we consider phase I. Figure 6 shows calculation
results of movable capacitor plate displacement versus
applied voltage. It should be noted again, that the voltage
is applied to the combs. These combs are connected to
the capacitor movable plate. As it is seen from the figure,
the total capacitor movable plate displacement and
corresponding voltage before snapping is 3.6um and
3.6V, respectively. To verify, the proposed structure is
simulated using Intellisuite software. Figure 7 shows
simulation result of the structure.

As it is seen, the calculation results is approximately
the same as the simulation results. Figure 8 shows the
maximum displacement (3um) of the movable plate due
to the required applied voltage. At this point the frame is
stopped as a result of the collision with the stopper.
Therefore, phase | displacement mechanism ends.
Figures 9 and 10 show calculated and simulated results
of capacitance versus different applied voltages in phase
I. As it is seen, the calculation result is approximately the
same as the simulation result.

Figure 11 shows induced stress in the structure due to
applied voltage and consequently the displacement of
movable section.

If the voltage is removed, the mentioned stress is also
removed. There is another stress due to fabrication
process. This stress is named by "residual stress”. Figures
12 and 13 show the effect of 20 MPa and 40 MPa residual
stresses on the applied voltage. As it is seen the pull-in
voltage is increased.

p 210 6 Z Displacement - Voltage curve
— : ‘
1 L
E .
=27 )
£
L \
E ) ¥: 3605
Q | -
£ o
g, F
* J
Py
N ../'/
5 1
° d__i___i__i__i_ L ‘ ‘ |
0o 05 1 15 2 25 3 35 4 45

Voltage (v)
Figure 6. Calculated result of movable capacitor plate
versus applied voltages (phase 1)

2 Displacement vs Voltage

039075
. 139075
. 230075

Contact to Stop
(3.75V, Jum)

ppet | |

Pull-Tn Point

- . {4V.-3,86um)

Parameters Value
Young’s modulus (Al) 74 GPa
Yield strength (Al) 310 MPa
Variable capacitor area 280umx280um
Movable capacitor plate thickness 2um
Initial air gap of variable capacitor 6 um
Length of stopper 392 um
Width of stopper 40 um
Thickness of stopper 10 um
External dimension of frame 436umx436um
Width of frame 40um
Thickness of frame 6um
Parameters of Phase | Value
Length of fixed-guided end beams 480 um
Width of fixed-guided end beams 40 um
Thickness of fixed-guided end beams lum
Length of combs 480 um
Width of combs 3um
Thickness of combs 7um
Number of Movable Combs 8
Initial distance of the front ends of the fingers 6 um
Lateral air gap between fingers lum
Parameters of Phase 11 Value
Length of fixed-guided end beams 340 um
Width of fixed-guided end beams 43 um
Thickness of fixed-guided end beams lum
Length of combs 80 um
Width of combs 3um
Thickness of combs 7um
Nmber of Movable Combs 20
Initial distance of the front ends of the fingers 6um
(at the end of Phase I)

Lateral air gap between fingers 1lum

fasersl T Ty

Cases|
& 539075

-6.39075 5 y 3

10
n
12

13
4

15

16
17
18
19
20
21

0535625
-0.648462
-0.793453
-0.960708
-1.14322
-1.45729
-1.78161
-2.17824
-2.6357
-3.15881
-3.86153
2 -6.39075

Figure 7. Simulated result of movable capacitor plate versus

applied voltages (phase 1)
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Displacement Z ym
4.363100-008

0273101

0646202
-0.819303
-1.0024
-1.3655

. -1.63801
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Outer spring displacement l

Figure 8. Maximum displacement of capacitor movable
plate in phase |
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Figure 9. Calculated result of capacitance versus different

applied voltages (phase 1)

=~ Capactance vs Volage

3 33790007

I Contact to Stopper [

o 2.87900e-7 Max of Capacitance in Phase [ ]
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To3800e T {
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: Voltage (voit)

Figure 10. simulated result of capacitance versus different
applied voltages (phase I)

Stress mises MP3
04320
584909
526328
467847

Figure 11. Stress mises_Residual Stress=0Mpa (phase I)

Figure 14 shows the effect of only stress on the air
gap. As it is seen, simulation result show 0.02 pm
capacitor plate displacement due to residual stress. The
effect of mentioned displacement in the initial

(minimum) capacitance is negligible.

Z Displacement vs Voltage 2 -0.513902
0.636265

712814

618
 -1.78797 . 4 2. 991
-1.3608

E 078797

i anmm

-1.61827

5 -dTenen 4 -1.99216
548787 \ B 36 -2.37599
sm 2.82588

1 2 3 4 2 -3.38985
Voltage (volt) 2 2 -5.78797

Figure 12. Simulated result of movable capacitor plate
versus applied voltages_Residual Stress=20MPa (phase 1)

Z Displacement vs Voftage

49439

| ——— ? 611633

_ sar| T A4 -0.749117
= 84T . 3 .6 -0.908627
™ 8 -1.00039
3 -1.29523
) B4 \ .2 -1.51603

284317

T 484317 1}

584217
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Figure 13. Simulated result of movable capacitor plate
versus applied voltages_Residual Stress=40MPa (phase I)

Displacement X pm

0171094

0139986
0.108878
007777

0.045562
0015554

- -0.015564
Figure 14.a Displacement along the x-axis due to Residual
Stress=40Mpa in phase |

007777
-0.108878
-0.130980

Displacement Z pm
00105023
00177103
00159183
00141203
00123342
00105422
0.0087502
0.00095819

000516817

Figure 14.b Displacement along the z-axis due to Residual
Stress=40Mpa in phase |

Now we consider phase Il. Figure 15 shows

calculation results of the movable capacitor plate
displacement versus applied voltage. It should be noted
again, that the voltage is applied to the combs. These
combs are connected to the capacitor movable plate. As
it is seen from the figure, the total capacitor movable
plate displacement and corresponding voltage before
snapping is 3.6pum and 12.33V, respectively. To verify,
the proposed structure is simulated using Intellisuite
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software. Figure 16 shows simulation result of the
structure. As it is seen, calculation result is approximately
the same as the simulation result.

Figure 17 shows the maximum displacement (3um)
of the movable plate due to 63rd required applied voltage
in phase Il. At this point, the movable plate is stopped
because of the collision with the dielectric layer on the
capacitor fixed plate. Therefore, Phase Il displacement
mechanism ends. Figures 18 and 19 show calculated and
simulated results of capacitance versus different applied
voltages in phase Il. As it is seen, the calculation result is
approximately the same as the simulation result.

Figure 20 shows induced stress in the structure due to
applied voltage and consequently the displacement of
movable section. If the voltage is removed, the
mentioned stress is also removed. Figures 21 and 22
show the effect of 20 and 40 MPa residual stresses on the

Capacitance - Voltage curve

Capacitance (pF)
P

0 2 4 6 8 10 12
Voltage (v)
Figure 18. Calculated result of capacitance versus different

applied voltages (phase 1)
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7.08¢-07

<108 Z Displacement - Voltage curve
0= - T ! -

Voltage (v)

Z Displacement (|
&
-4 >
on
38
5

Figure 15. Calculation result of movable capacitor plate

versus applied voltages (phase 1)
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> 2 4 [ 8 10 7

Figure 16. Simulation result of movable capacitor plate
versus applied voltages (phase I1)
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3.67769e-007
-0.250003
-0.500007

S
5 -0.750011

-1.00001

-1.25002

-1.50002

-1.75003

-2.00003

-2.25003

-2.60004

Inner spring displacement

-2.75004

Figure 17. Maximum displacement of the capacitor movable

plate in phase Il

1.6 7.414c07
1.7 7.857e-07
118 8.304e-07

. 22567006

2 567002-70 =

Figure 19. Simulated result of capacitance versus different
applied voltages (phase I1)

applied voltage. As it is seen the pull-in voltage is
increased.

Figure 23 shows the effect of residual stress on the
structure in phase Il. Simulation result show 0.124 pum
and 0.028 um capacitor plate displacement due to
residual stress in the y and z direction respectively. As it
can be seen, the effect of mentioned displacement in the
initial capacitance (Z direction) is small.

Stress mises MPa
63702
. 570027
521036
463042
405040
347088
| 280064
231971

173078

115085
. 0579927
1.73605e-012

Figure 20. Stress mises (phase 1)
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45278 —_—

145278 T
L 245279

3.45279 1
& 445279 |
) -5.45279]

L
& 0 5 10

versus applied voltages_Residual Stress=20MPa (phase 1)
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1.68953
2 Displacement vs Voltage 5 -1.7793

134
136 -5.13181

Figure 22. Simulated result of movable capacitor plate
versus applied voltages_Residual Stress=40MPa (phase 1)

Displacement Y pm
0.124306
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00701038
0.0565027
0.0330016
0.0113005
-0.0113005
-0.0339016
-0.0565027

-0.0791038
-0.101705
-0.124306

Figure 23.a Displacement due to Residual Stress=40Mpa in
phase Il - y direction

Displacement Z ym
0.0285321

\ ooz32524
00200120
ooi7e728

00153320
B 001200
0010083
000741345
000477362

000213379

-0.00050603

Figure 23.b Displacement due to Residual Stress=40Mpa in
phase Il - z direction

5. TUNING RANGE AND COMPARISON

The tuning range for a capacitor is the ratio of the
difference between the maximum and minimum
capacitance to its minimum capacitance that is expressed
in percentage and is as follows:

Tuning range _ Cmax=Crin , 109 (19)
min
The calculated results of minimum and maximum
capacitance from Figures 9 and 20 are 0.12Pf and 2.9Pf,
respectively. The tuning range related to these
capacitances is 2316%. To verify, the simulation is done.
The simulated results of minimum and maximum
capacitance from Figures 10 and 21 are 0.137 and 3.4 Pf,
respectively. The tuning range related to these
capacitances is 2380%.
Table 2 summarizes the comparison between our
proposed structure and the one plate moveable
counterpart. This comparison is based on some important

specifications such as tuning range, initial capacitance,
actuation voltage and the effective capacitor size.

6. PROPOSED FABRICATION PROCESS

Fabrication steps of the proposed structure are shown in
Figure 24. At first a high resistance substrate (SiOy) is
selected to prevent electrical connection between the
different parts of the structure. Then, 0.1 um layer of Al
is deposited by sputtering and patterned to define lower
plate of capacitor, anchors of external fixed-guided end
beams, stoppers and outer and inner fixed combs as
shown in Figure 24a. Next, a 0.1 um silicon—nitride as a
dielectric layer is deposited and patterned as shown in
Figure 24b. In the third step a 6 um polyimide 2526 as a
sacrificial layer is deposited and patterned, to define
inner and outer fixed combs by aluminum electroplating
(Figure 24c). Then 1um aluminum is deposited by
sputtering and patterned to create outer movable combs
and overlap region of outer fixed and movable combs.
Also the growth of the inner fixed combs is done (Figure
24d). To create the same level the other area in step four
is filled with polyimide 2526. In the next step, 2 um
polyimide 2562 as a sacrificial layer and as a mold for
aluminum electroplating is deposited, patterned and
electroplated to define lower plate of capacitor, stoppers,
outer movable combs and anchors of fixed-guided end
beams (Figure 24e). Then 1 um aluminum is deposited
by sputtering and patterned to create inner movable
combs, lower plate of capacitor, outer movable combs
and anchors (Figure 24f). Then a 2 um polyimide 2526
as a sacrificial layer and as a mold for aluminum

TABLE 2. MEMS variable capacitor performance comparison
with the previously published variable capacitor

References  Tuning Initial Cmax Actuation
No. Rang Capacitance Volltage
[21] 41% 0.3PF 55V
[6] 309 % 0.077 PF 0.238 PF
[22] 320 % 3PF 13V
[36] 242 % 1.955 PF 6.693 PF 9V
[30] 207 % 245 fF 75.6 fF 40V
[16] 286 % 0.498 PF 4.103 PF 28V
[23] 240 % 15PF 35V
[20] 300 % 1.33PF 136V
12.33v
ThisWork 9316095 0.12PF 29pp  (Without
(calculation) residual
stress)
12.42V
ThisWork — p38005  0137PF  34pF  (Without
(simulation) residual

stress)
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electroplating is deposited patterned and electroplated to
define lower plate of variable capacitor, inner and outer
movable combs, and anchors (Figure 24g). Next, a 0.25
um silicon—nitride as a dielectric layer is deposited and
patterned as shown in Figure 24h. Then, a 1 um
polyimide 2526 as a sacrificial layer and as a mold for
aluminum electroplating is deposited patterned and
electroplated to define inner and outer movable combs
and anchors (Figure 24i). In the tenth step a 3 um
polyimide 2526 as a sacrificial layer is deposited and
patterned, to define frame by aluminum electroplating.
The growth of the combs is done for the last time, while
the growth of anchors continues (Figure 24j). Then 1 um
aluminum is deposited by sputtering and patterned to
create frame, up electrode of movable combs and anchors
(Figure 24k). Then 1um aluminum is deposited by
sputtering and patterned to create frame, anchors and
interconnection between up electrode of movable combs
(Figure 241). Then 1um aluminum is deposited by
sputtering and patterned to create upper plate of variable
capacitor, frame, outer fixed-guided end beams, inner
fixed-guided end beams and anchors (Figure 24m).
Finally, isotropic plasma ashing is used to remove
sacrificial layer (Figure 24n).

Figure 24. Schematic of proposed fabrication process

7. CONCLUSION

A new structure of MEMS variable capacitor was
proposed to achieve maximum capacitance variation. It
was accomplished by two independent displacement
phases. In each phase, half of the desired final
displacement was done and it was realized by special
vertical comb drive actuators of that phase. In the second
phase of displacement and for the first time, we
introduced a new method in which the movable comb
drive actuators are connected to the bottom of the guided
end side of the inner guided end beams. Therefore, for
the second mechanism of displacement, there is no need
to increase the additional structure. The proposed
structure was designed and then tested with MATLAB
software. To verify, the structure was simulated using
Intellisuite software. The achieved minimum tuning
range and maximum applied voltage in the proposed
structure is 2300% and 12.42V respectively.
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