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Abstract

A tunable capacitor that employs micro electromechanical systems
(MEMS) based on the electostatically actuated parallel plate con-
cept and suitable for Voltage Controlled Oscillators (VCO) at RF
frequencies is presented in this paper. The main objective of this
work is to achieve a frequency tuning capability of high quality. The
dimensions of the MEMS device have been optimized with the Fi-
nite Element Method based CoventorWare analysis software and
verified through a lumped parameter analysis in a Saber platform.
The varactor has been fabricated using gold-based surface
micromachining process. Both the mechanical and electrical perfor-
mance of the device have been verified using a lumped parameter
analysis in a Saber platform. The mechanical response, electrical
response and loss performance of the varactor have been experi-
mentally investigated.

1. Introduction

The Micro-electromechanical Systems
(MEMS) technology is primarily used to develop
miniaturized, integratable, high quality factor (Q)
frequency selective circuits. High-Q devices are
fundamental for different passive and active circuits
and can substantially reduce the phase noise or
power consumption of oscillators and amplifiers
[Rebeiz, 2003]. The Voltage Controlled Oscillator
(VCO) at RF frequency is composed of the CMOS
circuit and the LC tank in the conventional negative-
gm topology. So, the capacitance change in the
MOS capacitor limits the tuning range and the
operating frequency of the VCOs and the
nonlinearity of the tuning devices degrade the phase
noise of the RF VCOs [Dec and Suyamma, 2000].
The MEMS tuneable capacitors have been shown
to give out adequate quality when they are
fabricated using either aluminium or silicon or gold
surface micromachining technology. These devices
are expected to offer an excellent linearity since

they do not respond to high frequencies outside their
mechanical resonance frequencies [Dec and
Suyamma, 1998a]. The tunability of the VCOs
depends on the tuning range of the capacitors in
the tank circuits. Lesson’s formula of the phase
noise of a VCO describes the inverse square
relationship between the phase noise and the Q-
factor of the tank circuit [Dec and Suyamma,
1998b]. From that, it is evident that phase noise
performance can be improved by increasing the
Q- factor of the tank circuit. Since on-chip inductors
do not give very high Q values, the Q-factor of the
varactor device needs to be increased. On-chip
MOS varactors are very difficult to realize with
low phase noise and high quality factors that can
sustain a wide process and temperature variation
[Nieminen et al., 2004]. A MEMS based varactor
is therefore a good replacement of the on-chip MOS
varactors in this regard. Due to low loss, the MEMS
varactor possesses the property of very high Q
values and is capable of withstanding wide process
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and temperature variations. In addition, conventional
micro-machined tuneable capacitors [Mc
Corquodale et al., 2002] are not expected to
respond to RF frequencies in the 1-2 GHz range
especially since their mechanical resonant
frequencies normally lie in the 10-100 kHz.
Therefore, with RF frequencies 10,000 times the
mechanical bandwidth, these devices are unlikely
to produce a significant amount of harmonic content
[O'Mahony et. al, 2003]. The main limitation of
these devices, however, has been the fact that their
tuning ranges thus far have been less than
theoretical calculations suggested [Fedder and
Mukherjee, 2005]. In this paper, the design
optimization and simulation of a two parallel plate
variable capacitor for VCO applications using the
method of electrostatic actuation is presented.
Suspension beams have been optimized for 3.3 Volt
VCO power supply. The working principal is
derived from changing the gap between two parallel
plates using electrostatic actuation; one is fixed on
the substrate and other one is suspended with four
T-shaped suspension beams.

The layout of this paper is as follows. Section
I presents modeling and optimization issues
including the computation of spring constants and
the Q-factor analysis. Section III presents detailed
electromechanical simulation along with the
capacitance variation of the two plate varactor.
Optimization of the capacitor dimensions have been
achieved using CoventorWare simulation software.
The electro-mechanical lumped parameter
representation of the same has been realized in the
Saber platform. Section IV, describes the fabrication
process of the RF MEMS varactor and Section V
describes mechanical, electrical and RF response
of the MEMS varactor.

2. Modelling and design optimization of mems
varactor

2.1 Design Consideration

The electromechanically tunable capacitor
consists of two parallel plates, four T-shaped
suspension beams to suspend the top plate as shown
in Fig. 1. The top plate is pulled down to the bottom
plate with electrostatic force.

The dynamics of an electromechanical two
plate varactor can described expressed by [Rebeiz,
2003]
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dler} +5M+ () = 1de,(1) %
dr* dt dx

where m is the mass of the suspended plate,

b is the mechanical resistance, k is the effective

spring constant, C, is the desired capacitance and

V, is the applied electrostatic potential between the

two parallel plates. The current flowing through the

desired capacitance is given by [Rebeiz, 2003]

(N (1

m

dC (1)
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i(t)=C,(1) 2

dv, (1
dt*

The suspended plate moves towards the fixed
plate until a point of instability occurs where the
electrostatic force becomes exactly equal to the
spring restoring force, corresponding to a 50%
capacitance increase. The equilibrium between the
forces can be written mathematically as given by

(3).

et Bipn. 1 8d0 @)

2 v 2(d,— )

where x is the displacement under dc
conditions, €is the dielectric constant of air
(¢,= €,¢€, where £ =1.00054 and &= 8.854 X
102 F/m), A is the overlapping area of the two
parallel plates, and d, is the separation of
the capacitor plates when the spring is in its relaxed

state.

Ground Beam Etch Dielectric  Bottom Electrode(1im) iz Ling(0,0dnm) ~ P2d(10m)
Plane (lpm) (1.25pm) Hole (0 5um) [gold] )] [gehd]
[ gold] [pold] (10pm) [5i02]

Figurel: Schematic illustration of a variable capacitor
on substrate

In theory, the suspended plate can be pulled
down at most by 1/3 of the original gap, so the
maximum capacitance that can be tuned to is 3C /
2, and the maximum theoretical tuning range would
be 1.5:1 as shown in (4)
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Tuning Ratio(TR) = Cmw _ #4/(2x/3) =1 5 @)
& A/ x

Incorporating a worst-case-scenario fringing
capacitance ( C,) of 40% of C_  the value of the
capacitance tuning ratio is obtained by

TR = Com +04C0n e c. = 1.5C,. (5)

G +04€.

min

A semi-analytical model of the pull-in voltage
can be obtained from [McCorquodale et al.2002]
which calculates the total potential energy content
of a fixed-fixed beam subject to electrostatic
actuation without considering the fringing field
effects. A correction factor is then applied to
account for the fringing field effects. The first-order
fringing field effects have been approximately
compensated for by an effective beam width.
Following [16], the pull-in voltage can be obtained
as given in (6)[O' Mahony et al., 2003]

Ve = ’ 1 x\/c,Eh"x“ +c:(l—v).tt,f':*o'[J (6)

[1 +0.65 "‘) &’ &’
w

The constants are ¢, =11.7 and ¢, =3.6, E is
Young’s modulus and 6 is Poisson’s ratio, x is the
gap between the two parallel plates, [ and & are the
beam length and width respectively, w is the

thickness of the beam and is the permittivity of

free space.

C, is the original capacitance without applying
voltage or RF signal and K is the effective spring
constant of the four T-shaped beams, which can
be written as (7)

k|2k1 EWT}' (?)

K = 4K Ku; = ;(I +2}(3 3 ;= _L?

m e #

K, is the equivalent spring constant of each
T-shaped beam, L,, W and T, are the length, width
and thickness of the beams and E is Youngs Modulus
of the material.

2.2 Quality factor analysis

Various sources of loss can affect the quality
at high frequency. In our design the two-plate
varactor is modeled with conductive and resistive
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plates. This is justified in our case where the top
plate is deposited with gold and the bottom plate is
made up with gold coated with silicon-dioxide.

The expression of the quality factor of the
varactor which can be obtained from the input
admittance of the varactor, is given by (8)
[McCorquodale et al., 2002]

o el EE)
=) sinh (\{2(?)+ 2sinh [E cos[ﬁ}

Where 7 is the time constant of the varactor
that is expressed by (9)

T =R,C, )

where R is the resistance of the resistive plate
(i.e sheet resistance for a square plate capacitor),
C,, is the total capacitance between the two parallel
plates and w is the operating frequency in radian.
Since the losses due to interconnects and the
substrate parasitic are not considered in our design,
the expression presented above represents the
maximum theoretically achievable Q-factor. The
above expression represents the maximum
theoretically achievable Q-factor. At 1.9 GHz, and
2.4 GHz the calculated Q-factors are 460 and
381respectively, which suggests that a high -factor
can be achieved in this process.

3. Electromechanical modelling of a varactor
with parametric optimization

The varactor structure, as shown in Fig.1,
consists of a centrally placed rectangular gold proof-
mass which is suspended with four symmetrically

A -

Figure 2. System model of the MEMS varactor in Saber
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placed T-shaped suspension gold beams; two are
on one side and two on the other. All the beams are
rigidly clamped from two fixed walls on each side.
Also, there is a gold electrode placed underneath
the proof-mass along with a dielectric layer with
an air gap of 2.5 pm. The behavioural analysis and
electromechanical modelling have been carried out
in a Coventorware platform.

To realize the MEMS varactor model in Saber
software, parallel conductor plates and clamped
beams have been clubbed together and assigned
with a particular point as a knot in the 3- dimensional
space shown in Fig.2.

In our design, a T-type suspension beam has
been modelled to operate the varactor with a 3.3
Volt DC power supply. With this applied voltage
the varactor can be used in the LC tank circuit in
the VCO at RF frequencies. The lever length (11)
and lever width (Iw) of the RF MEMS two plate
varactor have been optimized with lumped parameter
modelling. The lever length(ll) is varied from 60um
to 120um and the lever width (Iw) is varied from
20um to 50um in steps of 10um. A small signal ac
analysis, and pull-in voltage and capacitance
variation have been carried out through lumped
parameter modelling in a Saber platform and verified
with FEM based simulation as shown in Figures
4 to Fig 11.

Lever width (hw)

Anchor

Figure 3. SEM image of T-shaped suspension beam
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Figure 4. Pullin voltage analysis with parametric
variation of Lever length (Il) where lever width(lw) is
20um
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Figure 5. Pullin voltage analysis with parametric
variation of Lever width (Iw) where lever length(ll) is
100pum.
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Figure 6. Capacitance variation with applied bias with
80um lever length and 20um lever width.
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Figure 7. Variation of gap with applied bias; lever
length =80um and lever width=20um (a) SABER
based (b) FEM based, simulation.
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Figure 8. Fundamental mode of vibration of RF MEMS
varactor with 80um lever length and 20pm lever width.

FEM-based simulation shows that the point

of instability occurs exactly at 1/3 of the gap (0.833
um) from the top (2.5/3) with a voltage of 3 volts.
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Figure 9. Capacitance Variation with lever length
(1) where lever width(Iw) is 20um.
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Figure 10. Capacitance Variation with Lever
width (Iw,) where lever length(ll) is 80um.
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Figure 11. Variation of Tuning Ratio(TR) with the
optimization of Lever width (Iw)

Furthermore, an analytical pull-in voltage of 3.8volt
was obtained from equation (6), after parametric
optimization.
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The fundamental mode of vibration of the
varactor is 3.24 KHz (Fig. 8) after parametric
optimization. The pull-in voltage is set to 3.3 Volts
after the parametric variation. Tuning Ratio (TR)
of this varactor is set to 1.433 after optimization as
shown in Fig.6. So, 80um lever length and 20pum
lever width has been chosen for our design to
actuate the varactor with 3.3 Volts. The final design
parameter of the MEMS varactor is listed in Table
I as shown below.

Table 1: Dimensions of a two plate varactor

No Two plate varactor
Parameter Dimensions (um)

1 Substrate 700 x 700 x 625

2 Actuation electrode| 350x250x 1

3 Dielectric 370x270x0.5

4 Proof mass 350x250x 1.25

5 Beam 80x20x1.25

6 Air gap 2.5

7 Number of beams 4

4. Micro-fabrication of RF MEMS varactor

The fabrication process of the MEMS
Varactor starts with a 0.025" thick Alumina substrate
polished on both sides. The relative permittivity of
the substrate is 9.8 with a loss tangent of 0.0001 at
1MHz. The masks that are used for the process
are E-beam-write chrome masks. The alumina
substrate is used in this work because of its
following properties

Good mechanical strength

Good heat conductivity and fire resistance
Good corrosion and wear resistance

Very good electric insulation

Good surface with high smoothness and less
porosity

e Stability at very high temperatures and
corrosive chemical

The fabrication process requires six masks and
involves the following steps as shown in Fig. 12.

Stepl. After the RCA cleaning of the
wafer, the first layer of chromium (Cr) is deposited
and patterned using the lift-off technique. This layer
is used to make electrical biasing in the circuit by
mask 1.
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Step 1

Step 2

e —

Step 3

Step 4

Step 5
=N ——
Step 6
ﬁ
L I 1
Step 7

Figurel2. Schematic view of micro- fabrication process
steps.

Step2. 0.3 um of Silicon Oxide (SiO,) is
deposited using plasma enhanced chemical vapour
deposition (PECVD) and patterned. RIE is
employed to pattern the oxide and remove the
patterning photo resist. This is a passivation layer
and deposited on the last layer (Cr) by mask 2. The
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sheet resistance of this layer is 0.025 €/sq.

Step3. An evaporated 400A chromium/100nm
gold bilayer is deposited as a seed layer. A photo-
resist mould is formed in the third lithographic step
and 1im gold is electroplated inside the mould. The
mould and seed layers will be removed afterwards.
The chromium is applied as an adhesion layer for
the gold. This layer used to pattern the CPW line,
fixed electrodes and bias pad by mask 3.

Step4. 300A of Titanium Tungsten (TiW) film
is sputtered and followed by the deposition of 0.5um
silicon oxide using PECVD at 250°C. The dielectric
and TiW layers are dry etched. The TiW layer
serves as an adhesion layer for the silicon oxide to
the gold. This layer is patterned by mask 4 to make
an insulation layer on the CPW line and on actuation
electrodes.

StepS. Spin coated Polyimide (PI) is used as
asacrificial layer for this process. Initially, it is coated
to a thickness of 2.5im. Next, it is patterned by
mask 5 (anchor mask) in an RIE step to etch the
PI and fully clear the anchor holes.

Figurel3. Micro-fabricated image of MEMS varactor

Step6. The top gold layer consists of a
sputtered gold seed layer and electroplated gold.
The total thickness of this layer is 1.25um, and it is
used as the structural layer for the devices. A
moulding method is used to define this layer. This
layer is patterned to make a mobile electrode by
mask 6. The sheet resistance of this layer is 0.02
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Q/sq. The density of this electroplated gold is 19300
kg/m?.

Step7. The final step is the release process.
In this process, the sacrificial layer is removed in
an oxygen plasma dry etch process.

Micro-fabricated images of the MEMS
varactor are shown in Fig. 13. The material
properties are listed in Table II.

Table 2 : Dimensions of a two plate varactor

No | Material Properties of a fabricated MEMS
varactor

1 Young's Modulus of gold 45GPa

2 Conductivity of gold 4.1¢’S/m
Sheet resistance of bottom 0.025U
gold electrode square

4 Sheet resistance of top gold | 0.02U/
electrode square
Poisson ratio of gold 04

6 Density of gold 19300Kg/m?

5. Testing and characterization of mems
varactor

Mechanical and electrical tests have been
performed on the varactor to examine the
characteristics of the structure. The voltage
actuation method has been used to detect the
mechanical vibrations of the varactor. A small signal
frequency sweep has been imposed over a dc
actuation voltage to observe the frequency
response of the particular structure. The out-of-
plane vibration amplitude response has been
recorded for the frequencies of the signal. A Polytec
made Laser Doppler Vibrometer (LDV) has been
used to detect the displacement of the structure in
the out-of-plane direction. The LDV uses the
Doppler frequency shift method to calculate
displacement due to external excitation at the point
where the laser pointer is focused.

The vibration spectrum of the MEMS varactor
with applied external excitation has been shown in
Fig.14(a). The first mode of vibration of the structure
at 1.475 kHz which is obtained from the LDV is
givenin Fig.14(b)

The variation of capacitance with the actuation
voltage of the structure has been performed using
a DC probe station manufactured by Sus-Microtec,
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(b)

Figurel4. (a) Vibration spectrum of the MEMS varactor
(b) First mode of vibration

a DC voltage source and an LCR meter
manufactured by Agilent. To measure the C-V
characteristics, the bottom fixed plate of the
varactor has been grounded and the required voltage
sweep from O volt to 2.5volt has been applied to
the top suspended electrode using the probes. A
small AC signal of SMHz has been imposed on the
DC actuation voltage to measure the capacitance.
Open circuit offset measurement corrections were
made before recording the capacitance values. The
capacitance of the varactor with a change in voltage
has been observed and plotted by the LCR meter
as shown in Fig.15. The steps in the measured
capacitance value are due to the asymmetry of the
suspended electrode over the fixed bottom
electrode. The asymmetry is due to the initial
deformation of the top plate along with the bending
motion of the T-shaped suspension beam.

From the measured capacitances, the
minimum and maximum capacitances available
from the device are 0.86pF and 0.896pF
respectively. The measured capacitance tuning ratio
of the varactor is about 1.06:1 (%06). The measured
tuning ratio of the experimental device is lower than
the designed values. The parasitic capacitance of
the pads (G-S-G) [Fig.13] along with the substrate
capacitance affects the tuning range significantly
and this was not considered during the simulation.
Furthermore, residual stress in the suspended plate
produces a warping of the capacitor plates, which
effectively results in a different plate separation and,
thus, a different parallel-plate capacitance, which
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Figurel5. Measured capacitance variation with applied
voltage, Circle indicates the point of instability (pull-
in) at 3.3Volt

leads to an effect on the tuning ratio. Moreover,
measurements were carried out in air ambient
conditions where air is used as a dielectric for the
tunable capacitor, and its properties as a function
of pressure, temperature, and humidity must be
examined. The tunable capacitor may be operated
in a vacuum, which resolves many issues that can
arise when air is used as a dielectric. For example,
the mechanical resistance can be dramatically
reduced, and hence the mechanical Q-factor can
be significantly improved when the tunable
capacitor is placed in the vacuum. In addition, the
mechanical noise due to the thermal agitation of air
molecules can be reduced as mechanical resistance
is reduced. Furthermore, there is no dielectric
breakdown in the vacuum.

The loss measurement of the varactor was
carried out using Vector Network Analyser. The
measured varactor is connected with the series path
of the transmission line. A return loss better than
18.17 dB and 16.46 dB with an insertion loss of
0.77dB and 0.83dB was obtained at 1.9 GHz and
2.4 GHz respectively as shown in Fig.16.

Return loss and insertion loss values are given
at two different oscillation frequencies of the VCO;
1.9GHz and 2.4GHz. Quality factor has been
obtained from measured S-parameter data (S ) as
givenin (10).

_ 2im(s,, )

: (10)
1-|S,|

The variation of the Quality factor with
frequency is shown in Fig17 which is obtained from
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Figurel6. (a) Return loss (b) Insertion Loss. Circles
indicate return loss and insertion loss values at 1.9GHz
and 2.4GHz.

equation (10) with measured return loss data. The
Performance table of the micro-machined tunable
capacitor is given in Table III.

6. Conclusions

This paper presents the development of a
MEMS varactor including design, simulation,
fabrication process and functional testing. A
comparison between the simulated and tested
results is also reported. The fundamental mode of
vibration from LDV measurements is found within
15% tolerance from the simulation results. The
variation in the value is quite acceptable as test
conditions include unavoidable environmental
perturbations, and damping and process variations
which are not considered in the simulation. Also,
the variation of capacitance with actuation voltage
as obtained from testing and depicted in Fig.15
shows that the capacitance tuning ratio of the
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Table 3: Performance of a two plate varactor

No | Performance of a fabricated MEMS varactor
Para- Analy- | Simu- | Meas-
meters tical lated | ured

1 Pull-in voltage
(volt) 38 334 33

2 | Mode frequency
(KHz) - 324 1475

3 Tuning ratio 1.5:1 14:1 1.06:1

4 |S,(dB)@1.9GHz |- 19.5 18.17

5 S, (dB)@24GHz |- 1754 | 1646

6 |S,(dB)@19GHz |- 06 0.77

7 |S,(dB)@24GHz |- 0.74 0.83

8 Q-factor @ 1.9 GHz| 460 391 360

9 | Q-factor @ 2.4 GHz| 381 301 280

5000 =

. 5 :
4000 ... : :
§ 3000 4 -----9--L--
] \ ' : '
- 1 : } ]
. - : : |
5 cna_x-
3 : !
o 1 v : g
1000 | h.-.. “ed S . =
'I._- I 1
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04 " " " " i
T T T T T
] 1 2 3 4

Frequency(GHz)

Figurel7. Variation of quality factor with frequency,
circles indicates quality factor value at 1.9GHz=360
and at 2.4GHz=280.

varactor is about 1.06:1. The sudden change in the
measured capacitance at around 3 volts manifests
the pull-in condition. The loss performance and the
quality factor are quite acceptable over the desired
frequency range for VCO applications.
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