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Abstract- This paper presents complete behavioral analysis of a surface micro-machined MEMS
varactor for frequency tuning application in voltage controlled oscillators in RF applications with high
Quality factor and tunability. The dimensions of the MEMS device have been optimized with Finite
Element Method based CoventorWare analysis and verified through lumped parameter analysis in
Saber platform. The MEMS varactor has been fabricated with the PolyMUMPs process. The paper also
describes the Mechanical and electrical characterization of the MEMS varactor to meet the designed
specification.

Index terms: MEMS, varactor, VCO, capacitance tuning ratio, pull-in, SEM, vibration spectrum, LDV.

l. INTRODUCTION

Most of the Modern wireless communication systems demand voltage controlled oscillators
(VCOs) with wide tuning range, low power, low phase noise and high quality factor in the giga-
hertz frequency range of operation [1]-[2]. The tuning range should be wide enough to cover the
entire frequency band. LC tuned VCO is normally used in different blocks of a wireless
transceiver such as a frequency synthesizer or a PLL due to its better phase noise performance in
comparison to a ring oscillator. The tunability of a VCO is normally provided by the varactor
present at the tank circuit of the VCO. Lesson’s formula of phase noise of a VCO describes the
inverse square relationship between phase noise and Q factor of the tank circuit [3]. From that, it

Is evident that phase noise performance can be improved by increasing the Q factor of the tank
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circuit. Since on-chip inductors do not possess very high Q values, Q factor of the varactor device
needs to be increased.

It is difficult to realize on-chip variable capacitor that has low phase noise and high quality
factor and can work over wide process and temperature variation [1]. MEMS Based varactors are
a very good replacement of the on-chip MOS varactors in this regard. Due to low loss, MEMS
varactors not only possess the property of very high Q values capable of withstanding wide
process and temperature variation [4], but they do also exhibit more linearity and output voltage
swing handling capability than the p-n junction varactors. Surface micro-machined electro-
statically actuated parallel plate capacitor with quality factor as high as 60 at 1 GHz has been
reported [1], [5]-[7]. MEMS based varactors that show capacitance variation less than 6% with
wide temperature range have also been achieved [8].

This presented work describes development of a MEMS variable capacitor for VCO
application using the method of electrostatic actuation. The operating principle is derived from
varying the gap between the two parallel plates of the capacitor using electrostatic actuation, one
of which is fixed and other one held suspended for movement under electrostatic force of
attraction due to the actuation voltage.

Optimization of the capacitor dimensions have been achieved using CoventorWare [9]
simulation. The electro-mechanical lumped parameter representation of the same has been
realized in Saber platform. The device has been fabricated with PolyMUMRPs [10] surface
micromachining process. To validate the simulation results, mechanical and electrical testing
have been performed using Laser Doppler Vibrometer (LDV) and Wafer prober with LCR meter

setup respectively.

I. WORKING PRINCIPLE OF VARACTOR

The varactor structure is a surface micromachined quad beam structure. It has a conducting
electrode underneath the proof-mass with air gap in between. When a dc potential is applied to
the electrode with the proof-mass grounded, due to electrostatic actuation, the air gap reduces;
resulting in an increase in the parallel plate capacitance. Thus, by changing the applied potential,

the structure can be made to operate as a variable capacitor [11].

95



INTERNATIONAL JOURNAL ON SMART SENSING AND INTELLIGENT SYSTEMS
VOL. 3, NO. 1, MARCH 2010

The value of the capacitance between the two plates can be written as [12]
C= g,A4

(%)

1)

where ¢, is the permittivity of free space, 4 is the overlapping area between the two parallel
plates, x, is the initial gap between the two plates and x is the deflection due to the applied
actuation voltage.

Considering a spring-mass model of the varactor structure as shown in fig. 1, the steady
deflection of the moving plate due to an applied voltage ¥ is found using the balance between the
electrostatic force and the restoring elastic force in the deflected beam [13]

S =k @

where W and w are the length and breadth of the plates and £ is spring constant.

=l

Figure 1. Spring-mass model of the varactor structure

It can be shown by solving equation (2) that if the applied voltage is limited within a critical
value, called the pull-in voltage, the deflection of the moving plate is also limited to steady values
within x,/3, and if the voltage exceeds the pull-in limit, the moving plate crashes on the bottom

plate [13]. The pull-in voltage is given by
3
Vo= _Bhxg 3)
P\ 27Twwe,
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Therefore if the applied voltage is ensured not to exceed V), steady gap modulation between
the plates and hence change in capacitance is achievable.
Ideally, the tuning range of this design is 1.5:1 and is limited by the pull-in effect. This is due
to the fact that
Crox  €A41(2x,13)

TR = e
C . eAl(x,)

min

15 (4)
Incorporating a worst-case-scenario fringing capacitance C; of 40% of C,,, as indicated in

[13], the value of capacitance tuning ratio is obtained as follows [14]

TR = Cox+C,  C, +04C,,,
Cmin + Cf C’min + O'4Cmax

=1.3125 (5)

since Chax = 1.5C i

1. DESIGN AND SIMULATION OF VARACTOR

The varactor structure, as shown in fig. 2, consists of a centrally placed rectangular
polysilicon proof-mass which is suspended with four symmetrically placed polysilicon beams;
two are on one side and two on other. All these beams are rigidly clamped from two fixed walls
on each side. Also, there is a polysilicon electrode placed underneath the proof-mass; with air gap
in between. The dimensions of the structure are given in Table I [15].

Figure 2. 3-D view of the MEMS varactor
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Tablel. Design parameters of the MEMS varactor

Silicon substrate 648umx288umx 20um
Nitride 648umx288umx0.6um
Actuation electrode 320umx220 umx0.5um
Proof-mass 350umx250umx2 um
Beam 100umx20 umx2 um
No. of beams 4

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 knot in the 3-
dimensional space as shown in fig. 3.
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Figure 3. System model of the quad-beam varactor in Saber

Small signal frequency analysis of the structure has been done in Saber. The simulated
vibration spectrum showing the first three harmonics at 36.096 kHz, 188.68 kHz and 457.47 kHz

is given in fig. 4. The corresponding mode shapes at the three modes of vibration is shown in

figures 5, 6 and 7 respectively.
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Figure 4. Simulated vibration spectrum of the varactor
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Figure 5. First mode of vibration
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Figure 6. Second mode of vibration
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The pull-in voltage is simulated in Saber using “Arc Length Continuation Voltage with

Figure 7. Third mode of vibration

Position Input” model which overcomes the typical convergence discontinuities during pull-in by
moving along the force balance curve. The variation of beam deflection with the actuation
voltage for the structure, obtained from Saber Architect simulation is presented in the fig. 8. A
semi-analytical model of the pull-in voltage can be obtained from [16] which calculated the total
potential energy content of a fixed-fixed beam subjected to electrostatic without considering the
fringing field effects, and then a correction factor is applied to account for the fringing field
effects. The first-order fringing field effects have been approximately compensated by an

effective beam width. Following [16], the pull-in voltage can be calculated from:

B 1 c,Eh’x, 1-v)x,ho,
V, = X +c, o (6)

4
(1+ 0.65 "Oj &l

w

where the constants ¢;=11.7 and ¢,=3.6, E is the Young’s modulus and v is the Poisson’s ratio,
xo 1S the gap between the two parallel plate, / and 7 is the beam length and width respectively, w
is the thickness of the beam and ¢ is the permittivity of free space.

From fig. 8, we find the pull-in voltage of the device is about 8.81 volts.
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Figure 8. Variation of deflection with applied voltage for pull-in detection

To determine the voltage versus capacitance characteristics of the particular device, we
applied a voltage sweep between the two plates of the varactor and the simulated C-V
characteristic is as shown in fig. 9. From the plot we find that the maximum capacitance available
from the device is about 574.29fF and the minimum value around 387.37fF. The capacitance
ratio for the device is therefore about 1.48:1.
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Figure 9. Capacitance variation with actuation voltage
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IV.  FABRICATION OF VARACTOR STRUCTURE

The structure has been fabricated using standard PolyMUMPs surface micro-machining
process. The layout of the varactor, designed in L-Edit [17] (Tanner tool) is shown in fig. 10.
Silicon wafer is used as the substrate material and Silicon Nitride as an insulating layer on top of
the substrate. PolyMUMPs is a surface micro-machined CMOS compatible process where all the
electrical connections are taken from the first conformal polysilicon layer named as Poly0, the
bottom plate of the varactor is also realized using the same Poly0 layer. This bottom plate is fixed
on the substrate; the other flexible plate of the varactor is realized with the Polyl layer. The
Polyl layer has been selectively etched using the Deep Reactive lon Etching (DRIE) process to
realize the quad-beam proof mass structure and it is fixed to the substrate employing the Anchor
process. The electrical connection from the Poly! layer is breached through the anchors to Poly0
layer. Perforations are added to the Poly1 layer using the Holel masking layer to help in releasing
the proof-mass structure from stiction. These also help to reduce the squeezed film air damping in
the gap between proof-mass and electrode. The SEM image of the fabricated structure has been

shown in Fig. 11.
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Figure 10. Layout of the quad-beam varactor structure
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Figure 11. SEM image of the fabricated varactor structure

V. TESTING AND CHARACTERIZATION OF VARACTOR

The Mechanical and electrical tests has been performed on the varactor to examine the
characteristics of the structure. Voltage actuation method has been used to detect the mechanical
vibrations of the varactor. 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. 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 Doppler frequency shift method to calculate displacement due to

external excitation at the point on the where the laser pointer is focused. The vibration spectrum
of the MEMS varactor with applied external excitation has been shown in fig 12. The first mode
of vibration of the structure at 27.5 kHz which is obtained from LDV is given in fig. 13.
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Figure 12. Vibration spectrum of the MEMS varactor
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Figure 13. First mode of vibration

The variation of capacitance with actuation voltage of the structure has been performed
using a DC probe station manufactured by Sus-Microtec, DC voltage source and a 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 0 volt to 9 volt has been applied
to the top suspended electrode using the probes. A small AC signal of 5MHz 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 change in voltage has been observed and plotted by the LCR meter as shown in fig. 14.
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Figure 14. Measured capacitance variation with applied voltage

From the measured capacitances, the maximum and minimum capacitances available
from the device are 0.80pF and 0.56pF respectively.

VI.  DISCUSSIONS

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 mentioned below.

The fundamental mode of vibration from LDV measurements is found within 24% tolerance
from the simulation result as mentioned in Fig. 4. The variation in the value is quite acceptable as
test condition includes unavoidable environmental perturbations, 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. 14 shows that the capacitance tuning ratio of
the Varactor is about 1.43:1 which greatly conforms to the simulation values. The sudden change

in the measured capacitance at around 8.2 volts manifests the pull-in condition.
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