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Abstract
A variable capacitor is one of the widely used components in radio frequency (RF) circuits. Variable capacitors can benefit

from the microelectromechanical systems (MEMS) technology, to be equipped with attractive characteristics such as high

quality factor and wide tuning range. One of the design goals for MEMS varactors has been to realize linear capacitance–

voltage (C–V) characteristics, for which a design method is proposed in this paper, based on shaped-finger comb-drive

actuators. The shaped-finger design method, originally developed for a tunable optical filter application by the author, is

redeveloped in this work for a linear C–V varactor. Moreover, the conformal mapping method is employed in calculation

of capacitances, making the whole design process more time-efficient, being almost all-analytical with the minimum usage

of numerical analysis methods. Effects of sense capacitor finger shapes to the optimized drive capacitor finger shapes and

the corresponding C–V characteristics are investigated as well. Variable capacitors with the shaped-finger design show

linearity factor (LF)—defined as the maximum deviation from the perfect linear relationship—as good as 0.4%, enor-

mously improved from that of the conventional constant-finger-gap devices (LF: 49.9%). Further probed by 3-D numerical

analysis, the C–V characteristics of the designed variable capacitor show LF better than 2.62% in the case of constant-gap

sense capacitors, and as good as 0.77% in the case of shaped-finger sense capacitors. Versatility of the design method is

further demonstrated by presenting a varactor for linear resonant frequency–voltage (f–V) characteristics in voltage-

controlled oscillator (VCO) applications. Finally, effects of etch bias, one of common fabrication imperfections, to the

linearity of C–V characteristics are studied. The developed analytical design method with shaped fingers can find a wide

range of applications where comb-drive actuators are used.

1 Introduction

Variable capacitors have a wide range of uses in radio

frequency (RF) circuits such as voltage-controlled oscilla-

tors (VCOs), impedance matching networks, tunable filters,

phase shifters, and so on. Microelectro-mechanical systems

(MEMS) technologies are attractive for variable capacitors,

which can provide them with high quality factor and wide

tuning ratio characteristics. Various control mechanisms

have been used to tune capacitance, such as electrostatic

(Dec and Suyama 2000; Yoon and Nguyen 2000; Seok

et al. 2002; Abbaspour-Tamijani et al. 2003; Borwick et al.

2003; Xiao et al. 2003; Nguyen et al. 2004; Nieminen et al.

2004; Bakri-Kassem and Mansour 2009; Han et al. 2011;

Elshurafa et al. 2012; Mahmoodnia and Ganji 2013; Afrang

et al. 2015; Baek et al. 2015; Moreira et al. 2016; Pu et al.

2016; Baghelani and Ghavifekr 2017), electro-thermal

(Feng et al. 2001; Reinke et al. 2010), piezoelectric

(Kawakubo et al. 2006; Ikehashi et al. 2007), and so on.

Among them, electrostatic control has been the most fre-

quently adopted for its good compatibility with electronic

circuits as well as low standing power consumption.

One of the design goals for the MEMS variable capac-

itor has been linear capacitance–voltage (C–V) character-

istics, for which several groups made reports. One research

group utilized a leverage mechanism to operate the paral-

lel-plate type capacitor device in an increasing-gap mode

instead of a typical closing-gap mode (Han et al. 2011). In

another approach, a residual-stress-induced curved plate

design was adopted in a gap-closing type device, achieving

relatively linear but ragged C–V characteristics (Bakri-

Kassem and Mansour 2009). Another research group

incorporated an auxiliary fixed–fixed beam underneath a
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gap-closing cantilever to modify the boundary condition,

resulting in improved linearity overall, but with nontrivial

local nonlinearity (Afrang et al. 2015). Another design

combined vertical and horizontal variable capacitors so that

fast increase in vertical capacitance is compensated by

decrease in horizontal capacitance (Elshurafa et al. 2012).

In this paper, a new type of device is proposed for linear

C–V characteristics, based on shaped-finger comb-drive

actuators (Hah 2018b). Recently, the author reported a new

design methodology with comb-drive actuators, by which

linear wavelength-voltage characteristics were realized in

tunable optical filters (Hah 2017, 2018a). In this method,

comb finger shapes are calculated by solving a differential

equation that models the optical and the electromechanical

behaviors of the device. In this paper, the design method is

modified to achieve linear C–V characteristics in variable

capacitors. There also have been reports of shaped-finger

comb-drive actuators by other research groups, where the

finger shapes are calculated from straightforward, well-

defined force profiles desired in each application by using

either an optimization algorithm or a closed-form equation

(Ye et al. 1998; Jensen et al. 2003; Lee et al. 2008; Engelen

et al. 2010). In contrast to those approaches, the author’s

method is to find a solution to an application-specific

objective equation which can be often complicated. For

instance, the design can be modified once again to achieve

linear resonant frequency–voltage (f–V) characteristics in

VCO circuits. In the previous works reported for tunable

optical filters (Hah 2017, 2018a), nontrivial efforts with

numerical analysis were involved, especially in the

capacitance calculation. The design method this paper

reports, however, has become almost all-analytical by

adopting conformal mapping in capacitance calculation,

which makes the design process more time-efficient.

The outline of the paper is as follows. After a brief

introduction of the variable capacitor operation principle,

the design methodology will be explained with details in

regards to how the formalisms are developed for various

types of devices including linear C–V and linear f–V var-

actors. Next, the accuracies of the designs will be examined

through three-dimensional (3-D) finite-element analysis

(FEA). Finally, effects of fabrication errors to the charac-

teristics of the designed devices will be presented.

2 Design method

2.1 Operation principle

A typical variable capacitor with comb-drive actuators is

composed of two parts as illustrated in Fig. 1, i.e. a sense

and a drive capacitor. The former is the actual capacitor

component of a main circuit, and its capacitance is

controlled by the latter. When the drive capacitor is not

actuated, i.e. when the voltage on it is zero, the fingers of

the sense capacitor are most deeply engaged as illustrated

in Fig. 1. When a voltage is applied to the drive capacitor,

its moving fingers are drawn to its fixed fingers, which

makes the moving fingers of the sense capacitor pulled

away from the fixed fingers of the sense capacitor so as to

decrease the sense capacitance. In a conventional variable

capacitor with constant-finger-gap comb-drive actuators,

the capacitance–displacement (C–x) relationship is almost

linear (Tang et al. 1989). However, the capacitance–volt-

age (C–V) relationship becomes nonlinear because the

electrostatic force is proportional to square of the applied

voltage while the mechanical restoring force of a spring is

proportional to the displacement for small deformation. In

the newly proposed design (Fig. 1), the drive capacitor

employs shaped fingers in order to achieve linear C–V

characteristics while the sense capacitor is either with

constant finger gaps or with shaped fingers. In addition, a

device for linear frequency–voltage (f–V) characteristics in

VCO circuits will be designed as well. The details of the

design procedures will be explained in the following

sections.

2.2 Linear C–V device

The design goal, i.e. a linear C–V relationship in the sense

part of a device depicted in Fig. 1 can be expressed by the

following equation.

dCSENSE

dV
¼ cCV ð1Þ

Fig. 1 Schematic diagram of a variable capacitor with shaped-finger

comb-drive actuators. The magnified part includes two units of the

sense capacitor and two units of the drive capacitor. A linear C–V

device with a shaped-finger sense capacitor (n = 5) is shown as an

example (color online)
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CSENSE(x) is the unit 3-D capacitance of the sense

capacitor, which is approximated as an integral of 2-D

cross-sectional capacitances (Csense) along the length

direction x as expressed by (2).

CSENSE xð Þ ¼
Z lols

x

Csense uð Þdu ð2Þ

The accuracy of this approximation is examined later in

the Sect. 3. A unit capacitance is contributed by a half of a

moving finger and a half of a fixed finger—in Fig. 1, a

magnified part includes two units of the sense capacitor and

two units of the drive capacitor. x is the displacement of the

moving part, and u is measured from the tip of the sense

moving finger as fabricated (Fig. 1). lols is the length of the

finger overlap on the sense part as fabricated. cCV is a

linearity constant, decided by the maximum and the min-

imum values of CSENSE and V of consideration as follows.

cCV ¼ �CSENSE;max � CSENSE;min

Vmax � Vmin
ð3Þ

The maximum and the minimum values of CSENSE

(CSENSE,max and CSENSE,min, respectively) depend on the

finger geometries of the sense capacitor and the boundaries

of the region of interest for the moving finger translation,

i.e. the initial displacement xi and the final displacement xf.

It will be explained later the reason why xi has to be

nonzero—and hence, why Vmin is not zero—in this device.

The maximum and the minimum values for V (Vmax and

Vmin, respectively) are decided by the spring constant ks,

geometries of the drive-comb fingers, and the displace-

ments xi and xf. The equilibrium condition between the

electrostatic force of the drive capacitor and the restoring

force of the springs can be expressed by (4).

1

2
� 2Nf

oCDRIVE

ox
V xð Þ½ �2�ksx ¼ 0 ð4aÞ

CDRIVE xð Þ ¼
Z x

�lold

Cdrive xð Þdx ð4bÞ

Nf V xð Þ½ �2Cdrive xð Þ � ksx ¼ 0 ð4cÞ

CDRIVE(x) is the unit 3-D capacitance of the drive

capacitor, which, again, is modeled by a 2-D slice

approximation. Cdrive(x) is the unit 2-D capacitance of the

drive capacitor; Nf the number of fingers; and lold the

length of the finger overlap on the drive part as fabricated

(Fig. 1). By differentiating (4c) with respect to x, and by

rearranging the resulting differential equation, one can

obtain,

dCdrive

dx
¼ Cdrive xð Þ 1

x
� 2

V xð Þ
dV

dx

� �
: ð5Þ

By introducing (1) and (4c) to (5), the following gov-

erning equation is obtained.

dCdrive

dx
¼ Cdrive xð Þ 1

x
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4NfCdrive xð Þ

c2CVksx

s
Csense xð Þ

" #
ð6Þ

Since (6) is a nonlinear differential equation, the Euler’s

method is used to find an approximate solution as in pre-

vious reports (Hah 2017, 2018a). In this method, a series of

Cdrive,m is calculated by the following approximation with

initial conditions of x0 = xi and Cdrive,0 = Cdrive(xi). m is an

index of the series, and h is the uniform step size in x.

Cdrive;mþ1 ¼ Cdrive;m þ h � dCdrive

dx

����
x¼xm

ð7aÞ

Cdrive xmð Þ ¼ Cdrive;m ð7bÞ

xm ¼ h � m ð7cÞ

In this work, the conformal mapping method is utilized

to calculate both Csense and Cdrive, with the following

equations (Johnson and Warne 1995).

Csense or Cdrive ¼ e0
Tf
df

þ K sin Bð Þ½ �
K cos Bð Þ½ �

� �
ð8aÞ

K gð Þ ¼
Z 0:5p

0

dhffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g2 sin2 h

p ð8bÞ

B ¼ pWf

2 Wf þ df
� 	 ð8cÞ

Tf is the finger thickness (see Fig. 2a); df the finger gap;

Wf the finger width; e0 vacuum permittivity; and K(g) the
complete elliptic integral of the first kind. By employing

the conformal mapping method, the whole design proce-

dure becomes almost all-analytical, minimizing the need to

use time-consuming numerical analysis methods. The

design parameters used in this work are summarized in

Table 1. In (8), approximation is used in the calculation of

the fringe field (Johnson and Warne 1995). Therefore, 2-D

capacitances were calculated and compared between the

conformal mapping method (Fig. 2b) and numerical sim-

ulation (Fig. 2c, COMSOL Multiphysics�) for a range of

finger dimensions, in order to examine the accuracy of such

approximation. It can be seen that the two results are very

close to each other. A more precise comparison can be

undertaken by examining Fig. 2d, where the % difference

is calculated between the two results. It shows that the

difference can be quite small (less than 1%) when all the

finger parameters (thickness Tf, width Wf, and gap df) are

comparable to one another. The difference increases as the

parameters start to deviate away from one another. It

increases significantly for small finger width and large

finger gap. It is also interesting to learn that there seems to

be a certain condition among the finger parameters where

the results from two methods become equal to each other.

This condition exists where it looks the surface is folded on
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the plot—this is because the difference is calculated as an

absolute value.

In the derivation of the formalism, it is assumed that the

displacement of the actuator in directions other than x is

negligible. One of the main causes which can incur sig-

nificant conflict to such an assumption is the well-known

levitation phenomenon in comb-drive actuators (Tang et al.

1992). This phenomenon is caused by asymmetric electric

field in the vertical direction due to a substrate electrode

closely placed underneath the actuator. It results in upward

motion of the actuator. This levitation can be minimized by

increase of separation between the actuator and the sub-

strate, by removal of the substrate underneath the actuator

area, or by alternating hot and cold electrodes (Tang et al.

1992). In this work, it is assumed that the substrate is

removed underneath the actuator.

Fig. 2 a Definitions of comb-drive finger geometries in a cross-

section view of fingers. b, c 2-D capacitance calculated, b by

conformal mapping method, and c by numerical simulation

(COMSOL Multiphysics�). Tf = 1 lm. Shades in a logarithmic

scale. d % difference between the two capacitance calculation

methods (color online)

Table 1 Design parameters

Description Symbol Value

Number of fingers Nf 100

Period of fingers 8 lm

Moving finger widtha Wf 2 lm

Drive finger gap at xi ddrive (xi) 1 lm

Drive finger gap at xf ddrive (xf) 2 lm

Finger travel limit xf 20 lm

Spring constant ks 0.1 N/m

Inductance for VCO L 30 nH

aExcept for the sense finger of a constant-gap sense capacitor device

where it is 3 lm
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2.2.1 Constant-gap sense capacitor

For the sense capacitor, it is both possible to design it with

a constant finger gap or to make it with varying gaps. In

this subsection, a device with constant-gap sense fingers

will be presented. Design with the varying-gap sense fin-

gers will be explained in the following subsection.

One of the things that need to be considered in the

design process by using (6) is that there exists no solution

at x = 0. Therefore, in order to realize linear C–V char-

acteristics for the entire range of operation, it is

inevitable to exclude a region near x = 0 from the region of

interest. In other words, an offset voltage is needed at the

drive capacitor to shift the region of operation out of small

x. The next question is how wide such an excluded-zone

should be. To understand that, the optimum drive finger

gaps ddrive were calculated using (6) for different widths of

excluded-zone (xi), and presented in Fig. 3. The finger gaps

ddrive at both ends of region of interest (xi and xf) were

fixed as 1 lm and 2 lm, respectively. It can be learned

from the results that for a small value of xi (less than about

3 lm), there is a part where the optimum finger gaps have

to become narrower than the gap at x = xi, i.e. 1 lm. This

becomes an issue in relation to the fabrication, i.e. it takes

much more efforts to fabricate narrower gaps. To the

contrary, for larger values of xi, the optimum finger gaps

can remain wider than the gap at x = xi for the entire

length. Another issue in the case of a small value of xi is

the changing rate of the finger gap, which is high enough

near xi to result in severe field-crowding around that

region, making the 2-D slice approximation less accurate.

A drawback of the design with large xi, on the other hand,

is a smaller tuning ratio due to narrower region of opera-

tion. Considering these trade-offs, 3 lm is considered to be

an optimum value for xi for the linear C–V devices with

constant-gap sense capacitors.

Once the optimum Cdrive is calculated from (6) as a

function of x, ddrive is calculated back by using (8). Fig-

ure 4 presents the calculated CSENSE-V with the optimized

finger design. For comparison, the curve of a conventional

constant-gap design is also included. For clearer compar-

ison, both the capacitance values and the voltage values are

normalized with respect to the maximum and the minimum

values for each cases. As expected, the linearity factor

(LF)—calculated as the maximum deviation (%) from a

straight line—is significantly improved from 49.9% of the

conventional constant-gap design to 0.4% of the shaped-

finger design. In order to present the difference between a

meticulous design and a simple intuitive design, Fig. 4 also

includes C–V characteristics from a device with a constant-

gap sense capacitor and a linearly-increasing-gap drive

capacitor. It is shown that its linearity is improved com-

pared to the conventional device but still significantly

worse than that of the proposed device.

2.2.2 Shaped-finger sense capacitor

It is possible to have a varying gap not only for the drive

capacitor but also for the sense capacitor to expand the

design window. It is apparent that the finger shape of the

drive capacitor is determined by that of the sense capacitor.

Since the accuracy of the 2-D slice approximation depends

on the finger shapes, the actual linearity calculated via 3-D

FEA must be affected by the finger shapes. To examine

such effects, several profiles were chosen for the sense

comb fingers as listed in Table 2 and depicted in Fig. 5a. In

the definition of the profile, n means the order of

Fig. 3 Effect of excluded-zone widths xi to the designed drive finger

gaps ddrive in the linear C–V design with constant-gap sense

capacitors. Tf = 10 lm (color online)

Fig. 4 Calculated sense capacitance vs. voltage applied for the

shaped-finger design (linear C–V, constant-gap sense capacitor,

Tf = 10 lm, xi = 3 lm). 2-D slice approximation. Capacitance and

voltage values are normalized. C–V characteristics for the devices

with constant-gap and the linearly-increasing-gap drive capacitor are

plotted as well for comparison (color online)
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dependence of each profile to u. Some profiles (n = - 1

and 0.5) have more rapid gap change at small u while some

profiles (n = 2 and 5) have faster gap change at large u.

The design process is the same as the one described in the

previous section. Figure 5 shows the calculated drive finger

gaps for different sense finger gap profiles. Figure 5d

presents the finger shapes based on the calculated finger

gaps for two units of the sensor capacitors and two units of

the drive capacitors. It is interesting to observe that the

drive finger gap profiles are not as widely different among

themselves as the sense finger gap profiles. There are two

immediately noticeable effects of varying finger gaps in the

sense capacitor. First, the sense finger gap profile affects

the minimum width (xi,min) of the excluded-zone without

requiring the narrowest drive finger gap to be less than the

finger gap at xi. While xi,min is about 3 lm in the case of

constant-gap sense capacitor (n = 0), it is about 1.5 lm for

three cases (n = - 1, 0.5 and 1) and 2 lm for n = 2.

Reduction in xi,min means increase in the tuning range.

Second effect has a higher impact on the tuning range, i.e.

the range becomes smaller due to wider sense finger gaps

than the constant-gap sense capacitor device. However, the

varying-gap sense capacitor design has another positive

effect, which is in regards to the linearity. This effect will

be discussed in details in Sect. 3.

2.3 Linear f–V device

The design method can be once again modified for a new

objective, i.e. linear frequency–voltage (f–V) characteris-

tics in a VCO application. With a conventional constant-

finger-gap design, the f–V relationship is even more

Table 2 Sense capacitor finger gap profile

n, profile dependence order Finger gap profile dsense (x)

- 1
dsf � dsf � dsi

� 	 xi xf�xð Þ
x xf�xið Þ

0.5, 1, 2, and 5 dsi þ dsf�dsi

xf�xið Þn x� xið Þn

dsi sense finger gap at xi, dsf sense finger gap at xf

Fig. 5 Design of linear C–V device with shaped-finger sense capacitors. a Sense capacitor finger gap profiles, b calculated drive finger gaps

ddrive, c coplot of a and b, and d finger shapes (two units, top view). Tf = 10 lm and xi = 1.5 lm (color online)
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nonlinear than the C–V relationship because the electrical

resonant frequency is inversely proportional to the square-

root of the sense capacitance, as shown by the following

equation (Kinget 1999).

f xð Þ ¼ 1

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2Nf LCSENSE xð Þ

s
ð9Þ

L is an inductance of an inductor in an LC tank oscil-

lator which is a part of a VCO. The same force balance

equation of (4) is used while a new linear constant cfV is

defined with a new linearity equation as below.

df

dV
¼ cfV ¼

f xf
� 	

� f xið Þ
V xf
� 	

� V xið Þ
ð10Þ

Unlike the case of the linear C–V device, the design of

the linear f–V device needs a bit of help from numerical

simulation to obtain CSENSE(xi) in order to calculate f(xi).

Otherwise, the rest of the design process is similar to that

of the linear C–V device. The new governing differential

equation for the goal of linear f–V design is as follows.

dCdrive

dx
¼ Cdrive xð Þ 1

x
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cdrive xð Þ

8p2c2fvLx CSENSE xð Þ½ �3

s
Csense xð Þ

( )

ð11Þ

Figure 6 shows the designed drive finger shape ddrive for

a linear f–V device for several xi values. In this design, the

sense capacitor finger gap was fixed as constant. It is

plotted along with the finger shape for the linear C–V

design (xi = 3 lm) for comparison. The corresponding f–V

characteristics are provided in Fig. 6c along with those of

the conventional constant-finger-gap design. The linear f–

V design demonstrates the LF of 0.01% for f–V charac-

teristics, much improved compared to the constant-gap

design and the linear C–V design, of which LF are 58.9%

and 26.7%, respectively.

Often capacitors are accompanied by inevitable parasitic

capacitances (e.g. pad capacitance). In the case of the linear

C–V variable capacitor, neither parasitic capacitance of the

drive side nor that of the sense side affects the linearity of

the device because parasitic capacitances are more or less

fixed, and only the capacitance changes are what matters.

However, it plays a significant role in the linear f–V device

case because a parasitic capacitance affects the resonant

frequency of a VCO, and hence its linearity. The following

governing differential equation takes the effect of parasitic

capacitance (Cp) of the sense side into consideration.

dCdrive

dx
¼ Cdrive xð Þ 1

x
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cdrive xð Þ

8p2c2fvLx CSENSE xð Þ þ Cp


 �3
s

Csense xð Þ
( )

ð12Þ

Linear f–V variable capacitor designs considering par-

asitic capacitances (Cp) obtained by using (12) are pre-

sented in Fig. 7 along with the calculation results. 0.5 pF of

Cp is a substantial value considering that the highest sense

capacitance in the region of interest is about 0.6 pF. As the

parasitic capacitance increases, the drive finger shape

change and the drive capacitance change become more

moderate (Fig. 7a, b). Figure 7c plots the total sense

capacitance (2NfCSENSE) versus drive voltage (offset

voltage plus variable control voltage) for different Cp

values. In this case, the offset voltage is 5.43 V. Figure 7d

Fig. 6 a Calculated drive finger gaps ddrive for linear f–V designs.

ddrive for linear C–V design (xi = 3 lm) is also plotted for compar-

ison. Tf = 10 lm. b Finger shapes (two units, top view) for linear C–

V and linear f–V designs. Tf = 10 lm. c Calculated resonant

frequency of a VCO vs. voltage applied for various designs.

Frequency and voltage values are normalized. Tf = 10 lm and

xi = 3 lm (color online)
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shows that the resonant frequency becomes lower as Cp

increases while good linearity is maintained. It is shown

that variable capacitors can be designed for linear f–V

characteristics even in the presence of parasitic capacitance

once its value is understood.

3 Verification by 3-D finite element analysis

The design method and simulation results described so far

are based on a 2-D slice approximation. This implies that

the electric field lines are assumed to be orthogonal to the

length direction (x-axis). However, in reality, the field lines

are not always orthogonal to the length direction when a

whole 3-D capacitor structure is considered because of the

curved shape of the finger. Moreover, the field lines deviate

substantially from the assumed orthogonal ones at the

finger tip due to discontinuity of the finger wall and pres-

ence of the finger tip wall. In addition, there is the con-

formal mapping approximation. Therefore, it is necessary

to verify the design method through full 3-D simulation

(Fig. 8, COMSOL Multiphysics�). Figure 9 shows the C–

Fig. 7 Effect of parasitic capacitance Cp to finger design and device

characteristics in linear f–V devices. Calculated a drive finger gaps

ddrive, b drive capacitances Cdrive, c total sense capacitances,

2Nf 9 CSENSE (excluding Cp), and d resonant frequencies f for

various parasitic capacitances. Tf = 10 lm and xi = 3 lm. Only the

characteristics between xi and xf are plotted. The voltage used in the

plot contains both the offset voltage part (5.43 V) and the variable

control voltage part (color online)

Fig. 8 3-D finite element analysis (COMSOL Multiphysics�) of a

device. Arrows indicate the calculated electric fields. A half of a unit

is shown for a drive capacitor (color online)
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V characteristics of the linear C–V devices, designed by

using 2-D slice approximation, but calculated by 3-D

numerical analysis. Figure 9a shows the 3-D simulation

results of the constant-gap sense capacitor devices for

various finger heights. The linearity factors (Table 3) are

found to be better than 2.62% for the finger heights

between 1 and 10 lm. This shows that the proposed device

can be designed reasonably well with the 2-D slice

approximation. Figure 9b shows the 3-D simulation results

of the shaped-finger sense capacitor devices with Tf-

= 10 lm. Only the variable control voltage part (exclud-

ing the offset voltage) on the drive comb is used for the

plot for clearer comparison. The linearity factors (Table 4)

are found to be better (0.77–1.54%) than that of the con-

stant-gap sensor capacitor device (2.04%) in all gap

profiles.

3.1 Effect of etch bias

More often than not, fabricated device geometries deviate

from the original designs. One of the most frequently

occurring fabrication errors in practice is in the form of

etch bias. In this section, the effect of etch bias to the

characteristics of a linear C–V device is presented, with a

focus to the linearity. Etch bias is defined as the amount of

geometrical reduction in a structure from one side when

looked from top view. For instance, 100 nm of etch bias

results in a final width of 800 nm for a designed width of

1 lm. For simplicity, variation in etch bias along the wafer

thickness direction is not considered. Also, in practice,

because of various reasons including loading effects, the

amount of etch bias varies by location, by the ratio of

etched areas to unetched areas, and by the shapes of pat-

terns. For this study, however, it is assumed that the etch

bias is uniform for the entire structure. More specifically,

the etch bias is considered at the capacitors (both the drive

and the sense parts) and at the springs. Positive etch bias

windens the finger gap so as to reduce the capacitances,

and therefore decrease the electrostatic force and the

capacitance tuning range. It also reduces the mechanical

restoring force due to narrowing of the spring widths.

When both effects are combined, decrease in the

mechanical restoring force outruns that of the electrostatic

force in the device geometries considered in the current

study so that the applied voltages are reduced by etch bias

overall.

Figure 10 presents the effect of etch bias to the C–V

characteristics of a constant-gap sense capacitor device,

examined through 3-D FEA study. Once again, the variable

drive voltages are used for the plot. From the results, it can

be learned that the sense capacitances and applied voltages

are reduced by etch biases as expected. Interestingly,

Fig. 9 Total sense capacitance vs. voltage applied, calculated with

3-D finite element analysis for linear C–V designs. a Constant-gap

sense capacitor devices; Tf = 1, 2, …, 10 lm, and xi = 3 lm; voltage

normalized. b Shaped-finger sense capacitor devices; Tf = 10 lm,

xi = 1.5 lm; plotted against variable control voltage (color online)

Table 3 Linearity factor (LF) from 3-D simulation results of linear

C–V devices with constant-gap sense capacitors (xi = 3 lm)

Finger height

Tf (lm)

LF (%) Finger height

Tf (lm)

LF (%)

1 2.62 6 1.82

2 2.48 7 2.04

3 2.54 8 1.88

4 2.08 9 1.87

5 1.98 10 2.04

Table 4 Linearity factor (LF)

from 3-D simulation results of

linear C–V devices with shaped-

finger sense capacitors (Tf-

= 10 lm, xi = 1.5 lm)

Order n LF (%)

- 1 1.54

0.5 1.21

1 1.16

2 0.77

5 1.42
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linearity of the C–V characteristics is not affected much

even with such a high degree of etch bias. To better

illustrate the last point, the normalized C–V characteristics

are plotted in Fig. 10b for etch bias of 0 and 0.5 lm. It is

shown that the curve of 0.5 lm etch bias case almost

coincides with that of zero bias after normalization with

slight increase in the linearity factor from 2.62 to 3.03%.

Therefore, it can be concluded that the major effect of the

etch bias to the characteristics of the linear C–V device

with a constant-gap sense capacitor is the reduction in

sense capacitance and its tuning range.

The effect of etch bias was also examined in the case of

a shaped-finger sense capacitor device. The results were

similar to those of a constant-gap sense capacitor device.

Figure 11a presents an example of normalized C–V char-

acteristics for a device with a sense capacitor of a

hyperbolic profile (n = - 1) for etch bias of 0 and 0.5 lm,

which looks almost similar to Fig. 10b. Linearity gets

worse by etch bias of 0.5 lm to 3.73% from 2.22% of zero

etch bias. Figure 11b shows calculated linearity factors

with respect to etch bias for various sense capacitor gap

profiles including a constant-gap one (n = 0). In all cases,

linearity gets worse as etch bias increases although the

graphs are not quite monotonous. Aggravation of linearity

by etch bias was found to be more in the case of a shaped-

finger sense capacitor device although the degree of

aggravation was still small.

Fig. 10 Effect of etch bias to a linear C–V device with a constant-gap

sense capacitor. a Calculated C–V characteristics via 3-D FEA

analysis for various etch bias amounts. Total sense capacitance is

plotted against variable control voltage. b C–V characteristics

normalized by maximum and minimum values for selected etch

biases. Tf = 1 lm and xi = 3 lm (color online)

Fig. 11 Effect of etch bias to a linear C–V device with a shaped-

finger sense capacitor. a Calculated C–V characteristics (profile

dependence order n = –1) via 3-D FEA analysis, normalized by

maximum and minimum values. Tf = 1 lm and xi = 2 lm. b Effect

of etch bias to linearity factors LF for various sense capacitor gap

profiles. Tf = 1 lm; xi = 3 lm for n = 0; xi = 2 lm for n = 0 (color

online)
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4 Conclusion

An all-analytical design method was proposed for variable

capacitors with linear C–V or linear f–V characteristics,

based on the shaped-finger comb-drive actuators. In terms

of the sense capacitors, both the constant-gap combs and

the shaped-finger combs were considered for the design.

3-D numerical analysis showed that the designed variable

capacitors can demonstrate linearity as good as 0.77% in

C–V characteristics. It was learned that etch bias does not

significantly affect the linearity of the designed devices.

The new design method can be extended to various

applications where comb-drive actuators are to be designed

to achieve specific characteristics.
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