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Abstract

The design, fabrication, modelling, and control of a two-axis electrostatic microactuator for precision manipulation tasks is described. A
high-yield fabrication process using deep reactive ion etching (DRIE) on silicon-on-insulator (SOI) wafers forms the 3-D high aspect ratio
transverse comb drives that produce a relatively large electrostatic force. The structure is suspended by removing the substrate beneath the
comb drives, therefore, a ground plane is not needed in order to compensate for electrostatic levitation. Among other advantages of the
developed process is a dice-free release of wafer structures, allowing fragile structures to be individually packaged. Notching or footing
effects and bowing effects are well-known problems in DRIE on SOI wafers. Techniques to overcome notching and bowing effects using a
PlasmaTherm SLR-770 etcher are presented that do not require hardware modifications. A capacitive position sensing mechanism, capable of
measuring displacements up to 4.5 um with a resolution of 0.01 pm in both X and Y is integrated to provide position feedback. A nonlinear
model inversion technique is proposed for nonlinear electrostatic microactuation system identification and improving system linearity and
response. Pull-in instability limits the travel distance of transverse comb drive actuators. Using a nonlinear model inversion technique, a stable

travel distance of 3.7 pm with a 4.5 um gap has been achieved.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Many microrobotic applications require multi-degree-of-
freedom positioning at micro and nanoscales. Actuation
technologies capable of providing motion at this scale
include piezoactuators [1], microstepping motors [2], highly
geared electromagnetic servomotors [3], and Lorentz force-
type actuators such as voice coil motors [4]. Typically these
positioning systems are expensive and require extensive
calibration procedures. This paper reports on a newly devel-
oped novel electrostatic MicroElectroMechanical System
(MEMS) microactuation system capable of two-axis posi-
tioning. The microactuator is designed for the manipulation
of subcellular structures within biological cells [5], manip-
ulation of large molecules such as DNA or proteins, and
microassembly of hybrid MEMS devices.

Electrostatic comb-drive microactuators are established
MEMS devices for positioning in the micron range [6,7]. A
two-axis microactuator design was reported in [6]. X-Y
microstages have been demonstrated for atomic force micro-
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scopy (AFM) applications [8,9]. Due to the high aspect ratio
and the transverse movement of the comb drives, the two-
axis electrostatic microactuator presented in this paper is
capable of producing two orders of magnitude larger elec-
trostatic forces than lateral comb drive microactuators while
the required actuation voltages are approximately 10 times
smaller. Another advantage of this device is that it is immune
from levitation and does not require a ground plane.

Successful electrostatic actuation of micromechanical
structures typically requires a ground plane under the struc-
ture in order to shield it from relatively large vertical fields.
Without a properly designed ground plane, a microactuator
is not capable of producing the desired motion due to the
levitation effect [7], i.e. an unbalanced electrostatic field
distribution making the structure move out of the actuation
plane. However, the ground plane adds extra complexity in
design and fabrication. By eliminating the ground plane and
removing the substrate beneath the comb drive structure, this
reported microactuator is ground plane free and immune
from levitation because of the resulting balanced field
distribution.

Polysilicon surface micromachining has been widely used
to form interdigitated comb drive structures. The thinness of
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the deposited polysilicon film limits several aspects of
device performance, such as capacitive sensing sensitivity
and electrostatic force output because of the small over-
lapping area between each pair of parallel plates [7,10-13].
Devices having comb finger depths of more than 12 pm only
by using surface micromachining have not been reported. In
addition, the use of polysilicon creates material and fabrica-
tion issues that do not appear in bulk micromachining
processes such as residual stress, stress gradient through
the film, variation of Young’s modulus, topography varia-
tions with multiple-layer structures, and stiction [13]. To
overcome these limitations, many processes have been
developed and successfully adopted to form high aspect
ratio comb drive structures including the SCREAM process
[14,15], the dissolved wafer process [11], the etch-diffusion
process [16], the surface/bulk micromachining process
[17,18] and moulding processes such as LIGA [19] and
HEXSIL [20].

This paper reports on a high yield process using deep
reactive ion etching (DRIE) on silicon-on-insulator (SOI) to
form high aspect ratio suspending interdigitated comb drive
structures. The comb fingers are 50 pm in depth, greatly
increasing capacitive position sensitivity and electrostatic
force output and reducing the required actuation voltages
because of the large overlapping area. An aspect ratio of
more than 100 can be achieved using the developed process,
which is a dice-free release of wafer structures, allowing
fragile structures to be individually packaged. A yield of
86.4% has been achieved without significant process opti-
misation. Though bulk micromachining does not have the
inherent surface micromachining problems such as stiction,
DRIE on silicon-on-insulator (SOI) wafers demonstrates
two well-known phenomena, notching or footing effects
and bowing effects [21-25]. In this paper, techniques are
described that overcome these effects.

To further improve the capacitive position sensitivity and
produce large electrostatic forces, transverse movement of
the movable plates is adopted instead of a lateral movement
[7,10-13]. A lateral movement of plates changes the over-
lapping area of a parallel plate capacitor. The main advan-
tage of using a lateral movement is the achievement of
linearity between area change and capacitance change.
However, the force output using the lateral movement mode
is two orders of magnitude smaller than that using the
transverse movement mode. The capacitive sensing of this
microactuation system is also based on transverse movement
of the movable plates rather than lateral movement. This gap
change between plates provides higher position sensitivity
and generates larger electrostatic force. The linear relation-
ship between the gap change and capacitance change is
maintained for small displacements.

When a microactuation system is used in micromanipula-
tion, such as microrobotic surgery or cell manipulation [5],
precise positioning is required and an overdamped system
response is desired. However, nonlinearity is inherent in
electrostatic microactuation systems and silicon microstruc-

tures are highly underdamped, which makes the control task
difficult using traditional linear control methodologies. To
compensate for system nonlinearity and obtain the desired
system response, a nonlinear model inversion technique is
used. Tracking control has been conducted to demonstrate
the effectiveness of the technique.

Pull-in instability limits the travel distance of elastically
suspended parallel-plate and transverse comb drive electro-
static microactuators to approximately 1/3 of the unde-
flected gap distance. This instability is due to the
electrostatic force increasing more rapidly than the spring
force. It is desirable to increase the controllable travel range
of an electrostatic microactuator beyond the 1/3 limit for
applications that require high fill factors. Several methods
have been suggested to extend the controllable travel range
by using a multiphase piecewise-linear mechanical flexure
[26], by adding additional circuitry [27-29], by incorporat-
ing an on-board folded capacitor on the device [30], and by
optimising the structural design [31]. A control law was
proposed in [32] for linearising an electrostatic actuator,
however, experimental results on fabricated devices were
not reported. The first realistic design and analysis of device
performance on a fabricated device were conducted by Chan
and Dutton [30]. However, the scheme in [30] by incorpor-
ating an on-board capacitor not only requires additional
device area, but also complicates the fabrication process.
This paper presents experimental results using a nonlinear
model inversion technique to extend the travel range to
3.7 um without pull-in over a 4.5 um gap. This approach
to extending travel range does not require additional hard-
ware and device area, and does not further complicate
fabrication processes.

2. Electrostatic two-axis microactuator design

Fig. 1 shows the solid model of the microactuator design.
The constrained outer frame and the inner movable plate are
connected by four curved springs. When a voltage difference
is applied on comb drives 1 and 4, the generated electrostatic
force causes the movable plate to move in X, resulting in the
movement of the manipulator for micromanipulation. This
movement changes the gap between each pair of the parallel
plates of comb drives 3 and 6 causing a capacitance change,
which resolves the actuation motion. To create motion along
Y, comb drive 2 and comb drive 5 are configured to be
orthogonal to the comb drives in X. Note that the two comb
drive capacitors located in the movable plate provide refer-
ence capacitance for the readout circuit and are not for
actuation and sensing.

2.1. Actuation analysis
The offset comb drive model is shown in Fig. 2, where x is

the displacement of the movable fingers from the equili-
brium position. Based on the fundamental electrostatic force
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Fig. 1. Solid model of the two-axis microactuator.

equation [33], the force acting on the movable comb fingers
is
F()C, V) :N(Fl —Fz)
1 aCy 0C, )
==N — %
2 [a(xl —x) J(x —|—x)}
_ lNKeA (x1 +xz)(x22 —x +22x)
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2
> 1% (1)

where N is the number of parallel capacitor pairs, K the
dielectric constant for the material (for air K =1), ¢ =
8.8542 x 10712C?/(N'm?) is the permittivity of free space,
X1 = 5um,x; = 12 um, A = 7500 um? is the overlapping area
of each finger pair, and V is the applied actuation voltage.
The dimensions of the springs shown in Fig. 1 determine
the system stiffness. Structural analysis was performed
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Fig. 2. Offset comb drive model.

numerically. The force-deflection model of the spring in
both X and Y is

F
o0=41 Zh
where ¢ is the deflection, F the force acting on the springs,
E = 125 GPa the Young’s modulus of silicon, t = 7 um the
width of the springs and 2 = 50 pm is the height of the
springs. The values of A are determined by simulation and
are listed in Table 1.

The designed relationship between applied voltages and
resulting motion in X and Y together with experimental
calibration results are discussed in Section 4.2.

2)

2.2. Vertical levitation

Electrostatic microactuation typically requires a ground
plane under the structure in order to shield the movable
components from relatively large vertical fields. Without a
ground plane, the application of a dc voltage will cause the
structure to stick to the substrate. By directly placing a
ground plane under the comb drives to prevent sticking, as
shown in Fig. 3(a) where plates I and III are stationary and
plate II is movable, the levitation effect [7] arises due to an
unbalanced electric field distribution. This forces the struc-
ture to move out of the actuation plane. Electrostatic forces
acting on the movable plate were determined numerically

Table 1

Values of 1 in (2)

Design Ain X (m?) 2 in Y(m?)
Curved springs 2.359 x 10710 1.101 x 10711
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Fig. 3. Suspended comb drives avoid levitation; arrow: electric field; solid
line: potential contour.
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and are listed in Table 2 where Fy is the vertical levitation
force. To minimise the levitation effect, several methods
have been proposed, such as using ground plane strips,
cross-over structures and by applying differential dc bias
[7]. However, these methods add further complexity in
design and fabrication. The comb drives reported in this
paper are suspended by completely removing the substrate
beneath the comb drive structure. An electrostatic analysis
demonstrates that making the comb drive structure sus-
pended minimises the vertical levitation force. The micro-
actuator is immune to levitation because of the resulting
balanced field distribution shown in Fig. 3(b). Table 2 shows

that the levitation forces are reduced by two orders of
magnitude in the suspended comb drive design compared
to the design with a ground plane shown in Fig. 3(a).

3. Fabrication
3.1. Fabrication sequence

Fabrication was conducted in the Microtechnology
Laboratory at the University of Minnesota. The main pro-
cessing steps are illustrated in Fig. 4.

(A) Start from a double polished P-type wafer with crystal
orientation of (100).

(B) Low pressure chemical vapour deposition (LPCVD)
1 pm SiO;.

(C) Fusion bond the wafer with SiO, with another P-type
wafer.

(D) Chemical mechanical polishing (CMP) the top wafer
down to 50 pm; this forms an SOI wafer.

(E) E-beam evaporate Al to form Ohmic contacts; Liftoff
to pattern Al.

(F) Deep reactive ion etching (DRIE) to form the features
on the back side such as the outer frame and movable
plates. The buried 1 pm SiO, layer acts as an etch stop
layer and also as an insulator between the capacitors.

(G) DRIE the top side to form capacitive comb fingers and
curved springs. Thus, the comb drive structures are
suspended.

(H) Reactive ion etching (RIE) to remove the buried SiO,
layer; This releases the devices and ends the fabrica-
tion process. The dice-free release process protects
fragile structures from being damaged. A yield of
86.4% has been achieved without significant process
optimisation.

Wire bonding and packaging were undertaken, respectively,
in the Microtechnology Laboratory and the Advanced
Microsystems Laboratory. Fig. 5 shows the completed
device.

3.2. DRIE on SOI wafers
The deep trench etcher used in the fabrication process is a

PlasmaTherm SLR-770 Inductively Coupled Plasma Reac-
tive Ion Etcher using the standard Bosch process. Passivation

Table 2
Electrostatic forces in X and Y
Design x1 (pm) Xz (um) Fx (N) Fy (N) d (pm)
With ground plane 12 5 7.64 x 1078 8.18 x 107° 2

14 3 2.44 x 1077 1.25 x 1078 2
Suspended comb drives 12 5 7.65 x 1078 9.97 x 10711 00

14 3 2.41 x 1077 1.14 x 10710 00
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Fig. 4. Fabrication sequence.

is achieved by C4Fg, and silicon etch by SFg. In the begin-
ning stage of processing, serious notching or footing effects
arose due to the differential charging of sidewalls and
bottoms of features [21-25]. Between the interface of Si
and SiO;, notching can extend laterally several microns.
Another serious issue in DRIE on SOI experienced in the
processing was the bowing effect [24] which makes etching
near the mask opening isotropic. Fig. 6(a) shows that comb
fingers of Si below the SiO, etch mask are undesirably
removed because of the notching and bowing effects, caus-
ing the SiO; etch mask to float. The effects are more severe

100um 200X 800gm 35X

on small openings than on larger ones. Large openings have
more free space for the ions to pass through without striking
the sidewalls and are less sensitive to these effects. The
notching effect has been theoretically investigated using the
sheath model [21,23,25]. It has been proposed that to
minimise these effects, one should design a mask having
auniform pattern width and large anchors that are tolerant of
the notching and bowing. However, it is not always feasible
to make the pattern sufficiently uniform in one design.
Recently, a DRIE tool from Surface Technology Systems
integrates an additional low frequency RF power source

o

Fig. 5. SEM micrograph of the device.
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SiO2 etch mask

(a)

(b)

Fig. 6. Overcome the notching and bowing effects.

connected to a single-turn coil around the processing cham-
ber. This essentially allows ions to escape more readily from
deep trenches after the etching cycle, minimising notching
and bowing effects. Even though this is encouraging for high
aspect ratio etching in DRIE on SOI, it is not available for
other existing DRIE equipment, such as the PlasmaTherm
SLR-770.

In the investigation, three methods were used to signifi-
cantly overcome notching and bowing effects. First, photo-
resist etch masks were used instead of SiO5. It is well known
that the selectivity of SiO, etch masks is high in DRIE.
When SiO, etch mask is used, the localised chemistry of the
plasma can be effected. The oxygen released by etching
SiO, partially consumes the carbon from the C4Fs used for
passivation, while a photoresist etch mask brings extra
carbon into the local environment. Experimentation demon-
strated that using photoresist etch masks significantly
reduces notching and bowing effects than SiO, with the
same flow rate of C4Fg. Second, passivation effects were
enhanced in the processing by lengthening passivation time
and lowering etching power. Notching and bowing effects
occur and are aggravated when the sidewall passivation
polymer is removed faster than it forms. To achieve satis-
factory passivation effects, it is desirable to either increase
the flow rate of C4Fg or lengthen the time period of the
passivation cycle in DRIE. In the processing, the passivation
time was increased from 5 s as in the standard Bosch process
to 6 s to enhance the passivation effects. The alternative
method adopted to enhance the passivation effects was to
lower the etching power in the etching cycle. The etching
power was decreased from 9 to 7 W. This lowered etching
power decreased the etch rate as expected. However, by
lengthening the passivation cycle and decreasing the etching
power, the bowing and notching effects were greatly reduced
due to the enhanced passivation effects. Third, enhanced
heat conduction was introduced into the etch process. The
Bosch process for DRIE is sensitive to temperature change.
When temperature increases, passivation effects deteriorate.

Conversely, when temperature decreases, the efficiency of
polymer deposition is increased while the etch rate is not
greatly affected. Thus, varying chamber temperature can be
an alternative way of controlling etch profile. It was deter-
mined that when heat from the ICP brings the wafer tem-
perature over 100°C, etching becomes isotropic. A heat
conductive paste from AlTechnology (Cool-grease 7016)
was used to bond the device wafer to a carrier wafer instead
of directly applying photoresist for bonding, which facili-
tated cooling from Helium on the chuck.

Combining the above three techniques, DRIE on SOI was
successfully conducted. Features as small as 2 pm in the
wafer plane survived the notching and bowing effects during
the 50 um vertical etching process as shown in Fig. 6(b).

4. System identification
4.1. System set-up

Fig. 7 shows the system set-up for system identification
and real-time control. The xPC-Target1.3 from MathWorks
was used to generate the real-time operating system kernel
[34]. The capacitance readout circuitry consists of a micro-
controller and a capacitive readout ASIC, the MS3110 from
MicroSensors with a resolution of 4.0aF/ VHz. An 1/0
board (National Instrument PCI-MIO-16E-4) performs sam-
pling at a frequency of 40 KHz.

4.2. System modelling

The microactuator is modelled individually in X and Y as
two spring-mass-damper systems.

mx + 2/ kimx + kix

1 — 2
L | L) Z 0 £ 20 3)
2 (x; — x)" (2 + x)
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Fig. 7. Real-time control system set-up.

where i = 1,2, m the equivalent concentrated mass, { the
damping ratio, and k is the stiffness. The system consists of
the linear equations of motion (EOM = 1/m(s? + 2{;w,;s +
®?;)) and nonlinear electrostatic forces F(x, V) givenin (1).

The relationships between capacitance change for posi-
tion sensing and actuation motion and between applied
voltages and actuation motion were calibrated as shown
in Figs. 8 and 9. The lower capacitive position sensitivity
shown in Fig. 8 is mainly due to the parasitic capacitance in
series with the sensing comb capacitors, such as occurs from
poor Ohmic contact. Though the gap between the movable
fingers and stationary fingers is set at Spm, the full travel
range is in effect 4.5 um because of a mechanical amplitude
limit designed into the device.

System stiffness in X and Y were determined statically
from calibration results and verified using the system free
response shown in Fig. 10. The identified system stiffness
agrees well with the structural analysis results using finite
element method. The underdamped free response in Fig. 10(a)
and (b) was used to determine the damping ratio in X via [35]

(=2 @)
Van? +

where d = In(B;/B,); B; and B, are the magnitude of two

adjacent peaks. The estimated damping ratio in X is between

0.04 and 0.06. The natural frequency of the system in X

using the relationship wg = w, Vv 1 — Cz, where mq is the

damping frequency obtained from the free response, is

1.5
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Fig. 8. Capacitive position sensing calibration.
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Fig. 9. Calibration of applied voltages and motion.

consistent with the result obtained using the identified
system stiffness and the equivalent concentrated mass of
the moving part using the relationship w, = (1/2n)\/k/m.

The free response reveals better linearity of the system in
X, which is mainly due to the small actuation voltage range
(less than 10.7 V) as shown in (1). In Y the system operates
with actuation voltages up to 70 V, causing significant non-
linearity that can be seen in Fig. 10(c) and (d). A nonlinear
model inversion technique is proposed to decouple the linear
and nonlinear parts of nonlinear electrostatic microactuation
systems for system identification and improvement of system
response, which is discussed in Section 5. This technique was
used for the identification of the EOM in Y. Table 3 shows the
identified system parameters.

5. Tracking control

The nonlinear model inversion technique is shown in
Fig. 11. The theoretical nonlinear model F(x,V) and the
inverse model F~! (Xpeas, Fa) are

(x1 4+ x2) (%2 — x1 + 2x) V2
(x1 = x)°(x + x)°

1
fx, V)= ENKeA

)

2Fd (xl - xmeas)z(xZ + xmeas)2

—1
F =
f (xmea57 d) \/NKEA()Q +x2)(x2 — X1+ 2xmeas)

(&)

where xpes 1S the position feedback from the capacitive
position sensor; Fy is the control output from a linear
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Fig. 10. Free responses of the system in X and Y.

Table 3

Identified system parameters

Parameter System in X System in Y
Mass, m (kg) 006.5 x 1077 0006.5 x 1077
Stiffness, k (UN/pm) 14.375 301.469
Natural frequency, w, (Hz) 748.46 3427.6
Damping ratio, { [0.04, 0.06] [0.12, 0.15]

controller, such as PID control. Using this technique allows
for the use of traditional linear controller design methodol-
ogies for nonlinear electrostatic microactuation systems to
obtain desired linear system response. For example, when
the microactuation system is used in micromanipulation,

using this nonlinear model inversion technique coupled with
linear system controller design.

The other advantage of the proposed nonlinear model
inversion technique is the increased tracking bandwidths in
electrostatic microactuation systems. For a sinusoidal refer-
ence input, the tracking bandwidth was increased from 90 to
350 Hz in X and from 50 to 260 Hz in Y.

6. Pull-in extension

The net force on the movable fingers at voltage V and gap
xis

1 (x1 + x2) (%2 — x1 + 2x)

. . . . 2
such as microrobotic surgery or cell manipulation, an over- Foet = ENK €A 5 | V" —kx (6)
damped system response is desirable. This has been obtained (¥ =) (22 +x)
Microactuator
[ I
I
Xd E Linear Fu Vo P x
P —] 1o P n -
+9 Controller| F7 (meas Fo) : Fx V) EOM |
[ b e oo |
Xmeas Capacitive
Position
Sensor

Fig. 11. Nonlinear model inversion position tracking.
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To determine the stable equilibrium point xp; and pull-in
voltage Vpy, (6) is set to be zero and

k= NKeAf(x17X2,xPI)V§p

(1 +x2)[(x2 —x1 + 2xPI>2
+(x1 — xpr) (x2 + xpp)]

(x1 — XPI)3(X2 + XPI)3

f(xl,xz,xpl) = (7
Fig. 12 shows that at the pull-in voltage Vp; = 10.34 V, the
spring force Fy and electrostatic force F. have only one
intersection point. When a voltage larger than Vpy is sup-
plied, the electrostatic force is larger than the spring force
and the system becomes unstable. The stable travel distance
xpy is limited to 1.58 pm or 31.6% of the undeflected gap
5 pm.

To extend the stable travel range beyond the pull-in limit,
the proposed nonlinear model inversion technique was used
to increase system linearity. Consequently, a linear control-
ler was designed for position tracking with an extended
travel range as
Fy(s) _ Km(s2 + 2{wps + w?) )
E(s) s(s+p)
where K is the gain, and p represents the pole at high
frequency. Because the designed controller cancels the
EOM = 1/m(s* + 2{wy,s + w?) dynamics, the loop transfer
function operates as an integrator at low frequency having a
cut-off frequency of approximately K/p. Due to the model
uncertainty and low signal-to-noise ratio, the tracking band-
width beyond the pull-in limit was limited to 120 Hz. The
travel range was increased to 3.7 over 4.5 um, extending the
travel distance to 82.2% of the full range. The full travel
range was not achieved due to the squeeze-film damping
effect [32,36]. The sinusoidal tracking response with
extended travel range is shown in Fig. 13.

7. Conclusions

This paper presents the design, fabrication, modelling,
and control of a two-axis electrostatic microactuator. A high
yield fabrication process using deep reactive ion etching
(DRIE) on silicon-on-insulator (SOI) wafers forms the
suspended 3-D high aspect ratio transverse comb drives,
which produces high position sensitivity, large electrostatic
forces and does not require the use of a ground plane for in-
plane actuation. Notching or footing effects and bowing
effects in DRIE on SOI wafers were investigated. Techni-
ques to overcome notching and bowing effects using a
PlasmaTherm SLR-770 etcher were presented that do not
require hardware modifications. A nonlinear model inver-
sion technique was proposed for nonlinear electrostatic
microactuation system identification and improving system
linearity and response. Using the proposed nonlinear model
inversion technique, a stable travel distance of 3.7 over a
4.5 pm gap was achieved.
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