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Abstract: An integrated micro positioning xy-stage with a 2Zmm X 2Zmm-area shuttle is fabricated for application in nano-
meter-scale operation and nanometric positioning precision. It is mainly composed of a silicon-based xy-stage,electrostatics
comb actuator.and a displacement sensor based on a vertical sidewall surface piezoresistor. They are all in a monolithic
chip and developed using double-sided bulk-micromachining technology. The high-aspect-ratio comb-driven xy-stage is
achieved by deep reactive ion etching (DRIE) in both sides of the wafer. The detecting piezoresistor is located at the ver-
tical sidewall surface of the detecting beam to improve the sensitivity and displacement resolution of the piezoresistive
sensors using the DRIE technology combined with the ion implantation technology. The experimental results verify the in-
tegrated micro positioning xy-stage design including the micro xy-stage,electrostatics comb actuator,and the vertical side-
wall surface piezoresistor technique. The sensitivity of the fabricated piezoresistive sensors is better than 1.17mV/um
without amplification and the linearity is better than 0. 814% . Under 30V driving voltage,a * 10pm single-axis displace-
ment is measured without crosstalk and the resonant frequency is measured at 983Hz in air.
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1 Introduction

Micro-fabricated xy-stages have mainly been
studied in the micro-operation region. They have had
an impact, not only on the miniaturization of bulky
mechanical systems, but also on the realization of high
precision systems. Electrostatic actuation is a fre-
quently used method in microelectromechanical sys-
tems (MEMS) . Since demonstrated for the first time
by Tang et al.""' ,comb drive actuators,which play an
important role, have been widely used in micro/nano
manipulation. A two-dimensional micro xy-stage can
be formed by combining these electrostatic comb ac-
tuators for precision positioning and micro/nano ma-
nipulation. With the capability of controllable linear
displacement in the range of micrometers, by provi-
ding controlled displacement in one or two degrees-
of-freedom, the micro xy-stage has been used in many
1 [3~5]

,

applications*’ ,such as micro optical lens scanner

6,7]

high-density data storage*’', scanning probe micros-

copy (SPM)™®“', optical cross-connections''*’, and bi-

molecular manipulation'*"*#'.
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A single-wafer-processed nano-positioning xy-
stage with trench-sidewall micromachining technique
was fabricated by Gu et al.'™ . Unfortunately, these
micro positioning stages mentioned above all lack of
the function of displacement detection due to the lim-
itation of the dimension of the silicon-based micro xy-
stage to integrate the displacement sensor into the
stage. So it is difficult to improve their positioning ac-
curacy further.

In this paper, to improve positioning accuracy
and nanometer-scale operation to meet special appli-
cation needs, a micro nano-positioning xy-stage inte-
grated with piezoresistive displacement sensors is pro-
posed. It is improved on the basis of the micro xy-
stage mentioned in Ref. [13] and fabricated on the
single-crystal silicon (SCS) substrate of the silicon-on-
glass ( SOG) using anodic bonding process. Air
trenches are used to isolate the different electrostatic
comb actuators. Moreover,a vertical sidewall surface
piezoresistive displacement sensor is integrated into
the fabricated micro xy-stage to detect output dis-
placement using the DRIE technology combined with
the ion implantation technology. All of these, espe-
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Fig.1 Schematic of the micro xy-stage

cially the fabricated process chart, are different from
Ref.[13]. The detail fabricated process chart is intro-
duced and the characterization of the integrated mi-
cro xy-stage is given.

2 Design

Figure 1 shows a complete schematic diagram of
the integrated micro nano-positioning xy-stage. In the
kinematics mechanism design,there are four identical
comb eclectrostatics actuators arranged perpendicular
to each other,which drives in-plane movable stage in-
plane movement along the axis of + x, — x, + y.,and
— y.respectively. Accordingly, four folded beams are
used to balance the actuation force by deflection and
support the movable stage and comb actuators over
the substrate. The detection beam is connected to the
end of the comb actuator and two piezoresistors are
located at the vertical sidewall surface of the end of
the detecting beam,respectively. The folded beam and
bending flexure composite suspending configuration
supports the movable structure over the substrate and
avoids crosstalk between the movable stage movement
in the x-direction and y-direction. Figure 2 shows a
simplified mechanism of the proposed micro xy-
stage.
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Fig.2 Driving mechanism of the micro xy-stage (a) x-actua-

tion; (b) x- and y-actuation
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Table 1 Detailed dimensions of the integrated micro positio-
ning xy-stage

Item Value
Number of finger pairs 2624 /direction
Width of folded beam 9.5um
Length of folded beam 1200pm
Length of bending flexure 1300pm
Width of bending flexure 9.5pm
Length of detecting beam 1200pm
Width of detecting beam 12pm
Small gap 1.7pym
Large gap 2.5pm
Structure thickness 45,m
Length of piezoresistor 300pm
Width of piezoresistor 1.6pm
Thickness of piezoresistor 4pm

Generally, a one-directional comb drive actuator
has the following relationship between displacement
and applied voltages:

_ nech o,

y oo Vv @b
where y is the static displacement, g,k ,and n are the
gap, thickness, and the number of comb fingers, re-
spectively, k. is the spring stiffness of the actuator,
and V is the actuated voltage. With Eq. (1) and a giv-

en actuated voltage, a large displacement can be

achieved under the condition of a maximized thick-
ness/gap aspect ratio of the comb structure and also a
minimized g and k. Table 1 shows the dimensions of
the proposed xy-stage.

2.1 Folded-beam and bending-flexure composite sus-
pension

The Folded beam and bending flexure composite
suspension are important parts of the linear electro-
static comb actuator. Generally they are required to
have large compliance in the actuation direction for
possibly large displacements, and a high stiffness in
the lateral direction so as to prevent side instabilities.
In our design,a folded spring shown in Fig. 3 is used
to support the rotor and the movable stage.

From beam deflection theory'", the stiffness of
a folded beam in the motion direction, K . tolded beam » a0d
lateral direction, &, toueaveam » Can be expressed, respec-
tively,as:

K ¢ toldeaveam = 2ER¢ b/ ¢ s ky.folded-beam = 2Eh b}/ 1}
(2

Anchor

Fig.3 Schematic of the folded beam
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Fig.4 3D sketch of the testing beam and piezoresistors

where E is the Young’s modulus of silicon, b is the
beam width, A is the thickness,and [; is the length.
Because b, is much smaller than I;,we get k.. iodedbeam
> Ky toudedveam - 1 he stiffness ratio, in our design is as
large as k.. toded-beam / K y. folded-beam = (l¢/bp)H)?=1.60X%X10".
Therefore, the designed folded flexure has a very
weak cross-axis actuating influence.

The bending flexures are designed with dimen-
sional parameters, including b; and h;, that are the
same as those of the folded beams,except the length
L .So the spring constant can be still expressed with
Eq. (2) after substituting L for /;.

kx,flcxurc-bcam = 2Ehf bf/L ’ ky,flcxurc-bcam = 2Ehf b?/LS (3)

2.2 Detecting beam and piezoresistor

Figure 4 shows a 3D schematic of the testing
beam and the piezoresistors. The sensing direction of
the displacement sensor is in the wafer plane. The
transversely deflecting clamped-clamped beam is de-
signed to measure the lateral displacement of the
movable stage. Two piezoresistors are located at the
vertical sidewall surface of both ends of the detecting
beam,respectively,and two detecting beams with the
identical construction are at both sides of the movable
stage to form a full Wheatstone bridge (see Fig. 1).
Two resistors increase their resistance, whereas, the
others’ resistances decrease,when the detecting beam
lateral deformation occurs along the displacement of
the movable stage.

Based on theoretical analysis, the deflection
w(x) along the lateral direction of the detecting
beam can be determined as follows:

- _F (3, _
W(x)—Ehtb§x<Zl[ x) €Y)

where [, is the length of the detecting beam,and h,
and b, are the detecting beam height and width, re-
spectively. The maximal deflection, w,.,can be ex-
pressed as

FI}
2Eh b}
According to Hook’s law, the stiffness of a de-
tecting beam in the motion direction, K iesing beam » CAN
be expressed as

5

Wmax(ll) =

k v, testing-beam — ZE]l/L;b?
t
The stress along the axial direction of the detec-
ting beam can be obtained"™' .
=y X (gl
where b” is the distance between the resistor and the
neutral plane of the detecting beam,0<Cb << b,/2. So
sensitivity of the sensor can be expressed as

1
MJ"T(x)dx
V —_

0
- Vsuvply

21,

(6)

T(x) = Eb'w (x) ) <)

out

3w Fb’

~ 2h.b;
where m;, is the piezoresistive coefficient, Vg is the
supplied voltage on the Wheatstone bridge, and [, is
the length of the piezoresistor.

(Lo = 1) Vi €)

2.3 Modeling of the system spring stiffness

A spring system in the x- or y-direction is com-
posed of two pairs of folded beam spring,one pair of
bending flexures, and two pairs of detecting beams.
These springs are connected in parallel with each oth-
er so that the total spring stiffness in the x- or y-
direction kg .,k , is given,respectively, by

ksys_x = 2K 1 tolded-beam T K x. flexure-beam T 2kx,nesning.heam (9)
ksys, y = 2k y.folded-beam T k y.flexurc-beam T 2k v, testing-beam

Therefore, the stiffness ratio of the spring system
is:

Ky

ksys,y 2 k v, folded-beam + k v, flexure-beam + 2 k ¥, testing-beam

— 2 k X, folded-beam + k x . flexure-beam + 2 k X . testing-beam

Q)]

2.4 Comb-finger electrostatic actuator design

As indicated in Eq. (1), the clectrostatic actua-
ting efficiency is defined as the moving distance as a
function of the actuating voltage. In our design,in or-
der to improve the actuating efficiency, n is chosen to
be 2624. We use two-segment comb-finger configura-
tions to further improve the actuating efficiency"'* .
The two segments are connected by a line with a slope
of 0. 213,as shown in Fig. 5.

For this actuator design, when the displacement
exceeds about 4. 0pm, the comb fingers move within
the small gap,1. 7um. The displacement of the mova-
ble stage can be expressed as

_ nesh
y—g—lkyv, 0y mn
_ negh 83 2
= —— X (2-°22)V?, <
gk, ( gl) Vi <<y<y:
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Fig.5 SEM image of the two-segment comb-finger

g = & — 0.213Cy — y)
%x (2—%)\/2, y >y
where g, is in the transition region. For the displace-
ment from the original position to y;,the comb fin-
gers move in the large gap region. When the displace-
ment exceeds y,,the comb fingers move in the small
region,and, displacement from y, to y, occurs in the
transition region.

y = (11)

3 FEA structural analysis

A finite element analysis (FEA) simulation is
used to study the stiffness of the structure and to esti-
mate the natural frequency and mode shapes of the
designed system. Figure 6 shows the result of the mo-
dal analysis of the proposed xy-stage. It shows that
the first and second modes are the result of actuation
with respect to the x- or y-direction and the third
mode is related to the rotation of the movable stage.

4 Fabrication

The fabrication process of the micro xy-stage is
based on the anodic bonding process and double sided
bulk-micromachining technologies in which the verti-
cal sidewall surface piezoresistor technique plays an

Ist:1169Hz 2nd:1169Hz

3rd:1392Hz 4th:2635Hz

Fig.6 Modal shapes analysis (without damping conditions)

Fig.7 Fabrication process of the micro xy-stage

important role. In this process,the piezoresistive sen-
sor is integrated in the vertical sidewall surface of the
detecting beam. The process includes five patterning
and two DRIE etching steps. The fabrication process
for the micro stage is depicted in Fig. 7 and described
as follows.

(1) We start with double polished n-type (100)-
oriented 100mm ordinary silicon wafers with a resis-
tivity of 1~10Q + cm;

(2) The SiO, layer is grown on both side of the
silicon wafers by the thermal oxidation process;

(3) Photolithography is first conducted on the
front side of the wafer to pattern the piczoresistors,
and then buffer HF acid etching SiO, with photoresist
as the etching mask;

(4) The wafer surface piczoresistors are formed
by a boron ion implantation process. In order to form
better ohmic contacts in the next step, the impurity
concentration on the wafer surface is controlled at
about 10" atoms/cm’;

(5) After the second photolithography step, the
contact hole is formed by buffer HF acid etching,and
then aluminum is sputtered and patterned for a third
photolithography step. The metallization process is
performed for interconnection;

(6) The backside release window is patterned in
the fourth photolithography step, then the DRIE
Bosch process is used to thin the device regions to
50pm with a photoresist (AZ9260) as the etching
mask ;
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Fig. 8 SEM images showing close-up views of the xy-stage

(7) An anodic bonding process is used to bond
glass and the backside of the silicon wafer;

(8) With a patterned photoresist and a SiO, layer
as the etching mask,the mechanical structure and the
vertical sidewall surface piezoresistors on the testing
beam are synchronously formed using DRIE. In order
to ensure identical dimensions for each piezoresistor,
the parameters of the DRIE should be controlled
strictly.

The photographs in Fig. 8 show the close-up
views of the stage. Figures 9 (a) and 9 (b) show the
top-view CCD micrograph of the piezoresistor. Figure
9(a) shows the wafer surface piezoresistor before

Fig.9
ting process; (¢) Close-up view of the fabricated detecting beam

(a), (b) Photograph of piczoresistor during the fabrica-

and piezoresistors

0 200 400 600 800 1000
Square of actuated voltage/V?

Fig.10 Static displacement of fabricated micro xy-stage

forming the vertical sidewall surface piezoresistor by
DRIE,and Figure 9(b) shows the fabricated vertical
sidewall surface piezoresistor after being released by
the DRIE. Figure 9(c) shows the SEM photo of close-
up views of the end of the detecting beam,on the ver-
tical sidewall surface of which there is a fabricated pi-
ezoresistor.

5 Characterization

This section deals with characterization of the
fabricated stage. The stage displacement in terms of
the actuating voltage is tested by measuring the stage
moving distance under a microscope scale that has a
resolution of +0.1pum. Figure 10 shows the static dis-
placement of the stage at different voltages. As indi-
cated in Fig. 10, within the resolution of the observa-
tions, no crosstalk is observed even when the maxi-
mum displacement of around 10pm is achieved for
both the x- and y-axis at a driving voltage of 30V.
When a single axis is fully actuated,the generated mo-
tion in the other axis is not noticeable from a high
resolution microscope (STM6). The discrepancy be-
tween the experimental data and the calculated data
may arise from fabrication imperfections and envi-
ronmental factors not taken into account during the
simulation.

Figure 11 shows the curve relationship between
the displacement and the testing voltage without am-
plification. As shown in Fig. 11,the experimental data
are estimated by the least squares method. After the
fitting, the relationship between the displacement of
the stage and the testing voltage can be,respectively,
expressed as

y=—0.00177x + 0. 37519,
y=+0.00117x +0. 23696, in + y direction

The sensitivity of the piezoresistive sensor is
1.77mV/pm in the x-direction and 1.17mV/pm in
the y-direction. The linearity is 0.814% in the x-
direction and 0. 429% in the y-direction.

in + x direction

12)
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Fig. 11

(a) x direction;(b) y direction

Relationship between displacement and testing voltage

Figure 12 is a bode plot from the spectrum analy-
zer (HP 4395A). The measured first resonant fre-
quency is found at 983Hz, as shown in Fig. 12. It is
15. 9% lower than the simulated first undamped natu-
ral frequency, 1169Hz. The discrepancy that is ob-
served may arise from fabrication imperfections since
the stiffness of the flexures is sensitive to their dimen-
sions. Furthermore, that approximations made in the
finite element modeling and the effect of the damping
condition were not taken into account during the sim-
ulation all may also contribute to this discrepancy.

6 Conclusion

An integrated micro nano-positioning xy-stage
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Fig.12
nent,both amplitude (upper traces) and phases (lower traces)
Response curves yielded values of f, =983Hz, Q =18. 86.

Measured frequency response of the in-plane compo-

for application in nano-operation is designed and fab-
ricated. It is mainly composed of a silicon-based xy-
stage, comb actuator, and micro displacement sensor
based on a vertical sidewall surface piezoresistor. A
novel vertical sidewall surface piezoresistor technique
based on bulk-micromachining technologies is pro-
posed. Due to the process’s high-yield low-cost fabri-
cation technology,the piezoresistor of random dimen-
sions can be located on the vertical sidewall surface
easily. The experimental results verify the vertical
sidewall surface piezoresistor technique. The sensitivi-
ty of the fabricated piezoresistive sensors is better
than 1.17mV/um and the linearity is better than
0.814% . With a driving voltage of 30V,a £ 10um sin-
gle-axis displacement is measured with a smooth tran-
sition between the small and the large actuating re-
gions without crosstalk observed within the resolution
of the observations and the first resonance is meas-
ured at 983Hz.
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