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Abstract: The null space of the 6-DOF gain decoupling matrix of actuators and a modified velocity

feedback controller are adopted to suppress the vibration of the wafer stage during exposure. To deal

with varying flexibilities at different performance locations, the vibration controller is designed to be

a time-variant linear quadratic regulator, using the conventional gain scheduling method, which

could provide good vibration control for each field under exposure. This control method can guaran-

tee the stability of the closed-loop system and will not deteriorate the rigid modes control of the wa-

fer stage. To minimize the control spillover caused by the higher uncontrolled modes, actuator place-

ment is optimized to minimize their controllability grammians in modal coordinates. An uncon-

strained rectangular plate is used to represent the fine stage of the wafer stage. Effectiveness of the

proposed method is verified on the plate through a closed-loop simulation.
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In lithographic equipment, one of the key
motion systems is the wafer stage; it positions the
wafer with respect to the imaging optics and ena-
bles the subsequent exposure on a single wa-

fer'! %

. The wafer has to be positioned extremely
accurately. Meanwhile, higher-speed movements
are desired in order to increase throughput. The
mainstream positioning stage consists of a fine
stage and a coarse stage. The coarse stage pro-
vides movement in long strokes. The fine stage is
measured and controlled in 6-degrees-of-freedom
(6-DOF') to provide the ultimate positioning accu-
racy. Next-generation motion systems are inevita-

bly lightweight, which leads to a pronounced dy-
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namic behavior in frequency ranges that are rele-
vant for control”® *!. However, conventional con-
trol is designed based on the rigid modes of the
stage, which does not take the vibration caused
by mode flexibility into account. Over-actuation
is an effective way to reduce the vibration, which
aims to prevent the actuators from exciting the

specified flexible modes'” .

However, it also
means that the actuators have no control over
these flexible modes, thus losing the ability to
suppress the vibration caused by these flexible
modes due to disturbances and model uncertain-

]

ties!”. Vibration feedback control is considered

another effective way to suppress the vibra-
8-10]

tion" . Using a local closed loop is widely em-
ployed method for vibration control in addition to
the rigid modes control. However, vibration con-
trollers designed to minimize the vibration of one

certain point only exhibit a local effect'" ~'*'. The
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wafer stage is a time-variant system since the per-
formance location ( field under exposure) varies
with time. The scanning performance of each
field has to be guaranteed instead of just one local
point. One way to deal with this is to treat the va-
riance of the field under exposure as the model
uncertainty and achieve the desired control per-

B! Howev-

formance by using a robust controller'
er, since the field under exposure varies from in-
dividual to individual throughout the wafer, the
flexibility to be controlled will vary greatly, which
would deteriorate the performance and introduce
An alternative

is to apply spatial H, controllers or spatial H

instability into the closed loop'™*' .

controllers that minimize the vibration over the
entire structure in an average global sense'” ',
However, these controllers are a great waste of
control efforts when applied in the wafer stage,
since it is only the scanning performance of the
field under exposure that is of interest, thus the
control efforts should always be targeted at the
field under exposure while leaving other fields out
of concern.

In this paper,a new vibration control method
utilizing the null space of the 6-DOF gain decou-
pling matrix of actuators to decouple the vibration
control from the rigid modes control is intro-
duced. The direct velocity feedback controller
and the phase controller are combined to actively
dampen the dominant flexible modes while ensu-
ring the global stability of the closed loop. The
time-variant linear quadratic regulator ( LQR )

" Direct velocity

method and the conventional gain-scheduling
method are adopted to derive the optimal control
gain of the controller. Effectiveness of the pro-
posed method is verified through numerical simu-

lation on an unconstrained plate.

1 Null Space of the 6-DOF Gain
Decoupling Matrix

A schematic sketch of the wafer stage is
shown in Fig. 1. The block diagram of the fine
stage control is illustrated in Fig.2. The gain bal-
ancing matrix H converts the desired global force

F, into individual actuator forces f

Sf=HxF, (1)
Reticle stage c-o
) ¢ (@ —)
Lens
‘ Metro frame ‘
Fine stage

Coarse stage

‘ Balance mass ‘

Base frame

Fig.1 Schematic sketch of the wafer stage
The 6-DOF gain decoupling matrix I" converts
the individual actuator forces f into the global
force F', which is defined as
F=Ixf (2)
When the number of the actuators exceeds

the number of rigid modes, the extra design free-
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decoupling of fine stage
Sensor
transformation

Fig.2 Block diagram of the fine stage
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doms of the actuators can be exploited to actively
control the vibration by adding another local
closed loop to the rigid modes control, as shown
in Fig. 2. Great efforts can be conserved in the
design of these two closed loops if they can be
decoupled from each other. In this paper, decou-
pling is achieved by exploiting the null space of
the 6-DOF gain decoupling matrix, which is deno-
ted by x. According to the definition of the null
space, the following relationship holds true
I'xx =0 (3)
Assume that the gain balancing is conducted
to minimize the heat dissipation of the actuators.
Then, the gain balancing matrix is determined as
the pseudo inverse of the 6-DOF gain decoupling
matrix' ', which is
H=I" (4)
Then, the global forces F' provided for rigid
modes control are calculated by
F=I'x(HxF,+xxu) =
I'sx(I' xF,+x xu) =
I'xI' xF, +I'xx xu =
F,+0=F, (5)
where u is an arbitrary constant vector denoting
the control efforts used to control the vibration.
Eq. (5) shows that no matter how u varies, it
does not change the control forces provided for
the rigid modes, which indicates that the flexible
modes control and the rigid modes are decoupled.
Meanwhile, the individual actuator forces f have
changed accordingly since f is related to u
S=I" xF,+x xu (6)
and x x u does not necessarily have to be zero.
Based on this conclusion, a decoupled local con-
trol loop that could suppress the vibration is add-
ed onto the original rigid modes control loop with-
out affecting it.

2 Combination of Direct Velocity
Feedback Control with Phase
Control

As illustrated previously, it is only the scan-

ning performance of the field under exposure that

contributes to the exposure performance. There-
fore, all control efforts should be used to improve
the scanning performance of the field under expo-
sure. Due to the time-variant dynamics of per-
formance location, a simple and robust controller
is preferred for vibration control, such as the di-
rect velocity feedback controller, which multiplies
the velocity output signals through gains and di-

[20]

rectly feeds them back to actuators-“-. This is e-

quivalent to the attachment of a viscous dashpot

21 This con-

to the structural DOF of the sensor
troller is quite simple and can guarantee stability
in the presence of spillover with the residual

modes'?’

. One disadvantage is that the controller
maintains the assumption that the sensors and ac-
tuators are collocated, which is not the case on
the wafer stage during exposure since the loca-
tions of the actuators are fixed while the field un-
der exposure varies with time. To deal with this
problem, phase control is applied in combination
with the direct velocity feedback controller to
guarantee the global stability of the closed-loop
system.

During exposure, the vibration on each field
cannot be measured directly but can be inferred
from the measured variables. This requires sys-
tem identification to deliver models that are suit-
able for high performance inferential control'*’.
The wafer stage can be equipped with additional
sensors on each field during the identification
step. Based on the identified model and measure-
ments during exposure, the vibration on each
field can be derived and used for feedback con-
trol.

The damping of the wafer stage is small since it
is usually made of lightly damped materials and sup-
ported by contact-free electromagnetic force ™.
Thus the damping is not considered in this paper
since it is negligible in comparison with the active
damping imposed by the controller. The velocity

output ¥ is given by the sum of the modal veloci-

ties q according to the modal superposition princi-

ples[zg]
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N

y=¢" xq= Z ®:q; (7)
where ¢ is the mass-normalized eigenvector de-
rived from the identified high-precision model of
the stage, N is the number of controlled flexible
modes, the modal velocity ¢, can be inferred from
identified high-precision model and the measured
variables. The control force F' is calculated as de-
scribed below according to the control law of the

direct velocity feedback control

N
F=-ki=-ke'xq=-k Y ¢4, (8)
i=1

where k is a non-negative control gain. The
closed loop system is illustrated in the modal
space as shown in Fig. 3. Each closed loop in the
modal space has to be stable to make the system
stable. The transfer function from the reference r
to the modal velocity ¢, is given by

q; s* + 0’

7S kst (9)
where w, is the natural frequency of the i-th con-
trolled flexible mode. According to Routh’ s sta-
bility criteria'®’ , if the characteristic equation has
a negative or zero coefficient, there exists a
closed-loop pole in the right-hand half plane that
will make the system unstable or more closed-
loop poles on the imaginary axis that will make
the system marginally stable. Since k is non-nega-
tive, the closed loop in the modal space will be
unstable or marginally stable in the case of ¢, <0.
As shown in Fig. 3, a sign function sgn(¢,) is ap-
plied on modal velocities g, to control the phase
and stabilize the closed loop.

1 ’ QDI >0
sgn(e,) =10, ¢, =0 (10)
_1 ) gpi <0
2 Pt sanp,)
9,5 7,
Fral i sgn(y,)

Fig.3 Closed loop transformed into the modal space

Therefore, the control force F' is calculated
by
F= ko' xyxq (11)
where y = diag[ sgn (¢, ) -+ sgn(¢,) ] is called
the phase controller.
Assume that the mass density is uniform, the
energy in the closed-loop system is calculated

byLZOJ
1, .0 .
E(t) =§(qT xq +q" xA xq) (12)

where the matrix A = diag[ o’ %] and its ele-
ments o, ,---,w, are the natural frequencies of the
controlled flexible modes, while the modal dis-
placements ¢ can be derived by solving the fol-
lowing differential equations
q(t) +20 xA? xq(t) +Axq(t) =¢" xB xf(t)
(13)
where { =diag[ {,--- {,,] and its elements are the
damping ratios of the controlled flexible modes
and B is the input matrix for actuator forces.
Combining Egs. (11) - (13) with Eq. (7)
yields

E(t) =q" x4 +q" xA xq =
—20 xq" xA* xq -kq" x¢@" xyxq =
—q" x (28 xAY? +ko" xy) xq (14)

Since the matrix A"* >0 and the term ¢ x
y= 0 always hold, it justifies the relationship
E(t) <0 and E(t) >0, which makes E(t) an as-
ymptotically stable Lyapunov function, thus obtai-
ning stability in the closed loop.

The optimal feedback gain can be determined
by using the LQR method since it supplies the op-
timal control and is simple for design'®’. To guar-
antee the scanning performance of each field un-
der exposure, the conventional gain-scheduling
method is utilized due to its simplicity in applica-
tion'®!. A finite grid composed of operating
points is chosen to design the LQR controllers.
These controllers are then interpolated to gener-
ate a continuously parameterized family of con-

trollers'®’ .
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3 Optimal Actuator Placement to
Minimize the Control Spillover
Effect

Due to the limitation on the number of actua-
tor numbers, only a few critical flexible modes
can be actively controlled through over-actuation.
However, the excess control force may excite the
higher uncontrolled modes'*’ , which is called the
control spillover effect and should be minimized.
In this paper, the control spilllover effect is re-
duced by minimzing the modal controllability of
the higher residual modes through optimizing the
actuator placement. The modal controllability can
be quantified by the closed-form diagonal entries
of the controllability grammians in modal coordi-
nates'*' as given below

B, I
4o, (15)
B, =¢, xB

Thus, the cost function is given by

J = 2 a,w, (16)

r=N+1
where «, is the coefficient to weight the relative

importance of the r-th residual flexible mode, and
w, is the modal controllability of the r-th residual
flexible mode. The choice of the weight coeffi-
cient «, is difficult since different performance lo-
cations may correspond to a different relative im-
portance of the 7-th residual flexible mode. As
the performance location moves all over the
working area (), a new cost function is intro-
duced to minimize the control spillover effect in
the global sense
= 3w, [ ety drdy -

r=N+1

- | B,, H zﬂ (3() y) dady =

>

r=N+l 4§rw
- || er || 2 T
S 2 e, 17
rﬂ‘;ﬂ 457'(1)7" ¢ ¢ ( )

where ¢, (x,y) is the mass-normalized eigenvec-

tor of the r-th residual flexible mode evaluated at

location (x,y) in working area (). During optimi-
zation of the actuator placement, design con-
straints of actuator locations and the limitations
on actuator peak forces should be involved. The
optimal actuator placement can be derived by sol-

ving the following problem as

c || Bm'r || S T
in — ¢, X,
r;W-l 4§Tw7' ¢ ¢
s.t. §,<8=<8§,
S<fu (18)
where S, and S}; denote the lower bound and the
upper bound on the actuator locations, f;; denote

the upper bound on actuator peak force.

4 Closed Loop Simulation

For ease of understanding and demonstra-
tion, a simple model of an unconstrained plate re-
presenting the fine stage is adopted in this paper
to validate the effectiveness of the proposed
method. The dimension of the plate is 450 mm x
450 mm x 20 mm. Only the first three flexible
modes are considered since it is commonly agreed
that lower flexibility modes contribute more to the
vibration. The plate is assumed to have uniform
mass distribution and a constant cross section.
Four voice coil actuators are adopted to drive the
plate in the Z, R, and R, directions. The extra de-
sign freedom is utilized to actively control the first
flexible mode with a natural frequency of 313 Hz.
The actuator placement is optimized to minimize
the control spillover effect caused by the second
and the third flexible mode. By solving the prob-
lem in Eq. (17), the optimal actuator placement
is derived as shown in Fig. 4. Actuators are
placed at the nodes of the second flexible mode
and the third flexible mode, while away from the
node of the first flexible mode. A virtual displace-
ment sensor measuring in the Z direction is placed
near the node of the third flexible mode to make
this mode not observable. This virtual sensor
moves along a circle with the diameter of 340 mm
at a velocity of 1 m/s on the plate, which is in-
tended to simulate the variance of the field under
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exposure.

(c) 2" flexible mode of the plate (d) 3" flexible mode of the plate

Fig.4 Unconstrained plate in closed loop simulation with

corresponding flexible mode shapes

Classical PID regulators are utilized to con-
trol the rigid modes of the plate with the control
bandwidth set to be 250 Hz. The sampling time of
the control system is selected as 0. 2 ms. The dis-
turbance is assumed to be white Guassian noise in
the frequency range of 0 —2 500 Hz. The closed
loop of the plate is illustrated in Fig. 5.

To provide control over the rigid modes in
the Z, R, and R, directions, the actuator forces
should satisfy

f
1 1 1 1 ClOTF.

Jo
Lol n e P T an)
1 -1 -1 1 LT

3
where the vector (f,,f,.f;.f,)" denotes the force
generated by actuator #1, #2, #3 and #4 | respec-
tively. The term F,, denotes the desired control
force in the Z direction, the term T,, denotes the

r=0

o | i Model of the
Sign(ay) (- Model of
Disturbance
|[—0.5 0.5 -05 0.5]"
R=0 Rigid 1 1 1 LT Output
modes 1 1-1-1 Actuators —>»| Plate |— Sensors >
- controllers 1 -1 -1 -1]

decoupling

COG

Fig.5 Closed loop of the unconstrained plate

desired control force in the R, direction and the
term 7', denotes the desired control force in the
R, direction. The positioning errors in the Z, R,
and R, directions are calculated and provided in
Fig. 6, Fig. 7 and Fig. 8, respectively. The vibra-
tion in the Z direction caused by the first flexible
mode along the circle is calculated and given in
Fig.9, while the positioning error along the circle
measured by the virtual sensor is given in Fig. 10.

The proposed vibration control method is then
applied to control the vibration on the plate. The
four actuators are assumed to generate point forces
for simplification. The orthogonal basis of the null
space of the rigid modes gain decoupling matrix

can be determined as [ -0.5 0.5 -0.5 0.5]".

The mass-normalized eigenvector of the first flexi-
ble mode evaluated at the locations of the actua-
torsis [ -0.2751 0.2751 -0.27561 0.2751]".
It can be found that positive velocity ( when the

displacement sensor moves to the position where

the eigenvector of the first flexible mode is posi-
3

Error in Z direction/10-°m

| | | | 1 1 1 1 1
0 02 04 06 08 10 12 14 16 18 20
Time/s

Fig.6 Positioning error in Z direction
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Fig. 9  Vibration in Z direction caused by the first flexible

mode along the circle without and with vibration con-

trol
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Fig. 10 Positioning error measured by the virtual sensor along

the circle without and with vibration control

tive) will always yield negative feedback control,
while negative velocity ( when the displacement

sensor moves to the position where the eigenvec-

tor of the first flexible mode is negative) will al-
ways yield positive feedback control. From this
aspect, the phase controller is designed as shown
below to guarantee the global stability of the
closed loop

1, ay>0
sgn(e,) =7 0, xy=0 (18)
-1, ay<0

where x and y stand for positions along the plate
in the X and Y direction, respectively, with the
origin at the center of the plate. For a continu-
ous-time linear system described by

X =Axx+B xu (19)
with a quadratic cost function defined as

J= F (x"xQ xx +u” xR xu)dt (20)
0

where @ is a positive definite or a semi-positive
definite weight matrix and R is a positive definite
weight matrix. The feedback control law that
minimizes the value of the cost function is
u=-kxx (21)
where k is given by
k=R ' xB" xP (22)
and P is found by solving the continuous time al-
gebraic Riccati equation'®”
A"XP +P xA-PxB xR ' xB"xP+Q =0
(23)
As seen in Fig. 4, along the circle, the first
flexible mode dominates the vibration when the
performance location is located away from its
node area. While in this area the second flexible
mode dominates the vibration. Therefore, a high-
performance vibration controller that takes into
account the time-varying performance locations
into account is desired. For systems with posi-
tion-dependent dynamics, gain-scheduling control

is an appropriate solution"*’.

Traditional gain-
scheduling control and linear parameter varying
(LPV) control are two main approaches'®’ that
are widely used. LPV control is a design method
that guarantees closed loop stability for all possi-
ble time-varying parameter trajectories . Thus,

the traditional gain-scheduling control method is
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adopted in combination with the LQR method in
this paper to realize high-performance vibration
control. A thousand discrete positions on the
plate are chosen to design the optimal feedback
gains with R selected as 0. 000 2. These optimal
feedback gains at these positions are then interpo-
lated to derive the function between the optimal

feedback gain and the location (x,y), which is

))

(24)

The positioning error measured by the virtual

given as

k =195 738. 1sin (Zarcsin ( ‘ +
X +y

sensor in the presence of the proposed vibration
controller is given in Fig. 10. It is found that the
magnitude of the positioning error has been re-
duced significantly from 8 x 10 " m to 3 x10 ° m
due to the existence of the proposed vibration
controller, since the contribution of the first flexi-
ble mode has greatly decreased, as shown in Fig.
9. This conclusion can be further validated by the
PSD of the positioning error shown in Fig. 11.
-350

— Without vibration control

600 — With vibration control
-650 L L ! I
107! 10° 10! 102 10°
Frequency/Hz
Fig. 11 PSD of the positioning error measured by the virtual

sensor along the circle without and with vibration con-

trol

5 Conclusions

To further improve the performance of the ul-
tra-precise motion systems, vibration caused by
flexibility should be actively controlled. However,
traditional vibration controllers are not feasible
for high-performance vibration control due to the
time-variant performance location. In this paper,
a new control method utilizing the null space of

the 6-DOF gain decoupling matrix of actuators is

proposed. This control method combines the di-
rect velocity feedback controller with a phase
controller to guarantee the global stability of the
closed loop. Then, the LQR method and the con-
ventional gain-scheduling method are used to
guarantee the vibration control performance over
each field under exposure. Meanwhile, actuator
placement is optimized to minimize the control
effect caused by residual flexible modes. This
control method also has the advantage that the vi-
bration controller is independent of the rigid
modes control, which could greatly save the ef-
fort in the design and evaluation of these two
closed loops. An unconstrained plate with an ex-
tra design freedom in actuator placement is adopt-
ed to verify the proposed method. The results in-
dicate that the proposed method could realize
high-performance vibration control at all perform-
ance locations.

Since the high-precision model used to calcu-
late the vibration of each field under exposure is
never exact, future research will aim to optimize
the vibration control method in order to improve

final performance.
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