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Abstract

In this paper, system identification of semiconductor ex-
posure apparatus is discussed. It has a multi-degrees-of-
freedom mechanism which includes anti-vibration units
for microvibration control. A dynamical model of the
mechanism is necessary in order to design the microvi-
bration controller. The model is practically constructed
in a short time using subspace method. Identification
results are evaluated through experimental data in com-
parison with conventional frequency response method.

1. Introduction

Vibration control is one of the fundamental technolo-
gies in semiconductor exposure apparatus. Disturbing
vibration has to be reduced to meet nanometer semi-
conductor lithography demands for alignment accuracy.
Anti-vibration units are mounted in semiconductor ex-
posure apparatus for this purpose. These units pre-
vent the transmission of external vibration to the ex-
posure apparatus. Recently the “active anti-vibration
unit” has been developed, which makes effective vibra-
tion control possible by driving its actuator according
to the external vibration.

A dynamical model of the anti-vibration unit is neces-
sary in order to design vibration control systems. Fun-
damental design procedure is based on one-degree-of-
freedom (lDOF) motion model. However, the con-
trolled object is essentially a multi-DOF mechanism be-
cause semiconductor exposure apparatus has multiple
anti-vibration units. Therefore, the controlled object is
treated as a multi-input-multi-output (MIMO) system
to design the control system strictly and to evaluate
the control performance. If the model is constructed
from the physical laws, the precise mechanical param-
eters of the motional mechanism are necessary. The
more DOF increases, the more complex the dynamical
model becomes. It is desirable that the model is con-
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strutted using some experimental method independent
of the precise information of the controlled object.

In order to evaluate the performance of the vibration
control systems, the performance has to be explicitly
presented by some method. Up to now, time response
or frequency response is utilized, considering some sin-
gle input and some single output of the MIMO system.
This method needs long measurement time for all input-
output combinations and is a hard task for production
field. It is desirable to identify the performance of the
MIMO system by other simpler methods.

Thus, the authors have derived the dynamical model
of semiconductor exposure apparatus using the system
identification theory [1], [2]. This paper describes the
system identification of multi-DOF mechanism includ-
ing anti-vibration units and its experimental data. Ex-
perimental reports concerning the system identification
of MIMO system have been rarely presented in the field
of vibration control, particularly experimental reports
about the system identification of the multi-DOF mech-
anism in semiconductor exposure apparatus.

In this experiment, it is proposed that subspace method
[3] is applied to the system identification of the multi-
DOF mechanism. The reasons we use the subspace
method are as follows. First, the subspace method is
applicable to a MIMO system. Next, it is applicable
whether or not the identification system includes closed-
loops. In other words, the subspace method can be ap-
plied to both the open-loop and closed-loop models, the
former is available for designing control systems and the
latter presents control performance.

2. Semiconductor exposure apparatus

I-line or Krypton Fluoride (KrF) excimer laser lithogra-.,
phy is used in mass Production of DRAMs or micropro-
cessor chip-layers. Semiconductor exposure apparatus
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has the lithography system to expose circuit patterns on
reticle to semiconductor wafer through projection lens.
Fig. 1 shows the overview of semiconductor exposure ap-
paratus. The wafer is mounted on the micro-moving
stage. The micro-moving stage compensates the tilt an-
gular of the wafer and is mounted on the XY stage. The
XY stage moves the wafer perpendicularly to the opti-
cal axis and enables continuous exposures to the wafer.
This exposure system is mounted on the base plate. Sev-
eral anti-vibration units support the base plate.

Fig.2 shows the front view of the structure of semi-
conductor exposure apparatus. Though only two anti-
vibration units are shown in Fig.2, the exposure appa-
ratus has actually two more units in its back. Four anti-
vibration units support the exposure apparatus, and the
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Fig.1 Overview of semiconductor exposure apparatus
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Fig.2 Structure of the exposure apparatus

units include actuators for absorbing or suppressing vi-
bration of the exposure apparatus.

3. Anti-vibration units in semiconductor
exposure apparatus

The anti-vibration unit in this experiment has air
springs for supporting the exposure apparatus. Air
springs easily generate enough force to support semicon-
ductor exposure apparatus whose mass is over several
thousand kilograms. Another advantage of air springs
is that the position of the exposure apparatus is con-
trollable by changing their internal air pressure.

Fig.3 shows the structure of the anti-vibration unit.
Only vertical elements are drawn in Fig.3. The inter-
nal air pressure of the air spring is controlled by the
air-valve which is an electric pressure transducer. The
anti-vibration unit has the linear motor which is an ac-
tuator driving the exposure apparatus and the unit has
the acceleration sensor detecting vibration of the expo-
sure apparatus. The basic strategy of the vibration con-
trol by the anti-vibration unit is to support the exposure
apparatus by the air spring as to isolate the apparatus
from external vibration, and then to damp the vibration
of the exposure apparatus by feeding back the vibration
sensor signal to the linear motor or the air spring. The
anti-vibration unit has also the horizontal sensor and
the actuators, which are not drawn in Fig.3.

A dynamical model of the anti-vibration units is consid-
ered on condition that acceleration signals are not fed
back. Dynamical characteristics of the anti-vibration
units mainly depend on those of the air springs. In other
words, the anti-vibration units can be regarded as stiff
and viscous elements. Suppose the exposure apparatus
supported by the anti-vibration units is a rigid body.
Then the dynamical model is as shown in Fig.4 using a
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Fig.3 Vertical elements of the anti-vibration unit
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rigid body with stiff and viscous elements. Since motion
of a rigid body has 6DOF, the identification system is
the motional mechanism with 6DOF, which is supported
by stiff and viscous elements in its four corners. These
elements are resolved into 3 components in the direction
of x,y, and z axes.

The equation of motion of the identification system is
as follows. The origin of the rectangular coordinate sys-
tem coincides with the center of gravity of the rigid body
when the identification system is in equilibrium. Distur-
bance force F acting on the rigid body is resolved into
6 components F., FY, Fz, M., MY, and Mz as

F=[Fz, Fy, Fz, Mr, My, Mz]T, (1)

where Fz, Fg, and Fz are the translation forces and
MC, My, and M= are the moments. Displacement of
the rigid body X is also resolved into translations z, Y,
and z and rotations Oz, eg, and L9Zas

x = [x, y,z, o=, eg, o=]T. (2)

Suppose the displacement X and the velocity x are
small, and the x, y, and z axes are the principal axes of
inertia. Then, the equation of motion is described by

M%+ Ck+KX=F. (3)
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Fig.4 Dynamical model of the identification system

Inertia matrix M is defined by

M = diag[m, m,m,lc,ly,l~]~ , (4)

where m is the mass of the rigid body and 1., Iy, and
12 are the moments of inertia. C is the 6 x 6 viscous
matrix, given by

c=

where

c11 00 0 c15 c16

o C22 O C24 O @j
o 0 C33 C34 c~~ o

0 c42 c43 c44 c45 c46

C51 O C53 c54 C55 c56

c61 c62 O C64 c65 C66

7 (5)

C24 = C42 = ‘~.%icyi I C26 = C62 = ~ Xicyi I

C34 = C43 = ~YiCzi , C35 = C53= ‘~XiCzi ,

C45 = C54 = — ~ Xi YiC~i , C46 = C64 = ‘~$izicya ,

C56 = C65 = ‘~YiziC?~i ,

4

and ~ ‘!f ~. K is the 6 x 6 stiffness matrix, given
i=l

by

K=

where

The input signals to the identification system are the
disturbance forces to the exposure apparatus. In this
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experiment, the linear motors, which are mounted in
the anti-vibration units, are used as actuators driving
the exposure apparatus. Let force commands to the
linear motors be 1’ defined in Eq.(1). Force commands
to the linear motors are not distinguished from the ac-
tual disturbance force acting on the exposure appara-
tus, because the linear motors generate driving forces
which almost equal their input commands. In the dis-
cussion below, 1’ means both the force commands and
the actual disturbance forces. The output signals are
the accelerations of the exposure apparatus caused by
the disturbance forces. Let the acceleration signals of
the exposure apparatus be accelerations Az, Ag, and A.
ancl angular accelerations Adz, AeY, and Ae.. They ex-

actly coincide with X in Eq.(3).

The transfer function matrix G from the input signals
to the output signals is defined by

[Az,Ay,Av, Aoz, Aey, AO.]T

= G[~z,Fy,Fz,Mz,M~,Mz]T. (7)

The matrix G is a 6 x 6 square matrix, having 36 el-
ements of Gij (i, ~ = 1,2, . . . . 6) because the order of
both input and output vector is 6. The purpose of this
identification experiment is to identify the transfer func-
tion matrix G. It is clear from the preceding discussion
that the minimum order of the transfer function ma-
trix G is 12, since the dynamical model is the resonant
system with 6DOF.

The force command F described in motional mode

T,y]z,ox,oy, and OZ is converted into the force com-
mand to each linear motor by the motional mode op-
erations. The accelerations are also calculated by the
operations of the detecting signals of the acceleration
sensors mounted in each anti-vibration unit. These mo-
tional mode operations are decided by the geometric as-
signment of both the anti-vibration units and the center
of gravity of the exposure apparatus.

4. System identification experiments

In this section, system identification experiments are
discussed. The input signals were six-uncorrelated
PRBS (pseudo random binary signal). Period of the
PRBS was 1023, clock frequency waa 25 Hz. The input
signals consisted of one period of the PRBS, thus exper-
imental time was about 40 seconds. Six-uncorrelated
input signals were simultaneously applied to the identi-
fication system so that all the motional mode should be
excited. The input signals to the identification system
and the output signals from the system were measured.
Sampling frequency in the measurement was set to 1000
Hz. It is 40 times as large as the clock frequency of the
PRBS.

Six-uncorrelated PRBS were generated by DSP (digi-
tal signal processor). These signals were converted into
analog signals by the D/A converters. The linear mo-
tors were driven according to the signals through the
motional mode operation circuit and the power ampli-
fiers. Acceleration signals were generated from the de-
tecting signals of the acceleration sensors through the
motional mode operation circuit.

Fig.5 shows the input and the output signals. In this
figure, (a) force commands and moment commands are
the six-uncorrelated PRBS, and (b) accelerations are
the output signals. Though time length of these signals
is about 40 seconds, Fig.5 only shows the initial period
of 3 seconds.

The sampling frequency for the measurement signal was
converted into 100Hz by decimation technique. N4SID
command in MATLAB System Identification Toolbox
[4] was used for carrying out the subspace identification
method. The order of the identification model was 18,
which was decided considering that the minimum order
of the identification system is 12 as described in the
previous section and that there may exist time lags in
the signal processing system.

The feedback gains were set so low as to ignore the effect
of the vibration feedback control. Thus the dynamical
characteristics of the controlled object can be identi-
fied. Identification results are evaluated in comparison
with frequency transfer functions by conventional fre-
quency response method, which was obtained using an
FFT analyzer. Measurement time to obtain the one-
input-one-output frequency transfer function was about
20 minutes in the frequency response method. It took
12 hours to measure all the 36 elements of the transfer
function matrix G defined in Eq.(7).

Fig.6 shows identification results in frequency domain.
In this figure, solid line and dashed line stand for iden-
tification results by the subspace method and the fre-
quency response method, respectively. It is clear that
the resonant frequencies in the identification model co-
incide well with those in the frequency response method
as shown in Fig.6. Since the resonant frequencies are
previously known to be in this frequency domain, the
model well identifies the resonant frequencies and the
resonant magnitude. The vibration control systems in-
cluding anti-vibration units are designed to compress
these resonant peaks. Thus identification accuracy in
this frequency domain is important.

On the contrary, there are a few differences between the
identification model and the experimental results using
the frequency response method in higher or lower fre-
quency ranges particularly in Fig.6 (a) G11 = AZ/FZ or
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(b) G44 = A@~/M~. The accuracy of the identification
model requires more precise evaluation in the future.

5. Conclusions

The findings of this paper are summarized as follows.

1.

2.

3.

The dynamical model of the multi-DOF mechanism
in semiconductor exposure apparatus is identified by
using the subspace method.
All the motional DOF of the mechanism are simulta-
neously excited and the multi-DOF dynamical model
is identified from the simultaneous exciting signals
and the acceleration signals.
The identification model coincides well with the ex-
perimental results in the frequency response method
especially in the resonant frequency domain.

The advantage of using the system identification theory
is that the measurement time can be reduced in compar-
ison with the frequency response method, and that the
MIMO model is derived for the purpose of designing
control systems and evaluating the performance. We
will improve the accuracy of the identification model
and utilize it in the advanced design of the vibration
control. The physical parameters presenting the dy-
namical characteristics of the mechanism can be esti-
mated from the identified model. It is also useful for

mechanical design.

The identification model was derived without feedback-
100PSin this experiment. We intend to identify the sys-
tem with closed-loops in the future. It can be a tech-
nique for evaluating the control performance. Though
the closed-loops have an effect on controlling the damp-
ing coefficients of the resonant system, it is hard to es-
timate the damping coefficients from the conventional
frequency responses. The damping coefficients can be
obtained directly from the identified model.
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