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a b s t r a c t

In order to improve optical lithography resolution, a method has been proposed to insert a high refraction
index liquid in the space between the lens and the wafer in place of the low refractive index air that cur-
rently fills the gap. During exposure period, the scanning process of wafer is repeated many times on a
typical wafer, and the immersion liquid motion is greatly influenced by it. As a nominally scanning time
of wafer is short (<0.1 s), the unsteady effect cannot be ignored, which play an important role in the
immersion liquid renovation and optical birefringence. Considering the unsteady effect induced by the
scanning process of wafer, models have been established to describe the limited flow field between
the lens and the wafer.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Immersion lithography has been accepted as a method for
improving optical lithography resolution to 45 nm and below.
The principle of immersion lithography is to increase the
refraction index in the space between the final lens element
and resist-coated wafer by insertion of a high refractive index li-
quid. Experiments have shown that Photo-Acid Generator (PAG)
leaching from resist [1] and film peeling at the edge of wafer
[2] can occur during immersion exposure. These phenomena will
lead to the inevitable contamination of liquid which causes some
problems, such as lens pollution [3] and watermark formation
[4].

The liquid renovation is perhaps the best method to eliminate
contaminations [5]. But it is greatly influenced by wafer motion
due to the wall shear effect when the scanning velocity of the wa-
fer is high. As a nominally scanning time of wafer is short (<0.1 s)
and the scanning process is repeated many times on a typical wa-
fer, the status of flow is changed quickly. The significant change of
liquid renovation mainly occurs in the region near the wafer due to
the wall shear effect, and it leads to the change of the whole flow
velocity, especially when the direction of wafer scanning is oppo-
site to the direction of flow driven by a liquid supply system. More-
over the shear stress of the increased viscosity of the liquid when
compared with air results acting on the lens may cause the optical
birefringence [6].
ll rights reserved.
2. Physics of velocity response for wafer scanning

Liquid renovation is determined by the distribution of flow
which is illustrated in Fig. 1, also can be written as [7]:

u t; yð Þ ¼ un t; yð Þ þ Pin � Poutð Þ
2qmL

yh� y2
� �

: ð1Þ

The velocity of the flow in the filled region u(t,y) in Eq. (1) in-
cludes two terms. The first term un(t,y) denotes the velocity driven
by wafer motion. The other term represents the velocity due to the
differential pressure driven by liquid supply system (Poiseuille
flow). The parameters in Eq. (1) are shown in Table 1.

Keeping the liquid supply system unchanged, from the Eq. (1), it
is easy to see that the effect of wafer motion is the key factor to
achieve effective renovation of liquid. Considering the process of
step-and-scan, the wafer velocity Un(t) varies as shown in Fig. 2.
Un(t) increases form zero to the scanning velocity Uscan with an ini-
tial acceleration a0. After being maintained for a certain time t1, the
velocity decreases at the opposite acceleration �a until achieving
the scanning velocity in the opposite direction �Uscan. This process
is repeated nominally 71 times on a typical wafer [8].

We consider every wafer scanning or stepping is independent of
each other. Assuming inertia-free, parallel flow and ignoring the
influence of gravity, the equation for the flow velocity driven by
wafer motion is

oun t; yð Þ
ot

¼ m
o2un t; yð Þ

oy2 ; y 2 ½0;h�: ð2Þ

The velocity of liquid on wafer is as same as the velocity of wa-
fer, and the liquid velocity at the lens surface is zero. So the bound-
ary conditions are
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Table 1
Input parameters for immersion lithography anticipated operating conditions.

Parameter Symbol Value

Inlet pressure Pin 100–1500 Pa
Outlet pressure Pout �1500 to �100 Pa
Density of liquid q 1–2 g/cm3

Viscosity of liquid m 10�7 to 10�3 m2/s
Width of lens L 30–70 mm
Lens-to-wafer height h 0.1–2 mm
Scanning distance d 25 mm
Scanning velocity Uscan 0.25–0.75 m/s
Stepping acceleration a0, a 8 m/s2

Fig. 2. Wafer velocity under oscillating conditions.

Fig. 1. Physical mechanisms that govern liquid renovation.
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unðt; 0Þ ¼ UnðtÞ;
unðt; hÞ ¼ 0:

�
ð3Þ

For the continuum of flow, the initial value of a wafer scanning
or stepping can be calculated from the previous phase, therefore:

un 0; yð Þ ¼
0 n ¼ 0;
un�1 tn�1; yð Þ n P 1;

�
ð4Þ

where

tn�1 ¼
Uscan=a0 n ¼ 1;
d=Uscan n is even and n > 1;
2Uscan=a n is odd and n > 1:

8><
>: ð5Þ

Assume the flow velocity driven by wafer motion includes two
terms, and it can be written as

un t; yð Þ ¼ UnðtÞ h� yð Þ
h

þwn t; yð Þ; ð6Þ

where the first term represents the well-known Couette flow, and
the second term wn(t,y) is the different value of velocity between
the actual flow and the Couette flow. Substituting Eq. (6) into Eq.
(2), we obtain:

own t; yð Þ
ot

¼ m
o2wn t; yð Þ

oy2 � oUnðtÞ
ot

h� yð Þ
h

: ð7Þ
The initial-boundary-value problem becomes:

wn t;0ð Þ ¼ 0;
wn t; hð Þ ¼ 0;

�
ð8Þ

and

wn 0; yð Þ ¼
0 n ¼ 0;
un�1 tn�1; yð Þ � Unð0Þ h�yð Þ

h n P 1:

(
ð9Þ

By the Eigenfunction Method [9], which is one of the classical
methods of Partial Differential Equations. It is easy to get the exact
solution of Eq. (7) with initial-boundary-value problem Eqs. (8), (9)
as follows:

wn t; yð Þ ¼
X1
k¼1

An t; yð Þ; ð10Þ

where

Anðt; yÞ ¼
2anh2

k3p3v
e
�k2p2vt

h2 � 1
� �

sin
kpy

h

� �

þ An�1 tn�1; yð Þe
�k2p2vt

h2 n P 0; ð11Þ

and A�1(t�1,y) = 0.
Evidently, the series (10) is convergent. The value of An(t,y) de-

creases quickly as the increase of k, and the limitation of An(t,y) is
zero when k tends to infinity. So we can get the solution with high
precision when the value of k is finite. In the following, we take
k = 500.

3. Changing of maximum velocity driven by wafer motion

Form Eqs. (6)–(11), it is obvious to see the unsteady effect that
the flow velocity un(t,y) changes as scanning time t. The unsteady
effect may lead to significant fluctuation of flow status, so it is
important to understand the changing of maximum velocity of
flow during wafer scanning.

Water has been used for 193-nm immersion, so we take it as
immersion liquid to study the changing process of flow velocity
considering the unsteady effect. We define the maximum velocity
of flow during one scan cycle as the maximum velocity. The non-
dimensional maximum velocity is given by

~un t; yð Þð Þmax ¼
un t; yð Þð Þmax

Uscan
: ð12Þ

Without loss of generality, we estimate the variation of non-
dimensional maximum velocity in center of flow (y = h/2) for 3
groups, respectively. It is shown in Fig. 3. The cycle time from �1
to 0 in Fig. 4 represents the process of initial acceleration of wafer
as shown in Fig. 2. During this time, the speed of wafer is increased
from zero to a given scanning speed. Then the wafer moves be-
tween scanning and stepping alternately. Closer examination of
Fig. 3 reveals that the maximum velocity is stable for a given height
of lens-to-wafer when the cycle time is lager than six. The instable
process is just a small part of the whole process of step-and-scan.
So it is appropriate to use the stable value to study the effect of wa-
fer motion.
4. Liquid renovation for wafer scanning

We define the region where the stable value of non-dimen-
sional maximum velocity is lager than 1/2 as the high-velocity re-
gion. It is easy to see that the significant change of flow status
mainly occurs in the high-velocity region near the wafer due to
the wall shear effect. Unfortunately the contaminations diffused
from the wafer surface are mainly concentrated in this region.



Fig. 5. Effect of the lens-to-wafer height and liquid viscosity on the non-dimen-
sionally stable maximum mean velocity driven by wafer motion.

Fig. 3. Non-dimensionally maximum velocity in the center of lens-to-wafer for
different scanning cycles.
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The flow velocity decreases gradually as the distance to wafer in-
creases due to the wall shear effect, so we can get the critical posi-
tion where the stable velocity is half of the wafer scanning velocity
Uscan. The height of high-velocity region is the distance from the
critical position to wafer. So the height of high-velocity region
influences the extent of contamination, and it is necessary to get
the height of this region to control the contaminations by optimiz-
ing the parameters of liquid supply system.

Fig. 4 shows the stable value of non-dimensional maximum for
water as immersion liquid. It is easily seen that the height of
high-velocity region is maintained at a certain value, and it is less
affected by the lens-to-wafer height and the wafer scanning speed.
Therefore, increasing the flow rate of external high-velocity region
and the height of lens-to-wafer are two effective ways to inhibit the
transport of contaminations to the under-lens region. It is worth
noting that the height of high-velocity region is nearly 0.25 mm
as the liquid is water and the lens-to-wafer height is larger than
0.5 mm. This means that the parameters of liquid supply system
should be adjusted little for the different lens-to-wafer height.

When the direction of wafer scanning is opposite to the direc-
tion of flow driven by a liquid supply system, the minimum mean
velocity of liquid supply system should be larger than the maxi-
mum mean velocity driven by wafer motion for effective liquid
renovation. The non-dimensional maximum mean velocity is

~�unðtÞ
� �

max ¼

R h
0 un t; yð Þdy

� �
max

h

,
Uscan: ð13Þ

The stable value of maximum mean velocity under different
working conditions is shown in Fig. 5. For a given height and vis-
cosity, there exists a constant ratio between the maximum mean
Fig. 4. Distance to wafer versus the non-dimensionally stable maximum velocity as
the immersion liquid is water.
velocity and wafer scanning speed. For the nominal case of 193-
nm operating conditions, this constant value is nearly 0.3. For the
effective liquid renovation, the minimum mean velocity driven
by liquid supply system should be larger than 0.3 times of wafer
scanning speed, unnecessarily greater than 0.5 times based on
the assumption of the Couette flow.
5. Birefringence induced by shear stress

The flow of viscous immersion liquid leads to shear stress acted
on the lens elements. It will induce birefringence, which can be
estimated by [6]:

Bf ¼ 2RCsmax; ð14Þ

where R is lens thickness, C is the birefringence constant and smax is
the maximum shear stress. Assume the liquid is a Newtonian fluid,
so smax can be written as

smax ¼ l dun t; yð Þ
dy

				
y¼h

					
					

max

; ð15Þ

where the dynamic viscosity l is equal to kinematic viscosity m
multiplied by density q. Assume lens thickness R is 50 mm, a bire-
fringence constant C is 5 (nm/cm)/(kg/cm2) and the wafer scanning
speed is 0.75 m/s. For different height of lens-to-wafer and viscosity
of liquid, the values of maximum birefringence during wafer scan-
ning are shown in Fig. 6.

It is obvious that the birefringence can be neglected in most
cases except for the case of high viscosity and low height of lens-
to-wafer. For 157-nm immersion, perfluoropolyethers (PFPEs) are
Fig. 6. The maximum birefringence as wafer moves at 0.75 m/s.



Fig. 7. Non-dimensionally velocity in the center of lens-to-wafer as wafer moves at
0.75 m/s.
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assumed to be the immersion liquid. When the dynamic viscosity
is 0.5 Pa s and the lens-to-wafer height is 0.1 mm, the value of bire-
fringence is larger than 18 nm as the wafer scanning velocity is
0.75 m/s. A new immersion liquid with low viscosity is helpful to
reduce the birefringence of 157-nm immersion lithography.

6. Simulation results and discussion

Two-dimensional (2-D) computational fluid dynamics (CFD)
models of the flow velocity between the lens and wafer are devel-
oped by using the software Fluent. The periodic boundary condi-
tions [10] in inlet and outlet are introduced to eliminate the
Poiseuille flow driven by the differential pressure. The simulation
ignores the influence of gravity, and it is conducted by laminar
model with the parameters listed in Table 1.

The velocity in center position (y = h/2) is obtained from calcu-
lation by Eqs. (6)–(10) and simulation. As shown in Fig. 7, the case
corresponding to the anticipated 193-nm operating conditions
(m = 10�6 m2/s, h = 1 mm) is investigated as wafer moves at differ-
ent velocities. It is clearly shown that the simulated results accord
with the calculated results from the models considering the un-
steady effect.

7. Conclusion

In this work, the analytical models considering the unsteady ef-
fect are applied to analyze the impact of wafer scanning on liquid
renovation and the birefringence, and it is verified by simulation
using CFD models. The results show that the flow is greatly im-
pacted by viscosity of liquid m and the height of flow h. When the
immersion liquid has low viscosity, there are significant differ-
ences between the flow considering unsteady effect and the Cou-
ette flow. At the anticipated 193-nm conditions, as long as the
lens-to-wafer height is larger than 0.5 mm, the height of high-
velocity region is nearly 0.25 mm. In addition, the minimum mean
velocity driven by liquid supply system is just 0.6 times of the min-
imum mean velocity calculated by the Couette flow. So the param-
eters of liquid supply system can be simplified in a great extent.
Moreover, the birefringence generated by wafer motion can be ne-
glected except the flow with ultra-high viscosity and low height of
lens-to-wafer.
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