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1 Introduction

Abstract. We have developed a number of second-generation high-
index candidate immersion fluids that exceed the 1.6 refractive index
requirement for immersion lithography at 193 nm to replace the water
used in first-generation immersion systems. To understand the behavior
and performance of different fluid classes, we use spectral index mea-
surements, based on the prism minimum deviation method, to charac-
terize the index dispersion. In addition to fluid absorbance and index
requirements, the temperature coefficient of the refractive index is a key
parameter. We have used a laser-based Hilger—-Chance refractometer
system to determine the thermo-optic coefficient (dn/dT) by measuring
the index change versus temperature at two different laser wavelengths,
632.8 and 193.4 nm. Also, we determined the batch-to-batch (within a
6-month period), before and after irradiation (at 193.4 nm), before and
after air exposure, and before and after resist exposure (image printing
test) variations of index and An/AN. The optical properties of these
second-generation immersion fluids mostly compare favorably to water;
the ratio of index of refraction at 193.4 nm is 1.644/1.437, the dispersion
from d-line (Anqgs.q) is 0.160 versus 0.103 and dn/dT at 193.4 is

-550x 107%/K vs. —-93 X 107%/K, respectively. © 2009 Society of Photo-Optical
Instrumentation Engineers. [DOI: 10.1117/1.3124189]

Subject terms: lithography; index; temperature coefficient of the refractive index.
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2 Experimental

The optical properties of high-index immersion fluids,"
including optical absorbance, refractive index, thermo-optic
coefficient, and variation of index, are critical to their use in
immersion lithography. Transparency is a key requirement
for immersion fluids for four major reasons: (i) to maxi-
mize the incident light on the photoresist, (if) to minimize
photoinduced fluid degradation, (iii) to minimize the photo-
induced fluid temperature increase, and (iv) to prevent
transmission apodization, a variation of transmission (flux)
with different illumination angles. Saturated hydrocarbon
alkanes can have high transparency, and cyclic alkanes
have higher indices than linear alkanes of the same carbon
number.”

Here, we report measured values of the refractive index,
thermo-optic coefficient, and variation of the index of
second-generation immersion fluids with oxygen exposure,
irradiation,‘*’5 resist exposure,ﬁ’7 and isomeric change, as
well as An/AN values for the second-generation
immersion-fluid candidates. The spectral index measure-
ments were performed with the prism minimum-deviation
method,® while the measurements of thermo-optic coeffi-
cient (dn/dT) and variation of index were performed with a
laser-based Hilger—Chance refractometer system.
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2.1 Spectral Index of Refraction Measurement

The minimum-deviation technique is commonly used to
measure refractive indices of optical materials with low
uncertainty.gﬁ11 In our setup, a hollow stainless steel prism
with ports to allow fluids to be exchanged is used to contain
the liquid under test. The fluid cavity is defined by two
holes drilled horizontally through the face of the prism with
a nominal apex angle of 60 deg and face dimensions of
about 2.5 cm as indicated in Fig. 1. Measurements are
made through transparent windows (12.7 X 2 mm) of CaF,.
If the windows have parallel surfaces, the effects of the

PrismMinimum Deviation Angle Experiment

Measure deflection De"‘ateq
angle through Beam
liquicHfilled prism

Fig. 1 Fluid is placed in a hollow prism and the deviation angle of
the refracted beam is measured at different wavelengths. The mea-
sured deviation angle gives a measurement of the fluid refractive
index.
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opposite window surfaces on the refraction of each window
are completely cancelled out in the symmetric cell, so the
measured deviation angle is due only to the fluid in the cell.
Light passing through the prism is refracted, and the angle
of refraction can be used as a measure of the fluid refractive
index, as shown in Fig. 1.

Performing the minimum-deviation experiment requires
continuous variable-angle capability with high resolution.
Because highly accurate goniometer systems are employed
on research spectroscopic ellipsometers, it is possible to
adapt the prism minimum-deviation technique to variable-
angle ellipsometer systems. Measurements are possible at
any wavelength where the fluid and the cell windows are
semitransparent. It is possible to set the wavelength at dis-
crete values or perform continuous wavelength scans over a
wide spectral range. In the enclosed prism cell fluid, flow is
not a problem, and the cell is capped to avoid evaporation
or contamination.

Measurements reported here were performed using a
J. A. Woollam DUV-VASE spectroscopic ellipsometer
system12 at Dupont capable of continuous-angle operation
from 10 to 90 deg and over the spectral range of
170—1000 nm. The light source can be set to discrete
wavelengths or continuously varied over this spectral range
in order to target particular wavelengths of interest or de-
termine a continuous index dispersion curve. The room
temperature was between 20 and 23 °C for all measure-
ments, monitored using a temperature sensor. The measure-
ments were corrected to 21.5 °C using the thermo-optic
coefficients of water, from Burnett and Kaplan
[dn/dT(193 nm)=—-0.0001 °C~'],"* and the thermo-optic
coefficients for the high-index fluids, determined in this
work. If the temperature during measurements of water was
23 °C, for example, the refractive index can be corrected to
room temperature 21.5 °C by adding 0.00015 to the origi-
nal index measurement to account for the 1.5 °C offset.

For these measurements, the liquid-filled prism cell was
mounted on the sample stage, as shown in Fig. 2. The el-
lipsometer then determined the minimum-deviation angle
for light transmitted through the prism at each wavelength.
The spectral range is from 2.01 eV (616.8 nm) to 6.41 eV
(193.4 nm) in steps of 0.4 eV. A light beam of wavelength
N passes through a prism with a known apex angle «. By
orienting the prism so that the light travels symmetrically
through the prism, the deviation angle Jis at a minimum. If
Ngys 18 the index of the surrounding ambient, then the fluid
refractive index, ng,q(N), is given by;

_ [a+ m)]
sim| ————————

nﬂuid()\) = —angas()\) (1)
sin( )

2

The minimum-deviation prism index measurement un-
certainty is typically =300 X 107, even though the method
can in principle be accurate to (1—10) X 107°.

The mention of certain trade names in this document is for informational
purposes only and not meant to imply an endorsement by NIST or that the
materials or equipment specified are necessarily the best suited to the

purpose.
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Fig. 2 Liquid cell for minimum-deviation measurements on the
DUV-VASE sample stage.

When designing high-index immersion fluids, it is useful
to consider the different contributing factors to the index of
refraction at the lithographic wavelength. It is also useful to
consider the d-line index and the spectral dispersion of the
index independently, because these two terms can vary
relatively independently with fluid physical properties.S’8

2.2 Thermo-optic Coefficient and Index-Variation
Measurements

Measurements of the thermo-optic coefficient and sample-
to-sample index variation were performed using a laser-
based Hilger—Chance refractometer at the National Institute
of Standards and Technology (NIST), shown in Fig. 3,
which has been described previously.'4 The heart of the
device is a 90 deg. inverted-prism cell with a volume of
0.4 cm® made from modified fused silica glass, which is
temperature-controlled to within =0.02 °C. The refractive
index of the fluid is derived from the measured angular
beam deviation through the filled cell, using known values
of the refractive indices of air and the glass prism material,
and the precise angles of the prism faces. In these measure-
ments, the source of radiation was either a 632.8 nm HeNe
gas laser or a 193.4 nm ArF excimer laser.

The thermo-optic coefficient, dn/d7, was measured by
filling the cell, allowing it to thermally stabilize at 21.5 °C
for approximately 20 min, varying the sample temperature
by 0.5 to 1.0 °C, and recording the change in angular de-
viation through the cell. Sample-to-sample variation in n
was measured at 20 °C by alternately filling the cell with a

Fig. 3 Optical layout of the laser-based Hilger—Chance refractome-
ter. L, laser source; A, aperture, M, folding mirrors; RS, rotation
stage; C, fluid cell; SM, spherical mirror; BC, bicell position sensor;
S, variable slit; D, photodiode detector.
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Fig. 4 Spectra of the index of refraction of immersion fluids com-
pared to deionized water. Each sample is designated by its fluid

type.

“reference” fluid and several other fluids under study, again
allowing 10—20 min for thermal equilibrium, and recording
the change in angular deviation through the cell.

The uncertainty in the measured value 15 of n is domi-
nated by the alignment of the inverted prism cell to the
input beam. The expanded uncertainties (k=2) in n are es-
timated to be (300—600) X 107°. The uncertainties in dn/dT
are in the range of (10—70) X 107%/K, while the uncertain-
ties in recorded sample-to-sample variation are approxi-
mately (12 to 50) X 107°. The dominant sources of uncer-
tainty are drifts in mechanical alignment and temperature.

3 Results and Discussion
3.1 Spectral Index of Refraction

Four different candidate high-index immersion fluids were
studied, designated by their development names as IF131,
IF132, 1F138, and IF169. They consist of cyclic alkane
molecules with different compositions. The spectral index
of refraction for each fluid and water is shown in Fig. 4.
Each fluid has been measured at the wavelengths at which
it is transparent.

Table 1 shows the index of refraction of water at
193.4 nm (n;93) with the d-line index (ny) and the disper-
sion (Anjg3.q), where An is defined as Anjg3 q=nj93—ng.

Table 1 Index of refraction measured at Dupont.

nat 193.4 nm n at 589.3 nm An
Water 1.437 1.333 0.104
IF131 1.641 1.476 0.165
IF132 1.644 1.481 0.163
IF138 1.615 1.463 0.152
IF169 1.656 1.491 0.165

Accuracy =2 x 1072, no explicit temperature control
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Table 2 Index and dn/dT results for immersion fluids measured at
NIST.

632.8 nm 1938.4 nm
n at dn/dT n at dn/dT
Fluid 632.8 nm (107/K) 193.4 nm (107/K)

IF131 1.4689+0.0002 -420+20 1.6388+0.0003 -570+30

IF132 1.4778+0.0002 -420+20 1.6439+0.0003 -550+30

IF138 1.4572+0.0003 -590+30 1.6104+0.0006 -690+70

IF169 1.4869+0.0002 -450+20 1.6550+0.0003 -560+30

Distilled 1.3320+0.0002 -90+10
water

1.4366+0.0002 -93+10

From this, we see that the 193.4 nm index of water (1.437)
consists of a d-line index of 1.333 and a An g3 4 of 0.104.
These two contributions to the 11th0graph1c index are useful
material parameters when comparing different fluids.®

Table 2 shows the values of refractive index with ~10
X 1076 uncertainty for four of our immersion fluids, with
water listed as well for reference. A trend in the data can be
noted in that all the immersion fluids have higher indices of
refraction than water. IF169 has a d-line index of 1.491,
and water has an index of 1.333. The dispersion Anjg;.4 Of
IF169 is 0.165, which is much larger than the dispersion of
0.104 for water, and from this, the index of refraction of
IF169 is 1.656 at 193.4 nm, a substantial improvement on
water’s index of 1.437. Compared to other tested fluids,
IF132 has the second highest index at 193.4 nm, 1.644,
with a dlspersmn Anjgzq of 0.163 and the lowest base 10
absorbance” of 0.03/cm. IF132 is useful in the context of
high-index immersion lithography due to these properties
along with its high 193 nm radiation durablhty

3.2 The Thermo-Optic Coefficient, dn/dT

In addition to fluid absorbance and index requirements, the
temperature coefficient of the refractive index is a key pa-
rameter. We used the laser-based Hilger—Chance refracto-
meter to determine the thermo-optic coefficient (dn/dT) by
measuring the index change versus temperature at two dif-
ferent laser wavelengths, 632.8 and 193.4 nm, as shown in
Table 2. A statistical uncertainty analysis was used to de-
termine the dn/d7T measurement variance. The refractive
index and the thermo-optic coefficient of distilled water
were also measured to check the instrument calibration and
repeatability; the results agreed with published data” to
within the uncertainties of the present measurements.

The values of thermo-optic coefficients of these immer-
sion fluids, on the order of =550 X 107%/K, are ~35 times
larger in magnitude than that of water, which may have
implications for their use in high-resolution stepper systems
where the temperature would have to be controlled with
millikelvin stability.

3.3 Variational Studies of the Index of Refraction

Stability of the optical properties such as the index of re-
fraction of immersion fluids is another important factor for
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Table 3 Batch-to-batch index-variation.

Table 5 Index variation due to air exposure.

Sample ID
(reference An from reference sample  Uncertainty in An
sample in bold) (107%) 20°C at 193.4 nm (20) (1079)

IF132-A 0 12
IF132-B -5 12
IF132-C 4 12
IF132-D -14 19
IF132-E —11 25
IF132-F 2 12
IF169-A 0 12
IF169-B -15 24
IF169-C -3 20

advanced lithographic applications. A total of 24 samples of
immersion fluid were studied to determine the variation of
index in specimens that were collected over a period of
6 months. Table 3 shows results of the index and An at
20 °C and 193.4 nm, with the best estimates for the uncer-
tainties, based on analyzing the stability of the measure-
ment system for IF132 and IF169.

For each batch of fluids that we studied, we defined a
“reference” sample (indicated in bold in Table 3) that we
measured three times in the IF132 case or twice in the
IF169 case. We recast the data as An, the difference of each
sample’s index from the average value that we measured
for the reference sample for that series. The units of this
index variability or uncertainty are 107,

IF132 has an uncertainty of 25X 107 in batch-to-batch
index variation. For the IF132 series, all the samples are the
same within the 2o error bars. However, there does seem to
be a reproducible and reversible decrease in index on ex-
posure to air for several hours, slightly larger than the un-
certainty in the repeated measurements.

IF169 has an uncertainty of 24 X 107 in batch-to-batch
index variation. For the IF169 series, we saw no significant
differences among samples.

Table 4 shows the difference in index for samples of

An from reference sample Uncertainty in An

Sample ID (1078) 20°C at 193.4 nm (20) (1079)
IF132-A% 0 12
IF132-B° -11 25
IF132-C° -45 18
IF132-D¢ -2 12

@A: Original sample.

PB: Unexposed.

°C: Exposed to air.

9D: Stored in N, box overnight.

IF132 before and after radiation. The radiation-exposed
sample has an uncertainty of 16X 107 in variation of in-
dex.

The variations of index for a sample before and after air
exposure are shown in Table 5. For all of the air-exposed
samples, there was also a quite-noticeable decrease (An
=—45X107%) that went away as well when the fluid was
stored in nitrogen box overnight (An=2X 107%). The aver-
age change in index on exposure to air appears to be about
(=28 +22) X 107® (20). The optical absorbance IF132 in-
creases from 0.03/cm in the absence of air (in a dry nitro-
gen environment) to 0.9/cm when exposed to air, and this
change in the optical absorbance can lead to a Kramers—
Kronig coupled change in the index of refraction.'®

Table 6 shows the before and after resist exposure varia-
tions in index. For the resist-exposed sample, the index
variation is slightly larger (An=-12X107°) compared to
the before-resist-exposed sample (An=2 X 107).

Some cyclic alkanes can have multiple isomers, for ex-
ample, the cis and trans isomers of decalin, and differences
in the index of refraction of the different isomers can be a
large source of variability in the index of refraction. Deca-
lin can be either isomerically pure or a mixture of isomers,
such as 77% cis and 23% trans-isomers. The trans-isomer is
more stable because of less steric interactions. However,
the trans-isomer of decalin has a lower value of index re-

Table 6 Index variation due to resist exposure.

An from reference sample Uncertainty in An

Sample ID (107%) 20°C at 193.4 nm (20) (107)
I . o IF132-A® 0 12
Table 4 Index variation due to excimer laser irradiation.
IF132-BP 2 12
An from reference sample Uncertainty in An c
Sample ID (10-) 20°C at 193.4 nm (20) (10°9) L -12 12
IF132-A% 0 12 IF132-D¢ -9 12
2A: Before radiation.
IF132-B° 16 16 b ,
B: Before resist exposure.
4A: Before irradiation. °C: After resist exposure.
PB: After irradiation. 9D: After resist exposure, then sparged with N,.
J. Micro/Nanolith. MEMS MOEMS 023005-4 Apr—Jun 2009/Vol. 8(2)
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Table 7 Index variation of isomer series.

An from reference

sample
(107%) 20°C Uncertainty in An
Sample series at 193.4 nm (20) (107)
Decalin mixture 0 34
Cis-decalin 7420 47
Trans-decalin -4959 47

fraction compared the cis-isomer. Table 7 shows the decalin
isomer series results. The large differences in the index of
refraction of ~0.01 are clearly due to the different molecu-
lar configurations of the two components of the mixture.

3.4 An/A\ values

Table 8 shows the values of An/AN for the two immersion
fluids, with water listed as well for reference. IF132 has a
An/AN value of —2550X 107%/nm and IF169 has a An/AX
value of =2720 X 10™/nm at 193.4 nm, respectively, while
water has a An/AN value of —2100X 107/nm. The values
of An/AN for immersion fluids are slightly higher than wa-
ter due to the larger dispersion An,g;_4 of second-generation
immersion fluids in the short wavelengths and the longer-
wavelength Urbach edge positions.'® The values of An/AX
for IF132 and IF169 are not obtained from direct measure-
ments of n at different wavelengths. They are obtained us-
ing a Cauchy17 model to fit the measured index change
versus wavelength curves in the same range as the spectra
index was measured (2.01 to 6.41 by 0.4 eV) but by a

smaller increment of 0.04 eV as shown in Fig. 5.

4 Conclusions

The four high-index fluids discussed here show promise as
immersion media for second-generation high-numerical-
aperture immersion photolithography at 193.4 nm. IF132 in
particular has a combination of high index and low absor-
bance which makes it appealing for this application. The
larger thermo-optic coefficients of these fluids compared to
water mean that thermal stabilization requirements of the
steppers may be more stringent than what was needed in
first-generation systems. However, their refractive indices
are mostly insensitive to environmental exposure and rou-
tine handling to within the uncertainty of our measure-
ments; the only measurable changes were due to oxygen
exposure and appear to be reversible. The optical properties

Table 8 An/AN of immersion fluids and water.

IF132 IF169 Water

Wavelelength An/AX An/AN (107%/nm) An/AX
(nm) (107%/nm) (107%/nm)

193.4 -2550 -2720 -2100

J. Micro/Nanolith. MEMS MOEMS
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n Values of IF 132 and IF169

A Measured n (IF169)
Fitted n (IF169)

1.62 4 o Measured n (IF132)
Fitted n (IF132)

Index of refraction "n"

1.46 . . . . . . . .
190 240 290 340 390 440 490 540 590
Wavelength (nm)

Fig. 5 Comparison of the measured and fitted spectra for the re-
fractive indices of fluids IF132 and IF169.

of these fluids will have to be considered along with me-
chanical requirements and the availability of appropriate
lens materials to assess the viability of second-generation
immersion lithography.
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