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ABSTRACT

In order to find new immersion liquids to improve the resolution of 193 nm
immersion photolithography, we have attempted to discover agueous system possessing
an index of refraction greater than that of water using aqueous surfactant systems. The
index of refraction (RI) of both cationic and anionic surfactant systems were examined in
the presence of wide range of inorganic salts, and parameters such as size of surfactants,
concentrations, and temperature were varied. The refractive index (RI) was found to be
increased in the presence of both anionic and cationic surfactants compared to those of
water and also increased as a function of surfactant concentration. However the
refractive index tends to increase much more strongly as a function of salt concentration.
In our study, a maximum RI enhancement was observed from 6.5 M CdCl, in 8.2 mM
aqueous SDS solution. The effect of micellar properties such as the critical micelle
concentration (cmc) and degree of ionization were systematically studied for agueous
SDS system in the presence of CdCl,. The correlation on index of refraction between
empirical data and theoretical prediction were performed using the concept of molar
refraction. Wavelength dependence of RI from theoretical prediction based on empirical
eguation was examined for various concentration of CdCl, system and the results are
reported in the paper.

Subject terms: index of refraction, immersion photolithography, ionic surfactants, 193
nm, SDS, CTAC, CdCl,

1. Introduction

Recently, optical lithography has been incrementally marching toward dimensions
less than 45 nm. The wavelength has been reduced to 193-nm and 157-nm lithography
using F; laser was studied tentatively for the next generation of lithography. We have
been studying the mechanism of the photodegradation that |eads to darkening of polymer
pellicles during exposure to 157 nm radiations in order to design new soft pellicle
systems that possess acceptable characteristics for 157 nm photolithography.*
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The use of immersion fluids in optics has been known for more than 150 years,
and immersion technique for use in lithography for industry appeared more recently.?
Immersion lithography uses fluid that is index matched to the photoresist that fills the
area between the lens and the wafer. Asthe challenges of shorter wavelength (157 nm)
become increasingly difficult, usage of immersion based lithography systems becomes
more hi gshlighted. The resolution in optical lithography is governed by the following
formula

NA =nsn g

where NA isthe numerical aperture of optical system, nisthe refractive index of the
medium, and gis the maximum incident angle,

Depth of focus (DOF) is approximately given by
DOF=k,nA / (NA?) =k A / nsin® @
where k; is the resolution coefficient, A isthe wavelength in air.

Therefore, the depth of focus (DOF), which controls the resolution limit of the
optical exposure system, can be improved not only by decreasing the wavelength A but
also by increasing the refractive index of the medium. Therefore, in order to increase the
depth of focus (DOF) at current 193 nm photolithography systems, there is a need to
develop new immersion fluids that have a higher refractive index than water with
acceptable transparency at 193 nm since water is known as the best fluid for 193 nm
immersion systems so far.*

The goals of the research reported here are the discovery of agueous systems
possessing an index of refraction substantially greater than that of water at 193 nm and
acceptable transparency at 193 nm and compatibility with pertinent photoresist systems
employed at 193 nm.* Our initial investigation was performed with agueous surfactant
system because there are some potential benefits we could achieve by using surfactant
systems. These are: (1) Surfactants can be used in agueous system which has the highest
index of refraction and optical property so far, (2) Resistsfor 193 nm are known to be
compatible with the surfactant systems to be investigated, (3) Surfactant micelles can
scavenge materials leached from the resist and keep them dispersed and prevent redeposit
of materials and formation of defects on the resist, (4) The proposed systems have
established photostability and good environmental characteristics, (5) The proposed
systems will allow awide variation of structural modifications employing inexpensive,
commercialy available materials.

One of the fundamental characteristics of a surfactant isits ability to form
micelles. The concentration above which aggregation occursisthe critical micelle
concentration (cmc). Both anionic and cationic surfactants form micelles in aqueous
solution above cmc. Anionic micelles possess a surface which is charge compensated by
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cations. For example in the sodium dodecy! sulfate (SDS), which is the one of
benchmark micelles for anionic surfactants, the sodium ion will be replaced by cations
that will be expected to increase the index of refraction significantly. Cationic micelles
possess a surface that is charge compensated by anions. In the case of
cetyltrimethylammonium chloride (CTAC), the negatively charged chlorine ion may be
exchanged for avariety of anions that will be expected to increase the index of refraction
significantly. The structure of the charge compensating cations and anions can be varied
over awide range.

Herein we report that the effect of ionic surfactants on the refractive index. A
wide range of surfactant structures was considered. Anioic surfactants such as sodium
dodecyl sulfate (SDS, 1), sodium decyl sulfate (2), and sodium tetradecyl sulfate (3) and
cationic surfactants such as cetyl trimethyl ammonium chloride (CTAC, 4), and
cetyltrimethylammonium bromide (CTAB, 5) (shown in Scheme 1) were finally selected
based on the ease of their availability and previous knowledge of their micellar properties
in theliterature. Index of refraction of aqueous alkyl sulfate surfactant solutions was
found to increase at higher surfactant concentration, lower temperature, and lower
number of carbon atomsin the alkyl chain. Especially, index of refraction of these
aqueous akyl sulfate surfactants solutions is increased by a significant degree by adding
inorganic salts such as CdCl,,

1(SDS) §J o Na*t
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Scheme 1. Structur e of anionic and cationic surfactant.

2. Experimental

2.1 Chemicals. Sodium dodecyl sulfate (SDS), cetyltrimethylammonium chloride
(CTAC) was purchased from Fluka. Sodium decyl sulfate was purchased from Kodak.
Calcium chloride was obtained from Fisher. Holmium (I11) chloride hexahydrate
(HoCl3.6H,0), Lithium chloride (LiCl), Neodymium chloride hexahydrate (NdCl.
6H,0), Rubidium chloride (RbCl), and Samarium chloride were purchased from Alfa
Chemicals. Mercury (11) chloride (HgCl,), Rubidium nitrate (RbNO3), and Silicon (1V)
chloride (SiCl,) were obtained from Acros. All other reagents including inorganic salts
were obtained from Aldrich and used as received, unless noted otherwise.
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2.2 Spectroscopic Char acterization. Spectroscopic characterization was performed
with the neat samples. UV-Vis spectrawere recorded using a Shimadzu UV-2401PC
UV-Vis spectrophotometer. For the exploratory studies the index of refraction was
measured with Abbe refractometer using white light, corrected to the NaD (589 nm) and
theindex of refraction at 193 nm was determined at Rochester Institute of Technology
(RIT) with amodified Variable Angle Spectroscopic Ellipsometer (VASE, by J. A.
Woollam Inc. U.S.A.).> The ellipsometer has precise (0.044mRad) goniometer and a
prism fluid cell with nominal apex angle of 45° was mounted onto the sample stage.
Fluorescence spectra were recorded on a SPEX FluoroMax 2 spectrofluorometer using
pyrene as the fluorescence probe to determine the cmc of surfactant in the presence or
absence of inorganic salt.

3. Results and Discussion

3.1 Effect of the anionic surfactant SDS on therefractive index

To investigate if surfactant molecules can increase the refractive index of an aqueous
solution, the refractive indexes of agueous SDS solutions at various concentrations (0
mM to 800 mM SDS) were determined using an Abbe refractometer. Figure 1 shows a
linear increase of the refractive index with increasing SDS concentration. AtaSDS
concentration of 800 mM the refractive index increased to 1.359 (from 1.332 in pure
water).

water
LSSOJTﬂ
A SR R SEARISEANENARSEREARA SRR

T
0 100 200 300 400 500 600 700 800
[SDS], MM —»

Figure 1. Therefractive index of various concentrations of aqueous SDS solution

3.2 The Effect of Additives on the Refractive Index of Aqueous Surfactant

Solutions.

The addition of additives to micellar solutions often causes a change in micelle size,
shape, and critical micelle concentration (minimum concentration of surfactants to form
micelles) ® E.g., addition of inorganic salts (electrolytes) generally increases the size of
the micelle, increases the aggregation number (number of surfactant moleculesin one
micelle) and decreases the critical micelle concentration.” In order to investigate the
effect of added inorganic salts to agueous SDS solutions on the refractive index, more
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than 30 inorganic salts were studied. For this study a SDS concentration of 8.2 mM was
selected, because it corresponds to the critical micelle concentration of SDSin pure
water.® 8 nitially, the refractive indexes after addition of more than 30 different inorganic
salts at concentrations of 0.1 M were determined in the presence and absence of SDS (8.2
mM). The results of selected salts, which showed the highest refractive indices, are
shown in Figure 2. Other salts, which were investigated were: NbCls, CeCls, Ba(SCN).,
NdCl3, KI, Gd(NO3)3, RbNO3, SiCl4, ThCl3, CANO3, HoCl3, LuCl3, TaCls, PbCl,, GdCls,
TIF, Tl, EuCls, SmCl3. However, these salts showed only little refractive index
enhancement or had poor solubility. SDS solutions containing RuCl; at 0.1M showed the
highest refractive index (1.3365). No simple correlation, such as the ionic radii of the
different cations, seams to govern the enhancement of the refractive index by salts. In all
investigated systems, the refractive indexes are higher in the presence of 8.2 mM SDS
than without SDS (Figure 2).

1.337

1.336 - mWater

mSDS 8.2 mM

1.335 A

RI

1.334

1.333 A

1.332 -

Salt

Figure 2. The RI of water (blue) and 8.2 mM SDS aqueous solution (red) in the absence
and presence of 0.1 M salts at 589 nm at 25 °C.

The refractive index of agueous SDS solution increased by a significant degree by
adding more salts until it reaches their solubility limit. SDS solutions (8.2 mM) were
saturated with the different inorganic salts and the refractive indexes were determined.
Figure 3 shows the systems with the highest refractive indexes at their saturation
concentration in water. Therefractive indices of 6.5 M CdCl, show the highest values
among the investigated salts both in water and in 8.2 mM agueous solution and were
found to be 1.4400 and 1.4427 respectively at 589 nm. Therefore, CdCl, was selected for
further studied as a potentia candidate for immersion lithography.
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Figure 3. Therefractive index of selected salts at their saturation concentration in water
at 589 nm at 25 °C

3.3 Effect of CdCl, on the Micellar Properties.

The influence of the surfactant concentration on the Rl in aqueous solutions in the
absence and presence of 0.1 M of CdCl; isshown in Figure 4. Both functions, in the
absence and presence of CdCl,, showed alinear increase of the RI with increasing SDS
concentration. Furthermore, the RI in the presence of CdCl;, is higher than in the absence
of CdCl,. Because both functions, in the absence and presence of CdCl,, are paralld, it
suggests that a ssimple additive effect of the RI enhancement by SDS and by CdCl is
dominating (Figure 4).

1.365

1.360 -
1.355 \ ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
1350 - <

1.345 e SDSonly
1340 .-

i
1.335
1.330

RI (n)

0 100 200 300 400 500 600 700 800

[SDS], mM
Figure4. Theindex of refraction as afunction of concentration of SDS in the absence
and presence of 0.1 M CdCl, at 589 nm at 25 °C.
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Figure5. Therefractive index as afunction of CdCl, concentration (a) in water (black,
dot line), and (b) in 8.2 mM SDS (red, solid line) at 589 nm at 25 °C

Figure 5 shows the dependence of the RI on the concentration of CdCl, in pure water ()
and in 8 mM SDS solutions (b). Anincrease in the concentration of CdCl, causes a
strong increase of the refractive index. The presence of a small amount of surfactant
([SDS] = 8.2 mM) (Figure 5, b) causes only aminor increase of Rl (< 0.0020) compared
to solutionsin the absence of SDS (a).

The refractive index is known to be sensitive to the change of the micelle

structure of the solution.” In order to determine the changes of the micellar properties of
SDS micelles, such as cmc, aggregation number, degree of counterion binding in the
presence of various concentration of CdCl, in SDS solution, experiments were performed
using pyrene as fluorescence probe.>** The vibronic fine structure of the pyrene
fluorescence depends strongly on the polarity of the environment (Figure 6). Theratio
between the intensities of the third (I3) and the first (1) fluorescence peaks of pyreneis
commonly used as the polarity probe. ® The nonpolar pyrene molecules are only soluble
in the polar water in asmall amount (~107 M). If asurfactant, such as SDS is added to
water, micelles are formed at the critical micelle concentration (cmc). Because the
nonpolar pyrene has a much stronger affinity to the nonpolar environment inside the
micelles compared to the polar environment of the bulk water, the pyrene molecules will
be located inside the micelles. This changes the ratio between the third (I3) and the first
(11) fluorescence peaks (Figure 6).
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Figure 6. Fluorescence spectra of pyrene (Aex = 337 nm) before and after forming
micelles
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Figure 7. Vibronic fine (13/11) structure of the pyrene fluorescence as afunction of SDS
concentration at various concentrations of CdCl,: 0.05 M CdCl; (red), 0.1 M CdCl,
(blue), 0.2 M CdCl; (orange), 0.5 M CdCl, (green), 1.0 M CdClI; (purple).

The cmc of SDS solutions decreased gradually after addition of CdCl; from 8.2
mM ([CdCl;] =0 mM), to 1.0 mM ([CdCl;] = 0.1 mM), to 0.6 mM ([CdCl;] = 0.5 mM),
and to 0.4 mM ([CdCl;] = 1.0 mM).

It isknown that in pure SDS micelles (without additives) approximately 70 % of
the cations are located in the inner Stern layer and 30% of the cations are located in the
Gouy-Chapman double layer.** ** The heavy metal salt CdCl, is expected to change the
extent of counterion binding. The degree of counterion binding in the presence of CdCl,
was determined based on the Corrin-Harkins equation from the slop of In{ cmc +[CdCl;]}
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vs. In[cmc] (Figure 7).** *° Thefit reveals that in the presence of CdCl,, approximately
58 % of Cd*" ions are bound to the anion of SDSin the inner Stern layer and 42% of the
cations are located in the Gouy-Chapman double layer. The size of the double layer is
compressed due to ionic strength effect. A schematic description of degree of counter ion
binding is shown in Figure 8.

2 slope = -0.58

-3 -2
In{cmc+[CdCl,]}

Figure 8. The degree of binding SDS in the presence of CdCl; and its schematic
description

3.4 Effect of SDS Concentration, Temperature and size of Chain.

In order to understand the effect of temperature on the refractive index, the
refractive index of aqueous SDS solution was monitored at 0°C, 15°C, 25°C, and 35°C
and the results are shown in Figure 9. The refractive index increased to a small degree at
lower temperatures. However, the increase of Rl with decreasing temperaturesisonly
minor.

Likewise, increase in no significant refractive index was observed when the chain
lengths of alkyl sulfates were varied from 10 (2), 12 (1), and 14 (3).

B 35°C B 250°C o
O 15°Cc O Q°C
1.34 T ]

RI ]
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No Salt CsCl cdcl,

Figure 9. The temperature effect on the refractive index
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Figure 10. The effect of size of the carbon chain on the refractive index (The solutions

were prepared at their cmc and RIs were measured at 25 °C. CMC of alkyl sulfate
surfactants are 33 mM for sodium decy! sulfate, 8.2 mM for sodium dodecyl sulfate, and
2.1 mM for sodium tetradecyl sulfate respectively)

The solutions of alkyl sulfate compounds 1, 2, and 3 were prepared at their critical
micellar concentration in order to compare the effect of the size of akyl chain on the
refractive index. No significant Rl dependence was monitored from the results when we
consider that the concentration of sodium decy! sulfate is much higher than that of the
other two alkyl sulfates 1 and 3.

3.5 The effect of cationic surfactant CTAC on refractive index

The cationic surfactant CTAC was also investigated. The cmc of CTAC was
determined using pyrene as a probe as described above. The cmc of CTAC was
determined as 1.3 mM, which isin good agreement with published values® The
refractive index of CTAC was determined at various concentrations of CTAC (Figure
11b). The molar enhancement of Rl by CTAC (dlope b) is slightly higher than for SDS
(slope a). However, the maximum solubility of CTAC isonly ~ 450 mM compared to
SDS (> 800 mM).
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Figure 11. The refractive index of various concentrations of aqueous CTAC solutions of
SDSat 589 nm at 25 °C.

In order to find a candidate anion which can increase the refractive index of
agueous CTAC solution significantly, several salts were tested: NalO,4, NaClO4, KCl Oy,
KCNO, KCNS, LiClO4, MNClOg, K[ CoFe(CN)g], NagsMO12PO049, (NH4)sM O,0,4 €tc.
These salts were selected because all these salts have a heavy anion, which has the
potential to increase the RI significantly. However, most of these salts have apure
solubility in water and CTAC solutions. The RI of the 0.1 M of salts, which showed
acceptable solubility, are shown in Figure 12.

@ Rl in water

1.335 + M Rlin CTAC

] — water
= 1331
1.325 4
137 4

NalO, NaClO, KCIO, KCNO KCNS LiClO, MnCIO,

Figure12. TheRI of 0.1 M of heavy saltsin the water and 1.58 mM CTAC solution at
589 nm at 25 °C.

3.6 RI prediction based on Molar Refraction
In this study, we have applied the theoretical prediction of molar refraction in
order to identify the good candidate of salt system which has high refractive index.
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From Maxwell’ s electromagnetic theory, and the wave theory of light, it was found that

< n’-1 ) 1
n+2 /) P . . .
the term (specific refraction) is a constant for a substance
(n =index of refraction, and p = density). Thisterm was generalized using the
mol e concept, and molar refraction was defined as,

[R,] :[”2’1j'\"

T35 — , where M = molar mass.
n°“+2)p

This parameter isfairly a constant and independent of temperature. Moreover, itis
applicable to any phase of the substance.

Molar refraction was shown to be an additive property, with specific contributions
from the constituent atoms and bonds in a molecule, with the result that it was possible to
assign definite numbers to an atom, group, or bond as is done for molar enthal py.
Conversely, structural identity of a compound could be ascertained using individual
molar refraction values for atoms, groups and bonds. Molar refraction was avery
powerful structure elucidation tool in the hands of organic chemists, which was
superseded by the much more versatile optical, magnetic, and mass spectroscopic
methods with the turn of the last century. It isthus possible to compute the index of
refraction of a substance knowing its molar refraction, molar mass, and density from the
rearranged eguation,
n® = % where V. = % Both V_ and R_have the same unit of cm®mol .

Mixtures of substances also obey the molar refraction principle, which may be expressed

as,
o = 3

Ny +2 P
where x, and x, are the mole fractions of the components 1 and 2, M,and M, their
molar masses, n,,, theindex of refraction of the mixture, and p,, the density of the
mixture.

[R.],,isaso shown to be the sum of the contributions of the individual constituents, as
given by,

[Ruliz = X[Ry]i + %[R, ],
where [R],and [R,], arethe molar refractions of the individual components.

These relationships enabl e us to predict the index of refraction of a substance from the
molar refractions of the individual components in a mixture.

As ademonstration, the predicted and experimental values of molar refraction for aLiCl
solution with amole fraction of 0.01493 in water are 3.7821 and 3.7814, respectively.™

lon Molar Refraction (cm®mol ™)
Li* 0.12
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CI’ 8.22
For LiCl, R_=8.34 cm®mol *and for water, R = 3.7131 cm®mol .

[Ru]uamo = (0.01493x8.34) +(0.98507 x 3.7131) = 3.7821

This demonstration helps us predict the index of refraction of salt solutions at any
concentration (subject to limitation of solubility), enabling the proper choice of mediafor
tuning the index of refraction to any desired value using salts.

In our work, we used these concepts in the system of CdCl, and there was a good
agreement between the theoretically predicted values of molar refraction of salt solutions
and the values calculated using experimentally determined numbers of index of refraction
and densities of these solutions. Thisisshown in Figure 13. This served usjustify the
selection of salt candidates to provide aqueous solutionsin the useful range of index of
refraction, guided by other factors such as solubility and availability.

Figure 13. The molar refraction Ry, obtained from theory (blue square) and from the
experiment (red square)
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3.7 Wavelength Dependence of RI from Theor etical Prediction based on an
Empirical Equation

Let us go down to basics to build sufficient grounds to appreciate the wavel ength
dependence of index of refraction. The phenomenon of refraction happens because the
velocity of light changes in different media. Index of refraction is a quantitative
representation of this effect.

When alight beam of velocity v; in medium 1 isincident at the interface with a
second medium 2 at an angle & with the normal, refracting to the second medium with a
velocity v, and angle of refraction &, the tangential component of the incident and
refracted rays along the plane of the interface will be equal:
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VviSinG, = Vv,siné
v - Sng
Vs sing,
Assuming medium 1 is vacuum, we get
v, =VA
where v isthe frequency and A the wavelength. Similarly, we also have,
v, =VA
where A isthe wavelength in the second medium, and v isthe same as for the incident
beam.

Dn:i:iom' _A
v, A n
So we have arelation to calculate the wavelength in one medium if the index of
refraction of the medium is known.

However, the index of refraction depends on the wavelength itself. Thuswe can
tap a different wavelength by passing light of one wavelength through a second medium.
In avacuum, v isthe same for all the colors. But in amedium such as water, blue light
travels more slowly than red light. The dispersion of white light in aglass prismisa
direct manifestation of the wavel ength dependence of the velocity of light in amedium
other than vacuum.

Since we are interested in the index of refraction of aqueous salt solutions, the
following information from literature will be useful. There are several reported attempts
in the literature to develop empirical equations that yield the index of refraction of water
as afunction of several parameters such as temperature, salt concentration and
wavelength.}"?°

In one attempt, the variation of index of refraction at 25°C was expressed as,
n(A) =1.31279+15.762A™" - 438217 +1.1455x10°1°

n®+2

2 _
Lorentz-Lorenz function (LL), which is ( n 1J1 , was empirically modeled as*
D
552.261 N 852.502 + 311354

LL =0.233225+8.35872x107° A* + = 5 5 -
A A?-18225.0 A? -1.02400x10

The most extensive empirical relation for computing the index of refraction comprising
the variation in wavelength, salt concentration, and temperature has been provided by
Quan and Fry, which is expressed as,
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n(S, T,A) =ny+(ny + n,T +N;TA)S+n,T?
Ng+nNgS+n,T  Nng Ny
¥ A TTRATR

wher e coefficients n:

Ny = 1.31405, n, = 1.779 x 104, n, = - 1.05 x 10,

n, = 1.6 x 108, n, = - 2.02 x 10, n, = 15.868, n, = 0.01155
n, =-0.00423, ng = - 4382, ny = 1.1455 x 10°

We used this equation to project the index of refraction at 193 nm at different salt
concentrations. This enables usto estimate the index of refraction easily without
recourse to experimentation, which helpsin scanning the probable values to suit the
needs of a particular situation.

Based on the empirical equation for the index of refraction, wavelength
dependence of RIs of CdCl, solutions from theory is predicted and shown in Figure 14.
The index of refraction at 193 nm for CdCl, system was determined at RIT. Thisfinding
isin good agreement with experimental data on the same system®and it is shownin
Figure 15.

1.7
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1.65 EM
c 16 m
k=] 2M
%55 \X 1Y
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15 — 0.1M
B e —— e
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1.35 | ]
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Figure 14. RI of CdC1; solution predicted
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Figure 15. Therefractiveindex of 6.0 M of CdCl, measured at various wavel engths:
(a) blue dot line, calculated, (b) red solid line, in water, and (c) green dot line, in 8.2 mM
SDS solution

CONCLUSION

Cationic and anionic surfactant systems were examined to find out whether there
isasignificant enhancement on refractive index for immersion lithography. The
refractive index was found to be increase as a function of surfactant concentration. The
refractive index tends to increase much more significantly as afunction of salt
concentration in the agueous SDS system. A maximum RI enhancement was observed
from 6.5 M CdCl; in 8.2 mM aqueous SDS solution. Wavelength dependence of RI from
theoretical prediction based on empirical equation was good agreement with our data
measured at RIT for CdCl, system. In order to find good candidates for immersion fluids
at 193 nm, light scattering properties and transparency of the solution are currently
studiesin our laboratory.
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REFERENCES
1. K.Leeetd., " 157 nm pelliclesfor photolithography: mechanistic
investigation of the deep UV photolysis of fluorocarbons.” Proc. of SPIE

5377,1598 (2004).

2. J. Mulkens et d., “Benefits and limitations of immersion lithography”,
J. Microlith., Microfab., Microsyst. 3(1), 104-114 (2004).

3. S. Owaand H. Nagasaka, “ Advantage and feasibility of immersion lithography”,
J. Microlith., Microfab., Microsyst. 3(1), 97-103 (2004).

4, B. W. Smith et al., “Water immersion optical lithography at 193 nm” J.
Microlith., Microfab., Microsyst. 3(1), 44-51 (2004).

5. B. W. Smith et a., personal communication

Proc. of SPIE Vol. 5753



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

J. H. Fendler and E. J. Fendler, “Catalysisin Micellar and Macromolecular
Synthesis” Academic Press, 1975.

A. Chahti et a., “Phase transition in colloidal systems part |: Refractometric study
of the binary system SDS+ water or pentanol-1 + water and ternary system water
+ SDS + pentanol-1 at 298.15 K” J. Disp. Sci. and Technology, 21, 525-535
(2000)

P. Mukerjee et a. “ Critical Micelle Concentrations of Aqueous Surfactant
Systems’, Nat. Stand. Ref. Data Ser., Nat. Bur. Stand. (US), 36, 227 p, 1971

K. Kayanasundaram and J. K. Thomas, “Enviromental effects on vibronic band
intensities in pyrene monomer fluorescence and their application in studies of
micellar systems' J. Am. Chem. Soc., 99, 2039-2044 (1977)

N. Deo et a. “ Suractant interactions with zein protein” Langmuir. 19, 5083-5088,
2003.

J. Leeand Y. Morai, “ Solubilization study for aggregates of sodium decyl sulfate
and cationic polymer of high charge density” J. Colloid Interf. Sc., 273, 645-650
(2004)

P. C. Shanks and E. I. Franses, “Estimation of micellization parameters of
aqueous sodium dodecyl sulfates from conductivity data’, J. Phys. Chem., 96,
1794-1805 (1992)

C. Botreet a., “A study on micelle formation in colloidal e ectrolyte solutions” J.
Phys. Chem., 63, 650-653(1959)

M. L. Corrin and W. D. Harkins, “The effect of salts on the critical concentration
for the formation of micellesin colloidal electrolytes’ J. Am. Chem. Soc., 69, 683-
688 (1947)

T.Okano et d., “ Effect of side chain length and degree of counterion binding on
micellization of sodium salts of a-Myristic acid alkyl estersin water: A
thermodynamic study” Langmuir, 16, 3777-3783 (2000)

“Physical Chemistry,” E. A. Moelwyn-Hughes, Pergamon Press, Oxford, 1961,
p.397

X.Quanand E. S. Fry, “ Empirical equation for the index of refraction of
seawater”, Appl. Opt., 34, 3477-3480, (1995)

I. Thormahlen et d., “Refractive index of water and its dependence on
wavelength, temperature, and density”, J. Phys. Chem. Ref. Data, 14, 933-945
(1985)

G. M. Haleand M. R. Querry, “Optical constants of water in the 200-nm to 200-
pum wavelength region”, Appl. Opt., 12, 555-563, (1973)

G. D. Kerr et a. “Optical and dielectric properties of water in the vacuum
ultraviolet”, Phys. Rev. A, 5, 2523-2527, (1972)

P. Schiebener et al, “Refractive index of water and steam as function of
wavelength, temperature and density” J. Phys. Chem. Ref. Data, 19, 677-717
(1990)

Proc. of SPIE Vol. 5753

553



