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Abstract. Cycloalkanes are candidates for immersion fluids because of
their potential for low absorption in the 193-nm region and for a high
refractive index �RI�. We have developed an empirical correlation be-
tween refractive index and density of alkanes, which allows a prediction
of the best candidates for immersion fluids based on the alkane struc-
ture. In particular, the correlation reveals that polycycloalkanes such as
perhydrophenanthrene �PHPh� and perhydrodropyrene �PHPy�, which
have a higher RI than linear or cyclic alkanes, will be excellent candi-
dates for immersion fluids at 193 nm. Therefore, PHPh and PHPy were
synthesized by exhaustive hydrogenation of phenanthrene and pyrene.
However, methods for the purification of the synthesized and commercial
alkanes such as cyclodecane �CYD�, cyclohexane �CYX�, pentane
�PNT�, and decalin �DEC� are required in order to determine the actual
absorption of candidates at 193 nm. The presence of an absorbing im-
purity at 193 nm can cause the premature elimination of otherwise ex-
cellent potential candidates. A rather subtle impurity is molecular oxygen,
which does not itself absorb at 193 nm, but which forms complexes with
alkanes that do absorb at 193 nm. In this case, the “impurity” is readily
eliminated by simple purging with nitrogen or argon gas. © 2007 Society of
Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.2778641�

Subject terms: 193-nm immersion microlithography; second-generation immer-
sion fluids; polycycloalkanes; purification; VUV solvents; oxygen complex.
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Introduction

n optical lithography, there is a need to develop novel
aterials and processes so as to push the limit of resist

eatures toward dimensions less than 32 nm. The expected
imit for the dimension of a photoresist feature that can be
reated with an optical lithography system is given1 by the
ayleigh equation:

p =
k1�

NA
, �1�

here hp is the 1:1 half-pitch feature size, � is the lithog-
aphy wavelength �193 nm�, k1 is a measure of the lithog-
aphy process capability, and NA is the numerical aperture
f the stepper’s lens. NA is defined by Eq. �2�:
537-1646/2007/$25.00 © 2007 SPIE

. Micro/Nanolith. MEMS MOEMS 033003-
NA = nIF sin �max, �2�

where nIF is the immersion fluid’s index of refraction at the
lithographic wavelength �193 nm�, and � the aperture
angle, which is the angle sustained by the ray of the largest
spatial frequency permitted by the optical system. There-
fore, hp can be decreased by decreasing the value of the
wavelength � or by increasing the value of the index of
refraction nIF. Attempts to decrease hp by decreasing � to
157 nm have not proven successful, so new approaches are
required and the design of new and optimized immersion-
based lithography systems becomes more critical.2 Accord-
ing to Eq. �1�, this means maximizing NA. From a chem-
ist’s point of view, the challenge is to increase nIF by
synthesizing or developing high-refractive-index fluid ma-
terials. This investigation addresses the critical need to de-
velop new immersion fluids that have a higher refractive
index than water �the first-generation immersion fluid cur-
rently in use� and acceptable transparency at 193 nm. Thus,

water is the benchmark for improvements in the generation
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f immersion fluid: water possesses an index of refraction
IF of 1.44 and an absorbance of �0.01 cm−1 at193 nm
Ref. 3�. Recently, “second-generation” immersion fluids
ith a nIF of �1.6 at 193 nm have been reported.4–8 Typi-

ally, these fluids are saturated hydrocarbon, i.e., alkanes or
ycloalkanes. In a previous publication, we presented per-
ydrophenanthrene �PHPh� as a possible immersion fluid
ecause of its refractive index �RI� value. The RI of PHPh
as measured along the spectra with a variable-angle spec-

roscopic ellipsometer, and a value of 1.7014 at 193 nm
as obtained with an accuracy of 10−3, which shows the
otential of this compound as immersion fluid.4 From the
tandpoint of absorption at 193 nm, alkanes are good can-
idates for immersion fluids, since generally only highly
nergetic �-�* electronic transitions are possible for al-
anes. Therefore, methods for the identification of alkanes
ith high RI and transparency at 193 nm is of great impor-

ance for the photolithographic industry.
We have been able to identify candidates for high RI

lkanes through an excellent direct linear correlation be-
ween the refractive index �at both 589 nm and 193 nm� of
inear and cyclic alkanes and their densities.4 Importantly,
he correlation reveals that for comparable molecular
eight, cycloalkanes and polycycloalkanes have higher RI

t 193 nm than their linear analogs. Thus, from the corre-
ation we selected based on density, there were two target
olycycloalkanes for synthesis, purification and testing as
andidates for immersion fluids: perhydrophenanthrene
PHPh� and perhydropyrene �PHPy�. The goals of the re-
earch, which were to develop purification procedures that
ould produce liquid perhydrocycloalkanes with a high re-

ractive index and an absorption at 193 nm, were limited by
he inherent absorption of the pure material and impurities
arried over from the synthesis �e.g., a CvC bond that
esisted exhaustive hydrogenation� or through adventitious
mpurities �e.g., oxygen�.

In addition to the investigation of the purification of
HPh and PHPy and their absorption and refractive index
t 193 nm, some alkanes were selected for comparision:
yclohexane �CYH�, cyclodecane �CYD�, decalin �DEC�,
eptane �HT�, perhydrofluorene �PHF�, and 1,3-
imethyladamantane �DMA�. In addition, two nonalkanes,
cetonitrile and perfluoropentane, were investigated. The
tructures of all of the fluids investigated in this report are

ig. 1 Chemical structures of alkanes investigated as immersion
uids in this work.
hown in Fig. 1.

. Micro/Nanolith. MEMS MOEMS 033003-
2 Experimental Section

2.1 Chemicals
Cyclohexane �CHROMASOLV Plus, for HPLC, �99.9%
�Aldrich��, cyclodecane �purum, �99.0% �GC� �Fluka��,
decalin �purum, �cis+trans�, �98.0% �GC��, heptane
�CHROMASOLV Plus, for HPLC, 99% �Aldrich��, 1,3-
dimethyladamantane ��99% �Aldrich��, acetonitrile
�CHROMASOLV Plus, for HPLC, �99.9% �Sigma-
Aldrich��, and perfluoropentane �97% �Aldrich�� were pur-
chased in the highest purity available. Pyrene �crystalline,
95% �Aldrich��, phenanthrene �98% �Aldrich��, and Raney-
nickel catalyst �W.R. Grace and Co., Raney 2400, slurry, in
H2O, active catalyst �Aldrich�� were purchased from
Aldrich �Milwaukee, WI�.

2.2 Synthesis of Perhydrophenanthrene
and Perhydropyrene

Perhydropyrene was synthesized following a modification
of a preparation described in the literature for polycyclic
hydrocarbons,9 and 12 g of pyrene was ground and par-
tially dissolved in 75 mL cyclohexane. The Raney-nickel
catalyst used for hydrogen of phenanthrene and pyrene was
suspended in water. The catalyst was filtered and first
washed with methanol to remove residual water and then
washed with cyclohexane. The catalyst was stored sus-
pended in cyclohexane. About 5 to 6 g of the catalyst was
added to the pyrene solution. The hydrogenation was per-
formed in a stainless steel reactor at an initial pressure of
120 atm of hydrogen and a temperature of 100°C. The hy-
drogenation was allowed to proceed for 24 h, at which
point, the hydrogen pressure dropped down to 40 to
50 atm. After the first hydrogenation, the reaction solution
was filtered to eliminate the old catalyst. Another 5 g of
fresh catalyst was added to the filtrated solution. Another
hydrogenation was carried out under the same conditions.

After the second hydrogenation, the reaction solution
was filtered to eliminate the catalyst. Cyclohexane was re-
moved in a rotovaporator. Approximately 10 mL of perhy-
dropyrene was obtained as the final product. Absorption
spectroscopy was employed to determine the purity of the
product. A large absorption was detected in the UV region
below 300 nm and was assigned to incomplete hydrogena-
tion of the pyrene. After the second hydrogenation was car-
ried out with fresh catalyst, traces of partially hydrogenated
pyrene were reduced but not totally eliminated �Fig. 2�.

Similar reaction conditions were employed for the hy-
drogenation of phenanthrene to perhydrophenanthrene. In
the latter case, reaction times of about 48 h were necessary
for complete hydrogenation, presumably due to resistance
to hydrogenation of the last double bond of phenanthrene.10

3 Purification

3.1 Oxidation Products and Elimination of Impurities
from Commercial Alkanes

It was found that an exhaustive purification is required to
minimize absorption at 193 nm, even for alkanes purchased
in spectral purity grade. Two main methods were developed
for the purification of commercial or synthesized fluids:

• Procedure 1: Silica gel was activated at 500°C for 5 h.

The alkane was then passed through the silica gel col-

Jul–Sep 2007/Vol. 6�3�2
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umn. The column was prepared in a Pasteur pipette,
and the fluid was passed through the column by ap-
plying argon pressure on the top of the column. This
method proved to be very effective for the elimination
of highly polar impurities such as oxidation products.
After the chromatographic purification, the fluid was
collected in a UV-Vis quartz cuvette with a screw cap
with a Teflon septum. The cuvette was purged with
argon or nitrogen in order to eliminate the oxygen
dissolved in the fluid. The purging process was abso-
lutely necessary to minimize absorption at 193 nm of
all alkanes studied because of the formation of
oxygen-alkane completed, as described below.

• Procedure 2: The alkane was treated with concentrated
H2SO4 for 12 h. The two nonmiscible phases were
stirred vigorously during this period. The H2SO4 treat-
ment eliminates unsaturated impurities �isolated, con-
jugated, or aromatic double bonds� or impurities con-
taining aromatic rings present in the fluid. After the
treatment, the sulfuric acid phase was yellow in color.
The sulfuric acid phase was separated by decanting,
and the alkane layer was neutralized by treatment with
NaOH pellets for 30 min and dried. A chromatography
filtration through an activate carbon column was then
performed to eliminate any remaining polar
impurities.11 As mentioned earlier, bubbling with ni-
trogen or argon was needed to eliminate the oxygen
complex formed with the alkane.

The purification method needs to take into account the
ature of the potential impurities present in the fluid. Pro-
edure 1 is generally effective for the elimination of polar
mpurities such as inevitable oxidation products. However,
f the impurity is nonpolar �i.e., contains a CvC double
ond or aromatic system arising from the partially hydro-
enated reactant�, it may not be effectively separated
hrough the silica gel chromatography, since the polarities
nd, therefore, the retention times of the impurities and the
lkanes will be similar. Thus, a treatment with sulfuric acid
s needed, and procedure 2 is more effective. The impor-
ance of the initial selection of the purification method is
hown in Fig. 3. Figure 3�a� shows the absorption spectra

ig. 2 Absorption spectra of PHPy after first hydrogenation �black
ine� and second hydrogenation �gray line�.
f commercial and purified cyclodecane using both, proce-

. Micro/Nanolith. MEMS MOEMS 033003-
dures; Fig. 3�b� shows the absorption spectra of commer-
cial and purified decalin using both procedures.

From Fig. 3, it is clear that the purification of cyclode-
cane is more effective by procedure 2, while for decalin,
procedure 1 is more effective. Impurities of decalin are
probably oxidation products resulting from the reaction of
oxygen with highly reactive tertiary hydrogens to form per-
oxides, which then decompose to a family of “oxidation
impurities.” The latter will generally possess a polar char-
acter and can be separated readily from the nonpolar alkane
by silica gel chromatography. Cyclodecane is more stable
against oxidation than decalin �cyclodecane does not pos-
sess any tertiary hydrogens�, and the major impurities are
probably residual CvC bonds, which cannot be separated
using the silica gel column from the cyclodecane because
of its similar polarity. This hypothesis is consistent with the
observation that treatment with sulfuric acid is required to
react with the CvC bonds and to eliminate the double-
bond species. Oxidation products resulting from the reac-
tion of these double-bond systems with sulfuric acid are
retained in the active carbon column.

3.2 Reversible Formation of Oxygen-Alkane
Complexes

The goal of the purification methods was to achieve the
highest possible degree of transmission at 193 nm, the
working wavelength for current state-of-the-art microli-
thography systems. The last purification step is the elimi-
nation of the molecular oxygen from the solution by a
simple purging with an inert gas �argon or nitrogen�. This is
a critical step, since we have found that for all of the al-
kanes investigated, the presence of oxygen results in the
production of an intense absorption band in the region of
193 nm or longer wavelength. Purging with argon or nitro-
gen caused the removal of the absorption. Addition of air
causes the reappearance of the absorption. Thus, the forma-
tion and elimination of the absorption is reversible. We
conclude that oxygen forms complexes absorbing in the
region of 193 nm. Evans investigated the formation of
complexes of oxygen and organic molecules by UV absorp-
tion spectroscopy, employing a high pressure of oxygen in
order to observe the complexes.12 Most of the molecules
studied had an aromatic character; however, it was noted
that oxygen elimination was required to obtain transpar-
ency in the UV region for the alkanes hexane and cyclo-
hexane. Tsubomura et al. studied the appearance of a new

Fig. 3 Absorption spectra of cyclodane �a� and decalin �b� commer-
cial sample �__ �, after purification with procedure 1�. . .� and proce-
dure 2�- - -�.
absorption band as a consequence of the interaction be-
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ween molecular oxygen and organic molecules such as
thyl alcohol, dioxane, n-butylamine, benzene, mesitylene,
yrrole, triethylamine, aniline, and N.N-dimethylaniline,
ut no alkanes were investigated.13

The oxygen sensitive absorption bands were readily
liminated by bubbling nitrogen or argon gas through the
olution, demonstrating the very weak bonding of oxygen
nd the organic molecules. These results were hypothesized
Eq. �3�� to result from the formation of complexes result-
ng from charge transfer interactions between oxygen
charge acceptor� and the organic molecule �charge donor�.
his hypothesis was supported by the observation of a lin-
ar relationship between the ionization potential of the or-
anic molecule and the absorption maximum and the re-
ersibility of formation of the absorption. More recently, a
heoretical study has been reported on the formation of a
omplex between molecular oxygen and cyclohexane.14

his work was concerned with the dissociation of the com-
lex after excitation. Scurlock et al.15 have observed similar
omplex formation in their studies of singlet oxygen
uenching by organic molecules:

+ O2 � M---O2 → Products. �3�

Results
n the present work, the interaction between molecular oxy-
en and linear alkanes �pentane, heptane�, cycloalkanes
cyclohexane, methyl-cyclohexane, cyclodecane�, and
olycycloalkanes �decalin, 1,3-dimethyladamantane, perhy-
rofluorene, perhydrophenanthrene, perhydropyrene� has
een investigated in an attempt to delineate the origin of the
ar UV absorption band. In all cases, a strong absorption
and has been found in the region of 193 nm when oxygen
s present; the absorption is absent or decreases when oxy-
en is absent. Table 1 summarizes the absorbance values
or all the alkanes at 193 nm in the presence and absence of
xygen. A substantial decrease in the absorbance at 193 nm
an be observed for most of the compounds studied when
xygen is eliminated from the media. Nevertheless, some
f the candidates still have an absorbance greater than
.15/cm, which is the target value given by the microelec-

able 1 Absorbance of air- and argon-saturated alkanes at 193 nm.

Compound
Absorbance at
193 nm �/cm�

Absorbance at
193 nm �/cm�

Air saturated Argon saturated

entane 0.6211 0.19

yclohexane 1.2531 0.03

ethyl-cyclohexane �2 0.26

eptane 1.37 0.04

yclodecane 1.1995 0.18

ecalin 1.1792 0.24

erhydrofluorene �2 �2

erhydrophenanthrene �2 �2

erhydropyrene �2 �2
ronic industry. For a more detailed discussion, see Ref. 4.

. Micro/Nanolith. MEMS MOEMS 033003-
In the case of the synthesized polycycloalkanes �perhy-
drofluorene, perhydrophenanthrene, and perhydropyrene�,
there is no significant decrease in absorbance at 193 nm
upon removal of oxygen, because the absorbance of these
compounds is already high at 193 nm. Nevertheless, the
formation of the oxygen complex can still be observed by
the formation of an absorption shoulder between 210 and
250 nm in the presence of oxygen �Fig. 4�.

Hypothetically, oxygen itself, not an alkane-oxygen
complex, might be responsible for the new absorption when
oxygen is present. To test this hypothesis, the absorption
spectra of two nonpurified perfluoroalkanes, perfluoro-15-
crown-5-ether and perfluoropentane, were measured in the
presence and absence of oxygen. No difference could be
found between the argon- and oxygen-saturated spectra.
The result could be interpreted as being due to a lower
solubility of oxygen in perfluorosolvents. However, the
solubility of oxygen in perfluoroalkanes is two times higher
than in normal alkanes.16 �Molar fractions of oxygen in
heptane and perfluoroheptane are 2.15�10−3 and 5.5
�10−3.� Thus, oxygen itself is not responsible for the ab-
sorption at 193 nm observed with alkanes. This clearly sup-
ports the hypothesis that the new absorption at 193 nm cre-
ated by the addition of oxygen to alkanes is due to the
formation of a charge transfer complex between the mo-
lecular oxygen and alkanes. Evidently, the ionization poten-
tial of perfluorocarbons �perfluorocyclopentane 11.7 eV,
perfluorocyclohexcane 13.2 eV, and perfluorocarbon� is too
high for significant electron transfer to molecular oxygen.17

Therefore, no complex is formed between oxygen and per-
fluorocarbons and no absorption at 193 nm is observed
upon addition of oxygen to the perfluorocarbons.

Since both linear and cyclic alkanes form an oxygen
complex, the latter probably possesses a nonspecific or
“loose” molecular geometry. Even with more complex al-
kanes like 1,3-dimethyladamantane �Fig. 5� a larger absorp-
tion band due to the formation of the oxygen complex at
193 nm was found. We suggest that the ionization potential
of alkanes, although relatively high, is still a major factor in
determining complex formation; a charge transfer contribu-
tion from the alkane to oxygen �Eq. �3�� contributes to the
stability of the complex and, therefore, the absorption at

18

Fig. 4 Absorption spectra of air-saturated �__ _ � and argon-
saturated �- - - -� polycycloalkanes.
193 nm. Most alkanes and cycloalkanes possess a similar

Jul–Sep 2007/Vol. 6�3�4
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onization potential �9 to 10 eV�; the effect due to the ab-
orption of the molecular oxygen complex is expected to be
rucial for all alkanes that are to be considered as viable
andidates for immersion fluids.

The reversibility of this complex formation was studied
ith several alkanes. Fortunately, for all the alkanes inves-

igated, the oxygen in the samples could be removed by
urging with Ar or N2 so that the issue of the absorption of

ig. 5 Absorption spectra of commercial �__ _ �, purified �- - - -�, and
rgon-saturated �-.-.� 1,3-dimethyl-adamantane.

ig. 6 Absorption spectra of argon-saturated �dotted black line, 1�,

ine, 3� of cyclohexane �a�, heptane �b�, decalin �c�, and perfluoropentane

. Micro/Nanolith. MEMS MOEMS 033003-
the alkane-oxygen complex can be overcome in working
systems by purging the fluid. As can be seen in Figs.
6�a�–6�c� as examples, the absorption due to the oxygen
complex can be readily eliminated by bubbling argon
through the liquid; the absorption reappears by bubbling
molecular oxygen for a couple of minutes. Bubbling again
with argon reduces the absorption to the lower initial val-
ues. These experiments confirm that the binding of the
complex is due to weak interactions between oxygen and
the alkane, and that the formation of the complex is a per-
fectly reversible process. From Fig. 6, it can be seen that
this reversibility has been observed for all types of alkanes:
exemplars, linear �heptane�, cyclic �cyclohexane�, and
polycyclic �decalin�. Also, the lack of complex formation is
shown in Fig. 6�d� for perfluoropentane for which the ab-
sorption spectrum is unchanged in the presence and ab-
sence of oxygen. As a final example, unpurified acetonitrile
was found to possess a surprisingly low absorbance at
193 nm ��0.25 cm−1�. Furthermore, no differences were
found between air- and argon-saturated acetonitrile, which
indicates that oxygen-acetonitrile complex formation does
not take place. The ionization potential of acetonitrile19 is
12.2 eV, a higher value than that for alkanes, which are in
the range from 9 to 10 eV. Since the oxygen complex is a
charge transfer complex with oxygen as an electron accep-
tor, the ionization potential of the organic molecule in the
complex will define the extent of complex formation and

n saturated �black line, 2�, and argon-saturated again �dotted gray
oxyge

�d�.

Jul–Sep 2007/Vol. 6�3�5
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he complex absorption wavelength. It should be mentioned
hat oxygen solubility in acetonitrile20 is smaller than in
lkanes �oxygen molar fraction �4.5�10−4�, which will be
nother factor in limiting the absorption due to any charge
ransfer complex.

Conclusions
wo simple alkane purification method were developed and
tandardized, which led to low absorption in the region
93 nm. Based on an excellent correlation between density
nd refractive index, the polycyclic alkanes, perhydropy-
ene, perhydrofluorene, and perhydrophenanthrene, were
elected as potential high RI fluids, synthesized and puri-
ed. Although these synthesized fluids had high RIs �PHPy
193 nm=1,7014, PHF n193 nm=1.6684�, even after exten-
ive purification, they all showed absorbance �in the ab-
ence of oxygen� of �2 cm−1 at 193 nm. Apparently, this
igh absorption is intrinsic to the compound itself, since it
ould not be reduced after several purification cycles. Fur-
her discussion can be found in Ref. 4. Commercially avail-
ble alkanes �heptane� and cycloalkanes �decalin, cyclohex-
ne, cyclodecane, 1,3-dimethyadamantane� were also
urified; the purified liquids �in the absence of oxygen�
howed absorbance �0.26 cm−1 at 193 nm. The research
eported here demonstrates that purification is a critical fea-
ure in the practical application of alkanes as immersion
uids for photolithography at 193 nm. Even “spectral-
rade” commercially available alkanes require extensive
urification.

A second important feature revealed by this study is the
equirement of the elimination of oxygen from alkanes,
ince an alkane-oxygen complex is formed and results in
ignificant absorption at 193 nm. Fortunately, simple bub-
ling of argon or nitrogen through the fluid thoroughly re-
oves the absorption due to the complex. Removal of the

xygen is important not only from the standpoint of mini-
izing the absorption of the fluids at 193 nm, but also be-

ause the excitation of the complex can cause the formation
f reactive oxygen species capable of degrading the immer-
ion fluids and producing over time significantly absorbing
roducts.15
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