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After a broad scouting based on quantum chemical calculations, optical absorption measurements in the vacuum
ultraviolet (VUV) wavelength region between 140 and 190 nm were performed on a narrower series of
commercial and experimental liquids. By elimination of sources of external contamination, mainly due to
atmospheric gases, the analysis of the contributions to the absorption related to the backbone structure and to
the chain end composition allowed the synthesis of a novel family of linear perfluoropolyethers (PFPEs) with
optical absorbance at 157 nm between 0.3 and 0.6 cm-1 in a broad range of compositions and molecular
weights. The dependence of the optical threshold on the PFPE composition demonstrates that-OCF2- is
the most transparent segmental unit in the VUV region.

1. Introduction

The synthesis of the ideal organic structure with the lowest
absorption in the vacuum ultraviolet (VUV) wavelength region
requires the comprehension of the dependence of the optical
absorption on the structural composition. Moreover, the archi-
tecture of macromolecular species with optical properties
independent of the molecular weight would allow the tuning of
technologically relevant physical properties such as viscosity
or vapor pressure without any optical drawbacks, thus extending
the application opportunities when transparency in a broad
spectral region from VUV to IR is required, for example, in
experimental methods such as VUV dichroism spectroscopy1

and Cherenkov detection2,3 or in industrial processes such as
laser micromachining4,5 and projection lithography.6

Immersion lithography has been demonstrated as the most
promising technology to extend the limits of the optical
lithography beyond critical dimensions (CDs) of 45 nm.7-9 The
interposition of a liquid between an exposure tool’s projection
lens and the wafer offers the opportunity for better resolution
over conventional projection lithography because the optical
system can be designed with a numerical aperture (NA) greater
than one, thus creating the ability to produce smaller features.

If at 193 nm water is the natural candidate to implement the
established tool infrastructures, then the extension of the
immersion technology to 157 nm requires the development of
a convenient, transparent fluid.

In a recent paper, the transparency between 150 and 200 nm
of a wide series of fluorinated fluids, including perfluorinated
polyethereal molecules, has been investigated.10 After careful
removal of the external contaminants (mainly oxygen and
water), recognized as the most important sources of optical
absorption in the “as-received” liquids, an absorbance as low
as 0.52 cm-1 has been reported on the purified perfluorotrig-
lyme.

However, the intrinsic optical behavior of perfluorinated
polyethereal structures has not been fully clarified, particularly
as it concerns the source of the measured variable absorption
coefficients at 157 nm.

With the aim to evaluate the single molecular contributions
to the VUV absorbance, the optical absorption between 140 and
190 nm has been measured on a series of fluoropolyethers with
controlled structural differences. In particular the roles of the
oxygen-to-carbon ratio, perfluoromethyl side groups, and the
chain ends have been carefully investigated. We started from
the available commercial polymers, connecting theoretical
(highest occupied molecular orbital (HOMO)-lowest unoc-
cupied molecular orbital (LUMO) energy gap) calculations and
absorption measurements in the VUV region. The rationale
behind this approach is that the energy gap can be directly
related to the absorption edge in the VUV range, as has been
already reported in the literature in the case of the absorption
behavior of polytetrafluoethylene.11

The presence of oxygen in PFPE molecules has been reported
to have a strong impact on chain flexibility without substantially
changing the overall polarity of the molecule in comparison
with perfluoralkyl analogues. As a consequence, the glass
transition temperature decreases with an increasing oxygen-to-
carbon ratio, while maintaining a low cohesive energy density
that is comparable to those of perfluoroalkanes.12 Side perfluo-
romethyl groups induce an increase of molecular stiffness,13

which in turn leads to a substantially higherTg than that for
linear PFPEs.12 The chain ends of PFPE molecules are usually
perfluoromethyl groups; however, very small amounts of
different end groups may be present, whose nature depends on
the synthetic route.14

2. Experimental Section

2.1. UV Spectrophotomer.Experimental data were obtained
from a series of transmittance measurements carried out on a
VUV spectrometer operating in a vacuum (10-4 Torr) in the
Seya Namioka configuration,15 equipped with a 40 W low-
pressure hydrogen lamp (McPherson model 630) and a concave
aberration-corrected holographic diffraction grating with a rule
of 1200 mm-1 (Bausch & Lomb), which with the set input and
output slits allowed a resolution of<0.5 nm. A quartz chopper
allowed the continuous monitoring of the beam power. Normal-
izing the output of the signal detector with the reference detector
removes time-dependent variations of the lamp intensity and
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increases the stability of the measurement. The spectral range
for all the measurements was 140-220 nm, and the repeatability
of the transmittance values was around 1%.

2.2. Optical Cells.All the measurements were obtained with
some homemade transmittance cells. The basic cell was made
by sandwiching the liquid between two optical windows with a
toroidal spacer to create the proper optical path. The cell was
tightened by two aluminum flanges. Several cells were built
with different sizes and optical paths to tackle the problems
arising from the wide range of viscosity, vapor pressure, and
UV absorbance of the fluids. The optical windows were 2-mm-
thick UV-grade CaF2 made by St-Gobain, while the spacers were
made of poly(tetrafluoroethylene) (ALGOFLON PTFE, Solvay-
Solexis). PTFE was chosen for its proper combination of
chemical and mechanical properties, having good stability in
contact with fluids and UV light and good sealing with low
boiling point fluids. The spacer thickness was varied in the range
between 100 and 4000µm to optimize theI/I0 ratio in the 0.1-
100 cm-1 absorbance range. The accuracy of the thickness,
which largely determines the experimental uncertainty of the
transmittance, was about 5%.

2.3. Absorbance Determination and Correction for Sur-
face Reflection.The transmittanceT is calculated as the ratio
of the measured transmittance of the sampleTs and transmittance
Tw of the empty cell obtained from a blank measurement (T )
Ts/Tw). The absorbance (Abs) is calculated as Abs) -1/t log-
(T), wheret is the optical path.

Before calculation of the absorbance, the transmittance loss
from the two internal surfaces of the measuring cell was
corrected to take into account the decrease in their reflectivity
upon the insertion of a liquid sample into the cell. In fact, the
reflectance at the interface between two media is a function of
the angle of incidenceI1 and the angle of refractionI2 as given
by the Fresnel relationship

The first term in eq 1 corresponds to the reflection that is
polarized in the plane of the incidence, and the second term
corresponds to the reflection in the perpendicular plane.

Thus, the reflectance at the interface between two media with
refractive indicesn1 andn2 at normal incidence is given as

wheren* is the complex refractive index orn - ik, wheren is
the real refractive index andk is the extinction coefficient. For
nonabsorbing materials,k ) 0 andn* ) n, simplifying into

Thus, the amount of light reflected by the filled cell (n2 )
nCaF2; n1 ) nliquid ≈ 1.3-1.4) is less than the amount of light
reflected by the empty cell (n2 ) nCaF2; n1 ) 1) used for the
blank measurement. The actual transmittance of the sample is
obtained by applying a correction factor (wavelength-dependent)
function of the refraction index of CaF2 and of the liquid in the
spectral range examined.

Figure 1 shows the difference between the absorbance
calculated from the raw transmittance data and that after
application of the correction for the reflection from the internal
cell surfaces. These data refer to a highly transparent experi-
mental sample measured with an optical path of 1 mm. It is
evident that the uncorrected absorbance is negative for all those
wavelengths where no absorption occurs. The uncorrected
absorbance at 157 nm is 0.11 cm-1, corresponding to an
uncorrected transmittance of 97.4% over 1 mm. This figure can
be compared with literature data obtained without taking into
account this correction.10,16After application of the correction,
the absorbance is always positive, though negligible above 170
nm, and at 157 nm a value of 0.31 cm-1 is obtained.

2.4. Sample Description.Several commercial fluoropolyether
fluids, differing in both the backbone structure and the chain
ends, were considered and analyzed in this work (Table 1). None
of these products is specifically designed for optical applications.

The first family consists of perfluorinated polyethers (PFPEs),
both linear and branched, having the following structures:

FOMBLIN Z and FOMBLIN Y are the registered trade names
of linear and branched PFPEs produced by Solvay-Solexis,
KRYTOX is the trade name of the branched PFPE manufactured
by Du Pont, and DEMNUM is the linear PFPE by Daikin. The
syntheses and the main physical chemical characteristics of these
commercial PFPEs have been extensively described in the
literature.12,14

Another family of commercial linear fluoropolyethers con-
sidered here contains hydrogen in the chain ends as-OCF2H
or -OCF2CH2OH groups. These compounds, manufactured by

R ) 1
2[sin2(I1 - I2)

sin2(I1 + I2)
+

tan2(I1 - I2)

tan2(I1 + I2)] (1)

R ) |n2
/ - n1

/

n2
/ + n1

/|2

(2)

R )
(n2 - n1)

2

(n2 + n1)
2

(3)

Figure 1. Absorbance of the experimental sample ZOG 2 before and
after correction for the window reflectance.

CF3O(CF2CF2O)p(CF2O)qCF3 FOMBLIN Z

(samples Z1-Z4)

CF3O(CF2CF(CF3)O)m(CF2O)nCF3 FOMBLIN Y

(sample Y1)

CF3CF2CF2O(CF(CF3)CF2O)pCF2CF3 KRYTOX

(sample K1)

CF3CF2CF2O(CF2CF2CF2O)pCF2CF3 DEMNUM

(sample D1)
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Solvay-Solexis, have the following structures:

The syntheses and main properties of these products are
described in the literature.17,18

Finally two experimentalR,ω-dimethoxy fluoropolyethers
were also considered to extend the VUV measurements to the
-OCH3 end group, maintaining the linear PFPE backbone
structure unaltered. Such products have the following structure:

Their syntheses and main properties have been recently pub-
lished.19

Table 1 summarizes the main characteristics of the 14 samples
described above (12 commercial and 2 experimental). The
structures and the molecular weights of all compounds were
determined by19F NMR and 1H NMR spectroscopy. The
kinematic viscosities were measured using calibrated Cannon-
Fenske viscometers thermostated at 20°C.

On the basis of the results obtained by the VUV absorption
measurements on these commercial products, a new family of
linear perfluoropolyethers was specifically synthesized for
optical applications.20,21 These compounds, named FOMBLIN
ZOG, have been prepared using a specific methodology that
prevents the formation of end groups containing chlorine, which,
although present in very limited amounts in the samples reported
in Table 1, were found to have a strong impact on the VUV
absorption.

2.5. Synthesis of the FOMBLIN ZOG Samples.All
compounds reported in Table 2, except sample ZOG3, have been

prepared using the chemically initiated oxypolymerization of
tetrafluoroethylene (TFE) with fluorine as the radical initiator
and the mixture CF2Cl2/COF2 as the reaction solvent.20,22 The
reaction leads to the perfluoropolyether polyperoxide (A)
(Scheme 1).

Sample ZOG3 was prepared using the photochemically
initiated oxypolymerization of TFE at low temperature using a
hydrofluorocarbon solvent (HFC 227ea; CF3CFHCF3) in the
presence of elemental fluorine as molecular weight regulator.20

The intermediate obtained from the photooxidation of TFE
has the same structure of the intermediate (A) but contains small
amounts of-COF and-CF2COF chain ends.

It should be noted that both of these synthetic technologies
do not introduce chlorinated chain ends in the polymer.

The polyether-polyperoxide intermediates (A) obtained by
both techniques were then submitted to thermal treatments at
temperatures ranging from 160 to 230°C, using fluorine as a
molecular weight regulator when necessary, to remove the
peroxide groups and obtain the intermediate perfluoropolyether
(B) (Scheme 1).

Finally, the photochemical fluorination of compound B
converts all functionalized end groups into stable perfluorinated
chain ends. The obtained compounds were in some cases

TABLE 1: Structure and Main Properties of Commercial Fluoropolyether Samples

sample
OC1

a

(% mol)
OC2

a

(% mol)
OC3,lin

a

(% mol)
OC3,br

a

(% mol)
Mn

(19F NMR)
viscosity

(cSt@20°C)
chlorine

(mequiv kg-1)
A157

(cm-1)

Z1 50 50 3900 36 21.0 3.2
Z2 52 48 15 200 260 26.6 5
Z3 51 49 15 100 280 71.8 11.7
Z4 50 50 19 700 600 38.3 7.5
Y1 6b 94 4200 250 14.8
K1 99c 3300 260 2.8
D1 100 4750 150 2.6
H-ZT1 30 70 460 0.9 5.9
H-ZT2 28 72 630 1.5 4.5
H-ZT3 32 68 1304 6.2 2.9
H-ZT4 10 90 790 2 4.7
ZD1 >100
DM1 100 162 0.7 >100
DM2 100 278 1.3 >100

a OC1 ) -OCF2- units; OC2 ) -OCF2CF2- units; OC3,lin ) -OCF2CF2CF2- units; OC3,br ) -OCF(CF3)CF2- units. b -OCF2- + -OCF(CF3)-
units. c Contains 1%-OCF2CF(CF3)CF(CF3)CF2- branched structures.

TABLE 2: Main Characteristics of FOMBLIN Z Optical Grade Samples

sample
OC1

a

(% mol)
OC2

a

(% mol)
OC3,4

a

(% mol)
Mn

(19F NMR)
viscosity

(cSt@20°C)
refractive index
(λ ) 589 nm)

A157

(cm-1)

ZOG 1 76 23 1 3600 19 0.35
ZOG 2 74 25 1 2467 13 1.288 0.31
ZOG 3 60 38 2 19 400 650 1.293 0.5
ZOG 4 29 63 8 11 600 230 1.289 0.5
ZOG 5 28 65 7 4000 30 1.286 0.6
ZOG 6 25 68 7 2863 23 1.287 0.4

a OC1 ) -OCF2- units; OC2 ) -OCF2CF2- units; OC3,4 ) -OCF2CF2CF2- and OCF2CF2CF2CF2- units.

HCF2O(CF2CF2O)p(CF2O)qCF2H H-GALDEN ZT

(samples H-ZT1-H-ZT4)

HOCH2CF2O(CF2CF2O)p(CF2O)qCF2CH2OH

FOMBLIN ZDOL (sample ZD1)

CH3O(CF2CF2O)p(CF2O)qCH3 (samples DM1 and DM2)

SCHEME 1: FOMBLIN ZOG Synthesis
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distilled by molecular distillation to obtain the desired average
molecular weight and viscosity. Table 2 reports the main
characteristics of the six experimental FOMBLIN ZOG samples
synthesized.

2.6. Air Removal from Fluids. Particular care was taken to
remove air from the fluids. Molecular oxygen can have a
deleterious effect on accurate determination of PFPE absorption
at 157 nm, as it has a high partial pressure in air and is highly
soluble and strongly absorbing in VUV region. Oxygen solubil-
ity in PFPE fluids has been reported, as Bunsen coefficients, in
the range of 0.2-0.4,12 corresponding to about 2-4 × 10-6

mol/cm3, while the oxygen absorption cross section at 157 nm
is 6.7× 10-18 cm2.23 Other gases have less impact on the VUV
absorbance, having a low partial pressure (CO2), poor solubility
(H2O), or low absorption (N2).

Atmospheric gases have been accurately removed by applying
several cycles of freeze-thawing between 80 and 300 K under
vacuum. Then, the samples have been sealed in special tubes
and transferred immediately before the measurements in the
experimental sealed cell under a drybox flushed with nitrogen.

Figure 2 shows the behavior of the sample ZOG 1 measured
before and after the degassing procedure. The presence of
atmospheric oxygen strongly affects the absorbance at 157 nm.
The dotted line is obtained by adding the theoretical contribution
(cross section data taken from ref 22) corresponding to 60 ppm
of molecular oxygen to the experimental data of the degassed
sample. This result matches the experimental sample before
degassing. Similar results are obtained for all the investigated
samples.

2.7. Theoretical HOMO-LUMO Gap Calculations. Ab
initio calculations were performed using density functional
theory (DFT), as implemented in DMOL3 (Accelrys Inc.), at
medium/fine level of accuracy and using the double numerical
basis set (DND or DNP) and the Becke-Lee-Yang-Parr
(BLYP) nonlocal functional.24,25 This functional was used
because it was reported in the literature to give reliable results
on perfluoropolyether compounds.26,27

3. Results and Discussion

3.1. Theoretical Calculations: Dependence of the Optical
Absorption on the Perfluoroether Structure and Chain End
Composition. The first step in this work was devoted to
obtaining some general rules from ab initio calculations of the

HOMO-LUMO transition energy (EHL) to reduce the number
of possible variables to be experimentally tested. Both structural
variables (oxygen-to-carbon ratio and length of difluorometh-
ylene sequences, lateral groups) and extrinsic variables (impuri-
ties, chain ends) could play a role in absorption at very low
wavelengths.

A comparison of our calculations with several published
experimental and theoretical calculations on structures similar
to those reported in this study is shown in Figure 3. Open
symbols refer to partially and fully fluorinated alkanes28 and
closed symbols refer to the lowest energy transitions of CF3-
OCF3 and CF3OCF2H.16 The major results of these tests is that
within homogeneous classes of materials reasonable and con-
sistent results can be obtained in an efficient way. Therefore,
though a detailed comparison of calculational methods and
software is beyond the scope of this work, it is our belief that
the HOMO-LUMO transition energies could be a useful guide
for our experimentation. It is also useful to recall that for small
chain molecules the effect of chain length on calculated
transition energy is not negligible;11 therefore in the following
comparison the number of backbone atoms must always be
considered.

The major structural difference between perfluoroalkanes and
perfluoropolyether is the presence of oxygen atoms in the
backbone. The effect of the substitution of a-CF2- with
oxygen is illustrated in Table 3 for three different chain lengths,
and it is evident that the introduction of an oxygen atom induces
a substantial increase ofEHL (∼2 eV), independently of the chain
length. Though these results are in qualitative agreement with
literature data obtained from different sources,16,28 we have
indeed found a significant influence of oxygen in the HOMO-
LUMO energy gap and consequently in the absorption at 157
nm of the perfluoropolyethers examined in this study.

The introduction of oxygen in normal alkanes has a reverse
effect from that in fluorinated alkanes, inducing a strong
decrease of energy gap. In fact,EHL values for CH3CH2CH3

and CH3OCH3 have been calculated to be about 8.7 and 6.6
eV, respectively.

Figure 2. Absorption behavior of the experimental sample ZOG 1
before and after degassing. The dotted line is obtained by adding to
the experimental data of the degassed sample the contribution corre-
sponding to about 60 ppm of dissolved molecular oxygen.

Figure 3. Comparison of some ab initio calculations obtained in this
work with literature results on the same structure (see text).

TABLE 3: Effect of Oxygen Substitution on the
HOMO -LUMO Transition Energy ( EHL) in Linear
Perfluoralkanes

backbone
atoms EHL (eV)

CF3CF2CF3 3 8.6
CF3-O-CF3 3 10.6
CF3(CF2)2CF3 4 7.9
CF3-O-CF2-CF3 4 9.5
CF3(CF2)3CF3 5 7.3
CF3CF2-O-CF2CF3 5 9.1
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Increasing the chain length the interpretation of results is more
difficult mainly because several oxygen atoms can be located
in different positions within the chain. However, we have found
that the presence of sequences having three or more-CF2-
groups lowersEHL and equivalently increases the absorption
wavelength. A useful example is the comparison between the
two isomers CF3CF2-O-CF2-O-CF2CF3 and CF3-O-CF2-
CF2-CF2-O-CF3 that have energy gaps of 9.0 and 8.4 eV,
respectively. The effect of short perfluoromethylene sequences
has already been investigated in mixed hydrogenated and
fluorinated alkanes, containing no oxygen atoms.29 It is reported
that-CF2-CF2-CF2-CF2- induces a substantial red shift and
a marked increased in absorbance at 157 nm and that-CF2-
CF2- has a slightly lower absorbance than-CF2- and-CF2-
CF2-CF2-. Therefore, ab initio calculations indicate that the
presence of long-CF2- sequences is not beneficial for
transparency in the VUV region for both perfluoroalkanes and
perfluoropolyethers.

In addition to other possible structural variations, the influence
of side perfluoromethyl groups (-CF3) was also theoretically
investigated. Table 4 shows some structures to illustrate this
effect. These structures are compared with linear molecules
having the same number of atoms in the backbone but also with
their linear isomers. In the case of PFPE, the presence of side
-CF3 groups has a negative effect, decreasing the energy gap
and therefore increasing the absorption wavelength, whereas in
perfluoroalkanes the effect is much less evident.

Among extrinsic variables, we focused our investigation on
chain ends. Major results on relevant groups are reported in
Table 5. Though all these groups decrease the energy gap, it is
particularly relevant for-CH2OH, -CH2OCH3, and-CF2Cl.
Therefore, a number of PFPE derivatives have been discarded
before testing, and the best synthetic route could be forecast,
as shown in the next section.

3.2. Absorbance Measurements on Commercial Samples.
The indications stemming both from the literature and from our
calculations convinced us to restrict the experimental measure-
ments to the perfluoropolyether family, in particular those having
the linear (unbranched) backbone structure. Several commercial
products belonging to this class of compounds with different
chain ends were therefore considered; in addition some PFPEs

with branched structures (Y1, K1) or longer carbon sequences
(D1) were evaluated for comparison.

The absorbance measurements at 157 nm performed on the
commercial degassed PFPE samples are reported in Table 1.
All these values are significantly higher than those reported in
the literature for the perfluorotriglyme.10 In particular, samples
ZD1, DM1, and DM2 have the highest absorbance; since they
have the same backbone structure as the Z and H-ZT samples,
very likely the chain ends-OCF2CH2OH and-OCH3 strongly
contribute to the overall VUV absorbance, in agreement with
the theoretical calculations. The interpretation of the other data
is less straightforward, since the samples differ for both the
backbone structure and the chain ends. The lowest values
obtained are those of samples Z1 and H-ZT3, which have the
linear perfluoromethyleneoxy/perfluoroethyleneoxy backbone
structure but different chain ends. Within the H-ZT series the
absorbance values seem to correlate with the reciprocal of the
molecular weight, indicating a possible influence of the
-OCF2H chain ends.

This correlation is not found in the Z series. However, the
19F NMR analyses of the Z1-Z4 samples indicates, besides the
perfluoroalkyl chain ends, the presence of chlorinated chain ends
with structures-OCF2Cl and-OCF2CF2Cl, which are quanti-
fied by integration of the corresponding NMR signals and
comparison with the backbone signals. The obtained values are
reported in Table 1, expressed as milliequivalents of chlorinated
chain ends per kilogram of PFPE, and correlate with the
absorbance values of the Z series.

Therefore, for both the Z and the H-ZT series the absorbance
at 157 nm seems to depend mostly on the amount of chain ends,
whereas the linear perfluoromethyleneoxy/perfluoroethyleneoxy
backbone structure seems to have a high transparency.

Conversely,19F NMR indicated that samples Y1, K1, and
D1 have only perfluorinated chain ends, and therefore the
observed absorption should be due exclusively to the backbone
chain. The higher absorbance of the branched perfluoropolyether
structure compared with the linear structure is in agreement with
the previous literature data10 and with our calculations.

3.3. Dependence of the Optical Absorption on the Chain
Ends.To check the suggestions arising both from the theoretical
calculations and from the measurements on commercial samples,
we synthesized linear PFPEs bearing only perfluoroalkyl chain
ends. Chlorinated chain ends are always present in commercial
Z samples due to the specific synthetic route, which involves
the photooxidation of tetrafluoroethylene at low temperature in
the solvent CF2Cl2, using the UV light emitted by a high-
pressure Hg lamp (200-350 nm).14 Though the chlorofluoro-
carbon (CFC) solvent is essentially transparent in this UV
region, its marginal absorbance at wavelengths close to 200 nm
produces the photodissociation of a small amount of CF2Cl2
molecules. The chlorinated radicals thus formed are able to
initiate new polymer chains, and therefore they are finally found
in the peroxidic polymer intermediate as chain ends. Since they
are extremely stable under both thermal and fluorination
conditions, they survive in the final PFPE product, which
generally contains from 20 to 50 mequiv/kg of chlorinated chain
ends.

To avoid the formation of these species in the photochemical
process it was necessary to use a non-chlorinated solvent.
Sample ZOG 3 (Table 2) was in fact obtained using the
photooxidation technology in the presence of the solvent CF3-
CFHCF3 (HFC 227ea).20

TABLE 4: Effect of Side Perfluomethyl Groups on the
HOMO -LUMO Transition Energy ( EHL) in Linear
Perfluoralkanes and PFPE

backbone
atoms EHL (eV)

CF3-O-CF2-CF(CF3)-O-CF3 6 7.8
CF3-O-CF2-CF2-O-CF3 6 9.2
CF3-O-CF2-CF2-CF2-O-CF3 7 8.4
CF3CF2CF(CF3)CF2CF3 5 7.2
CF3(CF2)3CF3 5 7.3
CF3(CF2)4CF3 6 6.9

TABLE 5: Effect of Chain End Groups on the
HOMO -LUMO Transition Energy ( EHL) in Linear PFPE

EHL (eV)

CF3-O-CF2-CF3 9.5
CF3-CF2-O-CF2H 9.3
CF3-O-CF2-CF2H 8.8
CF3-CF2-O-CH2OH 7.5
CF3-O-CF2-CH2OH 6.9
CF3-O-CF2-CH2OCH3 6.8
CF3-O-CF2-CH3 8.2
CF3-CF2-O-CF2Cl 6.5
CF3-O-CF2-CF2Cl 6.6
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All the other samples of Table 2 were prepared by the
chemically initiated oxypolymerization technique, using fluorine
as the initiator and the mixture CF2Cl2/COF2 as the reaction
solvent. Even though the polymerization solvent was CFC, no
chlorine was found in the peroxidic intermediates.22 This result
clearly indicates that no chlorine radical transfer reaction takes
place in the “dark” process and that the chlorinated solvent must
be avoided only when the photochemical technique is used.

Figure 4 shows the absorption spectra in the 140-180 nm
region of the commercial Z1-Z4 samples in comparison with
the experimental sample ZOG 2. A band of variable intensity
is clearly visible in the 150-160 nm region that progressively
decreases with the content of chlorine and finally disappears in
the experimental sample, which shows a flat absorption down
to 150 nm. This absorption band can be reasonably simulated
by a Gaussian curve peaked at 155 nm and a constant width of
12 nm for all the samples. Therefore, the maximum of
absorption is very close to the 157 nm wavelength of interest
for lithography.

Assuming that this absorption band is associated with
chlorine, it is possible to calculate the absorption cross section
at 157 nm from the experimental spectra. Figure 5 reports the
optical density at 157 nm as a function of the chlorine content
for the Z1-Z4 samples, having the same backbone structure
(p/q ≈ 1). The optical density linearly extrapolates to a value
of about 0.5 cm-1 in the absence of chlorine. This value can be
assumed from the intrinsic absorption of the linear PFPE

polymer, in accordance with the values obtained for the
experimental ZOG1-ZOG6 samples. From the slope of the
fitting line, the contribution of the chlorine to the absorption at
157 nm is 0.16 cm-1/(mequiv/kg) (Cl), equivalent to an
absorption cross section of 1.5× 10-19 cm2.

This assignment is in agreement with the literature data on
other fluorinated compounds. In the far-UV region, chlorofluo-
romethanes have been reported to have a pair of absorption
bands associated with two different transitions.30-32 In the
gaseous phase a weaker absorption (ε ) 10-100) occurs at
wavelengths of about 140-170 nm while a stronger band (ε >
10 000) is present at 120-140 nm. The former has been
associated with an-σ*-type transition from the lone pair
electrons of the Cl atoms to a valence-shell-type antibonding
orbital in the C-Cl bond, while the latter has been associated
with an atomicns Rydberg series, related to the excitation of
Cl lone pairs to a 3s level.30 Chlorofluoroethanes are also
reported to absorb in the far-UV region, starting from 220
nm.31,32

Using the experimental data of samples H-ZT1-H-ZT4, we
have also been able to calculate the contribution of the-CF2H
chain ends to the 157 nm absorption. From the dependence of
the absorption values on the hydrogen content, this contribution
is estimated to be 1.4× 10-3 cm-1/ppm (H), equivalent to an
absorption cross section of 1.3× 10-21 cm2 per hydrogen atom.

3.4. Dependence of the Optical Absorption on the Per-
fluoroether Linear Structure. Having identified the linear
PFPE structure with perfluorinated chain ends as the most
transparent structure in the VUV region, we have tried to
understand the effect of the backbone composition (-CF2-
CF2O-/-CF2O- ratio) on the optical absorption of these
molecules. For this purpose the experimental ZOG samples (with
perfluorinated chain ends) have been synthesized with variable
backbone compositions and molecular weights (Table 2), and
their optical absorptions were measured in the VUV region.
Figure 6 shows the optical absorbance of four ZOG samples
with different molar fraction-CF2CF2O- units ([OC2]). The
values at 193 nm (<0.1 cm-1) and at 157 nm (0.3-0.6 cm-1)
are very similar, but the different steepness of the absorption
tail below 157 nm indicates that the optical threshold depends
on polymer composition. A series of functions have been
proposed33 to describe the absorption threshold associated with
interband transitions in amorphous materials. Among them, the
simple expression for the imaginary part of the dielectric
function published by Tauc34 and co-workers was chosen to fit

Figure 4. Absorption of linear PFPE with different chlorinated chain
ends contents. The circles refer to the experimental sample ZOG 2.
Samples have been degassed prior to the measurement.

Figure 5. Dependence of the absorbance at 157 nm on the chlorine
content.

Figure 6. Absorption of experimental ZOG samples with variable
molar fractions of-OC2- units. Samples have been degassed prior
to the measurement.
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the experimental absorption thresholds

whereε2 ) 2nk is the imaginary part of the dielectric constant,
E is the photon energy, andA andEg are two fitting parameters.

Figure 7 shows the dependence of the optical gapEg on the
-CF2CF2O- content in the chain; the increase of the HOMO-
LUMO gap with decreasing-CF2CF2O- content (and thus
increasing the oxygen content in the chain) is consistent with
the localization effect imposed by the oxygen atom against the
delocalization allowed by a-(CF2)-n chain of growing length.
Thus,-(CF2O)- appears to be the more transparent segmental
unit. To the best of our knowledge, an energy gap greater than
9 eV has never been reported in an organic polymer.

4. Conclusions

The theoretical and experimental study on the absorption
contributions in the VUV region arising from the backbone
structure and the chain end composition resulted in the rules
for the molecular architecture of polymeric liquids with high
transparencies in the VUV region. Nonperfluorinated chain ends
are detrimental to the VUV transparency, and high oxygen-to-
carbon ratios in the perfluoroethereal backbone discourage the
electronic delocalization along the fluorinated chain and increase
the energy gap. From this experimental evidence, a new
synthetic route was developed that paves the way to a novel
family of linear perfluorinated polyethers with the same low
optical absorption on a broad range of molecular weight and
thus of fluido-dynamic characteristics. The absorbance of these
materials at 157 nm as low as 0.31 cm-1 would enable, for
example, the introduction of the immersion lithography at 157
nm.
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Figure 7. Dependence of the energy gapEg on -OC2- content.
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