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1 Introduction

Abstract. The optical properties of three grades of Teflon® AF—
AF1300, AF1601, and AF2400—were investigated using a J.A. Woollam
VUV-VASE spectroscopic ellipsometry system. The refractive indices for
each grade were obtained from multiple measurements W|th different film
thicknesses on Si substrates. The absorbances of Teflon® AF films were
determined by measuring the transmission intensity of Teflon® AF films
on CaF, substrates. In addition to the refractive index and absorbance
per cm (base 10), the extinction coefficient (k), and absorption coefficient
(«) per cm (base e), Urbach parameters of absorption edge position and
edge width, and two- pole Sellmeier parameters were determined for the
three grades of Teflon AF. We found that the optical properties of the
three grades of Teflon® AF varied systematically with the AF TFE/PDD
composition. The indices of refraction, extinction coefficient (k), absorp-
tion coefficient (@), and absorbance (A) increased, as did the TFE con-
tent, while the PDD content decreased. In addition, the Urbach edge
position moved to a longer wavelength, and the Urbach edge width

became wider. © 2008 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.2965541]
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fluoropolymers have the lowest dielectric constant of any
known solid polymer, and this makes thern attractive for

Teflon® AF fluoropolymers are w1de1y used in industrial
and commercial applications. Teflon® AF [chemical name:
fluorinated (ethylenic-cyclo oxyaliphatic substituted ethyl-
enic) copolymer] is a family of amorphous fluoropolymers
based on copolymers of 2,2-bistrifluoromethyl-4,5-
difluoro-1,3-dioxole (PDD) Its chemical structure is

shown here:”
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The PDD dioxole monomer in Teflon® AF yields polymers
that have unexpected properties. Teflon® AF is a copolymer
of PDD and tetrafluoroethylene (TFE) The principle differ-
ence in three grades of Teflon® AF polymers (AF1300,
AF1601, and AF2400) is based solely on the relative
amount of the dioxole monomer (TFE:PDD) in the basic
polymer chain (Table 1). In addition to outstandlng chemi-
cal, thermal, and surface properties, Teflon® AF fluoropoly-
mers have unique electrical, optical, and solubility charac-
teristics.

The Teflon® AF fluoropolymers are distinct from other
fluoropolymers in that they are soluble in selected solvents
and have high gas permeability, high compressibility, h1gh
creep resistance, and low thermal conductivity. Teflon® AF
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demanding electronics applications. Teflon® AF polymers
have the lowest index of refraction of any known polymer,
making them very suitable as low-index claddings for
waveguide applications. Because of the comblnatlon of
electric and optlcal properties, the use of Teflon® AF fluo-
ropolymers is very attractive in photonics and photovolta-
ics. Teflon® AF is the first polymer to demonstrate a trans-
parency possibility of at least 40% of incident light at
157 nm making it to the bottom of the resist layer for pur-
poses of sharp pattern development

This paper describes the optical properties such as re-
fractive index, extinction coefficient (k), absorbance, ab-
sorption coefficient («), and absorption edge that we have
extensively studied. We have determined these optical
properties and found the relationship between those prop-

Table 1 Physical properties of Teflon® AF grades 1300, 1601, and
2400.

TFE/PDD
Specific Gravity Composition Ratio
TAF Grade ASTM D792 (mol %) M, Nominal
AF1300 1.88 50/50
AF1601 1.78 35/65 225 M
AF2400 1.67 11/89 600 M
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Fig. 1 Experimentally determined spin curves for Teflon® AF grades
1300, 1601, and 2400, spun on silicon wafers vapor-primed with
HMDS.

erties for three grades of Teflon® AF fluoropolymers.

2 Experimental and Analytical Techniques
2.1 Sample Preparation

For VUV spectroscopic ellipsometry, a spin coating method
was used for obtaining thin uniform coatings on silicon
wafers. A Brewer Science spincoater/hotplate (Brewer Sci-
ence, Rolla, Missouri) was used to spin Teflon® AF solution
onto hexamethyldisilazane (HMDS) vapor-primed silicon
wafers. In order to obtain various thicknesses of film, the
spinning speed range was set to 1000 RPM, 1500 RPM,
2000 RPM, 2500 RPM, 3500 RPM, and 5000 RPM, re-
spectively, for 60 s. Different thicknesses of film improves
confidence in the results, as light travels different paths
through the film. The bake temperature was 140° for 60 s.
In order to obtaln a workable spinning solution, samples of
6.5 wt% Teflon® AF1300 and AF1601 were diluted by add-
ing FC-40 surfactant (Fluorlnert electronic liquid manufac-
tured by 3M) to the Teflon® AF spinning solution. The
solids ratio of FC-40 to Teflon® AF polymer for AF1300 is
1 to 0.022 and for AF1601 is 1 to 0.020. Various film thick-
nesses between 60 and 160 nm were obtained by use of a
rotation speed range of 1500 to 5000 RPM and a spinning
time of 60 s for AF1300. Various film thicknesses between
50 and 100 nm were obtained by use of a rotation speed
range of 1000 to 2000 RPM and a spinning time of 60 s for
AF1601. A sample Teflon® AF 400S1-100-1 (Teflon®

AF2400) was diluted by adding FC-40 surfactant to the
AF2400 for a workable solution. The solids ratio of FC-40
to Teflon® AF polymer for AF2400 is 1 to 0.008. Various
film thicknesses between 70 and 120 nm were obtained by
use of a rotation speed range of 1000 to 2500 RPM and a
spinning time of 60 s. Figure 1 shows the experlmentally
determined spin curves for these solutions of Teflon® AF
grades 1300, 1601, and 2400, determined on HMDS-vapor-
primed silicon wafers.

For transmission samples, droplets of undiluted original
Teflon® AF1300 and AF1601 solutions were dispensed on
the 13X 1 mm bare CaF, substrate (Corning, Brookfield,
Massachusetts) and slowly dried in a closed metal sample
box for several days in order to obtain a crack-free thick
film. For improved wetting for the undiluted original
Teflon® AF2400 solution, it was deposited on 13X 1 mm
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CaF, substrates that were also vapor primed with HMDS
and dried under the same conditions as the other two
grades. Film thicknesses were measured using a stylus pro-
filometer, Dektak 3ST (Veeco, Woodbury, NY).

2.2 Spectroscopic Ellipsometry and Analysis

The variable-angle spectroscopic ellipsometry (VASE)
measurements were performed with the VUV-VASE VU-
302 instrument (J.A. Woollam Co., Lincoln, Nebraska),
which has a range from 0.69 to 8.55 eV (1800 to 145 nm)
and employs MgF, polarizers and analyzers rather than the
more common calcite optics. The spectrometer was up-
graded from single beam to dual beam for more accurate
transmission measurements and better instrument stability.
The instrument has an MgF, auto-retarder and is fully ni-
trogen purged to avoid absorption of VUV light by ambient
oxygen and water vapor, which is important at wavelengths
below 200 nm. Light from both the deuterium lamp and the
xenon lamp passes through a double-chamber Czerny-
Turner-type monochromator to provide wavelength selec-
tion and stray-light rejection. The spot diameter of the light
source on the surface of the sample is 2 mm. Computer-
controlled slit widths can adjust the bandwidth to insure
adequate spectral resolution of optical features in the data
such as the closely spaced interference oscillations, which
arise in very thick film. A photomultiplier tube is utilized
for signal detection in the ultraviolet. A stacked Si/InGaAs
photodiode detector is used for longer wavelengths. Ellip-
sometric measurements were conducted using light incident
at angles of 55 deg to 80 deg relative to normal on the
front surface of the sample, the back of which was rough-
ened with coarse polishing paper. The instrument measures
the ellipsometric parameters W and A, which are defined’

by Eq. (1):

tan(W)e'® = Rp , (1)
Ry
where Rp/ Ry is the complex ratio of the p- and s-polarized
components of the reflected amplitudes. These parameters
are analyzed using the Fresnel equations67 in a computer-
based modeling technique, including a surface roughness
layer to directly determine the optical constants.*” VUV-
VASE VU-302 measurements for this experiment were
taken from wavelength range 145 nm to 1550 nm and at
multiple angles (55 deg to 0 deg). Variable angles improve
confidence, as light travels different paths through the film.

The ellipsometry data, taken from the film on silicon
substrate, was fit to determine the polymer film thickness,
roughness thickness nonuniformity, and complex refractive
index'® (Fig. 2). Imtlally a parameterized model was used
to describe the Teflon® AF film optical constants over the
wide spectral Iange.

The Teflon® AF films were modeled using tabulated op-
tical constants from Woollam for silicon and SiO,. A thin
surface layer was described in the optical model using
roughness, which is an effective medium approximation
(EMA) consisting of 50/50 mix of organic film and void
(n=1). In the initial stage, a Cauchy dispersion model was
used to fit the transparent region of 450 nm to 1550 nm.
The final model was determined by fitting the optical con-
stants on a point-by-point basis over the full spectral range

Jul-Sep 2008/Vol. 7(3)
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Fig. 2 Ellipsometric data ¥ and A measured on a Teflon” AF1300
grade thin film on a silicon wafer and the model fit results.

in which the data in each single wavelength are fit sepa-
rately. A typical application for this data class was chosen
as displaying wavelength-by-wavelength fit parameter con-
fidence limits for optical constants. This method does not
insist on Kramers-Kronig consistency.

Teflon® AF1300 is used as an example of the ellipsomet-
ric analysis. The ellipsometry data (Fig. 2), taken from the
film on silicon substrate, was fit, in a linear regression
sense, to a thin-film optical model'' to determine its film
thickness roughness and thickness nonuniformity, and com-
plex refractive index [Eq. (2)]:"?

n=n+ik. (2)

2.3 Sellmeier Equations

Sellmeier equations and their fitted parameters have been
employed for many years as a convenient way to permit the
calculation of the index of refraction of transparent materi-
als at arbitrary wavelengths. We have evaluated two 2-pole

(1 UV and 1 IR) [Eq. (3) and Eq. (4)] and one 3-pole (2 UV
and 1 IR) [Eq. (5)] Sellmeier equations fitted to the three
grades of Teflon™ AF to parameterize the wavelength dis-
persion of the index of refraction:

B\? Bo\?

e (3)
N-C, N-G,
B\? Bo\?

T0N FE i 4

n=(\) N-c T v-c, (4)
B\? Bo\? B3\?

PN =1+ — 45—t o, (5)
N-C, N=C, N -Gy

where \ is wavelength, n%(\) is the square of the refractive
index, the coefficient A is an approximation of the short-
wavelength (UV) absorption contributions to the refractive
index at longer wavelengths, and B, ,; and C,,; are the
parametrically fitted Sellmeier coefficients associated with
a given optical material. This equation was deduced in
1871 by Sellmeier and was developed by Cauchy as
Cauchy’s equation for modeling dispersion.l3 The Sell-
meier equation is usually valid only in high-transparency
spectral regions. We find that the two-pole Sellmeier equa-
tion given in Eq. (4) gives the minimum standard error of
the fit for these samples, and these Sellmeier parameters are
summarized in Table 2.

2.4 Optical Transmission and Absorption Coefficient

The optical absorbance of the Teflon® AF film was deter-
mined by measuring the transmission intensity of CaF, sub-
strates and films of different thicknesses on CaF, sub-
strates. Once the transmission spectra of the substrate and
the film coated on that substrate were determined, the film
optical absorbance per cm (base 10) was then determined

by Eq. (6):

1 T /T
Alem = OglO( substrat lem) ’ (6)

Lfitm

where T is the transmission, ¢ is the thickness of film, and
A/cm is the absorbance per centimeter (base 10). Using
multiple samples of different film thickness, one can then
solve the resulting system of equations and determine the
reproducibility and a standard deviation of the optical ab-
sorbance per centimeter.

Transmission-based measurements also require that the
film thickness of the sample on the substrate be optimized

Table 2 Two-pole Sellmeier parameters.

TAF Grade A B4 C; B, C,
AF1300 1.517 0.184 0.016 1 104.66
AF1601 1.461 0.226 0.014 1 119.03
AF2400 1.456 0.181 0.014 1 159.28
J. Micro/Nanolith. MEMS MOEMS 033010-3 Jul-Sep 2008/Vol. 7(3)
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Fig. 3 Extinction coefficient k determmed from transmission mea-
surement for three grades of Teflon® AF.

for the dynamic range of the technique so that the transmit-
tance of the film and substrate falls in the range from 3 to
90%. If the transmittance falls much below 1%, the accu-
racy of the measurement is severely degraded and errone-
ous results appear * Much of the uncertainty comes from
the antireflective effect of thin polymer film when coated
on CaF,. That is, the small amount of light absorbed by a
highly transparent film is lost in comparison to the trans-
mission increase resulting from decreased reflectivity from
the antireflective effect. In the worst such case, Tgmpie iS
greater than Ty e and the calculated absorbance goes
negaltive.l

As in all experimental measurements, the accuracy of
the measured values is a function of the sample and mea-
surement apparatus. The inherent sensitivity of spectral
transmission and absorbance measurements is affected by
the optical path length of the sample and the transmission
drop that occurs as light transmits through the sample in the
measurement. As the transmission drop decreases, the ac-
curacy of the absorbance measurement decreases. A trans-
mission difference of ~0.1% is near the limit of the mea-
surement method.

Once the extinction coefficient k (from ellipsometry,
Fig. 3) and the base-10 absorption coefficient A (Fig. 4)
have been determined, the base-e optical absorption param-
eter a (Fig. 5) can be determined using Eq. (7). The ab-
sorption coefficient, a, corresponds to the attenuation of the
light transmitted through the sample and is calculated on a
natural logarithm basis. Since the absorbance per cm, A, is
determined from the base-10 logarithm of the optical den-
sity given in Eq. (6), a value of In(10), or 2.302585, is
introduced into Eq. (6) and Eq. (7). Both k and « are in-
herent optical properties of the material. On the other hand,
absorbance/cm is frequently based only on transmission
measurements and thus neglects effects arising from the
index mismatch between the film and substrate, thin film
interference effects, and film nonuniformity effects.

The fundamental absorption edge spectra have been
determined'® by Eq. (7):
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Fig. 4 Optical absorption edge (absorbance fits) of three grades of
Teflon® AF with their corresponding Urbach edge fits (dashed lines).

a=4mk/\, (7)

where « is the optical absorption coefficient (base €), \ is
the wavelength of the light source, and k is the extinction
coefficient. The relationship between the base-e absorption
coefficient o and the base-10 absorption coefficient A is
given in Eq. (8):

10g10(T1) —logio(T2) 1 In(7)) - In(7,)
t " 1n(10) t

1
In(10) "

where T, is the transmission of the substrate, 7, is the
transmission of the film, and ¢ is the thickness of the film.

(8)

140004 AF2400 Urbach Edge Position = 178nm
Urbach Edge Width = 2.8nm Solid lines = Measured Data

Dashed lines = Urbach Fits

-
g
k)
fw?
L
L
%
]
O
-
b
= i
=
2 8000
g
3 . g
© 2
£ 6000 =
g AF1601 Urbach Edge Position = 204nm
E-4 - Urbach Edge Width = 5.5nm
Q
Z 4000 \
< \“ AF1300 Urbach Edge Position = 211nm
N ‘\ Urbach Edge Width = 6.0nm
2000 :
1 S
. N
e
0 - T T 1 T
150 160 170 180 190 200 210 220
Wavelength (nm)

Fig. 5 Optical absorptlon edge (absorbance coefficient fits) of three
grades of Teflon® AF with their corresponding Urbach edge fits
(dashed lines).
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2.5 Urbach Analysis of Absorption Edges

Urbach edge analysis is a useful way to parametrically
characterize a film’s optical absorption edge and to poten-
tially distinguish intrinsic and extrinsic contributions to the
absorbance." Urbach'® originally observed that a material’s optical ab-
sorption for energies below the fundamental optical absorption edge is
exponential in nature and can be characterized by the Urbach edge energy
(E,) and the Urbach width (W), which is related to the slope of the Urbach
edge [using the nm&eV conversion A(nm)=1239.8/E (eV)].

2.5.1 Urbach analysis of the absorption coefficient
(a) and the absorbance (A)

When Urbach fits an exponential to «, the equations used
are:

a(E)=H, exp(E;Van), )

a

ln(a)zw, (10)

where the absorption coefficient « as a function E is char-
acterized by the Urbach edge energy (E;) and the Urbach
width (W). The intercept E,, (energy at which a=1) is the
quantity of interest. When Urbach fits an exponential to A,
the equations used are:

E—Eg,
114 ) (1)

A(E)=H, exp(
A

E—(Epy—hyWy)

In(A) = W
A

(12)
The intercept Eg, (energy at which A=1) is the quantity of

interest. The relationship between E, and E, is obtained
as follows:

AE)=H (E—EOA) P H, (E—E0a>
= e = = (& .
AP\ T ) T n0) T m(10) P\ w

o

2.5.2 Relationships between slopes and intercepts
for Urbach fits to A versus «

Note that Urbach actually fits the exponential equations
shown earlier. This is done because the error statistics are
known in data space (A and «), not in In(data) space. The
equations given here are the easiest to use to understand the
slope and intercepts that are provided in the solution.

The preceding exponential equations that are used by
Urbach for fitting can be transformed to a linear form by
taking the logarithm of the data. When we do this, we ob-
tain the following: straight line equations, with slopes m
and intercepts b.

In(a) =m, * E+b,, (14)
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In(A) =my * E+b,. (15)

The intercept energies —b,, [energy at which In(a)=1], and
—b, [energy at which In(A)=1] are the quantities of inter-
est.

Using the conversion between « and A, we can find the
relationship between the slopes and intercepts for A versus
a. What one finds is that the computed Urbach edge widths
will be the same for fits to A or a:

W,=W,. (16)

The intercept energies Ey, and E,, as reported by Ur-
bach, are related by:

E()azE(]A +1H(2302585)/mA, (17)
E0a=E0A+ln(2.302585) * WA‘ (18)
3 Results

3.1 Complex Index of Refraction (n+ ik)

The refractive index (n and k), film thickness of Teflon® AF
films, and transmission intensity of Teflon® AF films were
determined over the wavelength range 145 nm to 1550 nm.

In order to obtain the best quality of uniform and crack-
free thin films by spin coating, Teflon® AF films with thick-
nesses in the range of 50 to 160 nm were measured instead
of the 200-nm-thick films commonly studied in ellipsom-
etry. Therefore, these samples are a good candidate for mul-
tiple sample analysis performed by simultaneously fitting
the data from two or more samples. This is a very powerful
method for determining optical constants because fit pa-
rameters are coupled between the models to take advantage
of the additional information provided by the use of mul-
tiple samples. A good multiple sample analysis is effective
only if all films have the same optical constants.

The complex indices of refraction for the three grades of
Teflon® AF, AF1300, AF1601, and AF2400 are shown in
Fig. 6 and Table 3. A plot of the extinction coefficient (k)
determined from transmission measurement of the film on
the CaF, substrates is shown in Fig. 3.

The results of the indices of refraction calculated from
the Sellmeier equations are quite similar to those deter-
mined from the Cauchy model. The index of refraction ver-
sus wavelength data can be provided by the Sellmeier equa-
tion without the need for extensive tables.

3.2 Transmission and Absorption Coefficient

For the determination of the optical absorption of the film
micron-thick films were measured. These thicker films are
more susceptible to the effects of nonuniformity and finite
spectrometer bandwidth. Ellipsometers that include a re-
tarding element are capable of measuring percent
depolarization.10 Both film nonuniformity and finite-
bandwidth can depolarize the measurement beam. We
quantify these nonideal effects and model their behavior
during analysis of experimental data. In this manner, the
optical constants can be determined with a higher degree of
certainty.

Jul-Sep 2008/Vol. 7(3)
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Fig. 6 Index of refrac(gion n determined from ellipsometric data for
three grades of Teflon AF.

The accurate measurement of transmitted light intensi-
ties is inherently difficult to attain and reproduce. The use
of dual-beam spectrometers has improved accuracy and re-
producibility, but the instrument relies on the equivalence
of optical elements and detectors in multiple optical paths
and/or the stability of the instrument over time. Since
transmission-based absorbance/cm measurements result di-
rectly from the difference in transmission, AT, of the sub-
strate and the film on the substrate, the accuracy to which
AT can be known is a major limitation.

In addition to the variability in the measurements, the
quality of the CaF, substrates is highly variable due to bulk
absorptions and surface contamination issues. These issues
are more critical at 193 nm than at longer wavelengths,
since materials are much more strongly absorbing at

193 nm. This variability requires that each substrate be
measured before the thin film is deposited and then used in
calculation of the film’s absorbance/cm calculations. In
more well established optical materials such as ultrahigh-
purity fused silica or single-crystal sapphire, the assump-
tion that the substrates are all comparable is an acceptable
approximation. For substrates of CaF,, transmission can
vary19 from 71 to 86%.

Knowledge of the film thickness is also required to de-
termine the absorbance/cm. Determination of the thickness
of a soft polymer film that is nearly index matched to a
transparent substrate can be very challenging. This thick-
ness uncertainty enters directly into the accuracy of the
resulting absorbance/cm values.

The fundamental absorbance, A (base 10), and absorp-
tion coefficient, a (base e), spectra versus wavelength for
the three grades of Teflon® AF are shown in Figs. 4 and 5,
respectively.

3.3 Urbach fits results

To compare with the experimental data, the Urbach edge fit
to the optical absorption edge of absorbance (A) and ab-
sorption coefficient (@) of the three grades of Teflon® AF
are shown in Figs. 4 and 5. The relationship between these
two ways of Urbach fitting to A or « was described in Secs.
2.5.1 and 2.5.2. The Urbach edge fits underneath the mea-
sured absorption edge for energies below the fundamental
absorption edge, and the Urbach edge positions are pre-
sented in Table 4 for the three grades. Typically, we found
that the standard deviation of the Urbach edge position is
~1.6 nm and of the Urbach edge width is ~0.3 nm. There
is a correlation of the Urbach edge parameters with the
range of optical absorbance of the sample and, therefore,
Urbach parameters should be compared for samples over
wavelength ranges exhibiting comparable ranges of optical
absorbance. We can also compare the absorbance at
193 nm for the measured absorbance and the Urbach ab-
sorption edge. In this case, the broad, diffuse nature of the
extrinsic absorbance allows the Urbach edge fit to distin-
guish the extrinsic contributions from the intrinsic contri-
butions to the optical absorbance.

Table 3 Indices of refraction at lithographic wavelengths.

AF1300 AF1601 AF2400
nm n k n k n k
157.0 1.432 0.031 1.417 0.026 1.377 0.006
172.2 1.380 0.004 1.375 0.007 1.344 0.000
185.1 1.364 0.002 1.357 0.002 1.333 0.000
248.0 1.329 1.325 1.303
J. Micro/Nanolith. MEMS MOEMS 033010-6 Jul-Sep 2008/Vol. 7(3)
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Table 4 Urbach edge fit parameters.

Urbach Edge Urbach Edge Urbach Urbach Edge
Position (nm) Position (nm) Edge Width Width (nm)
TAF from from Absorbance Coefficient (nm) from from Absorbance
Grade Absorbance Fits Fits Absorbance Coefficient Fits
AF1300 205 211 5.9 6.0
AF1601 199 204 5.5 5.5
AF2400 176 178 2.8 2.8

4 Discussion
4.1 Complex Index of Refraction

The index values of Teflon” AF1300 presented in Table 3 show that
it has a higher index of refraction than Teflon® AF1601 and Teflon®
AF2400 fluoropolymers. Refractive indices at other wavelengths can be
determined from the Sellmeier parameters given in Table 2. But Fig. 6
shows that the index values dropped from the wavelength of 155 nm to
shorter wavelengths for both AF1300 and AF2400. Also, Teflon® AF1300
shows a higher extinction coefficient (k) at 193.4 nm (Fig. 3) than Teflon®
AF1601 and Teflon® AF2400. The index values and extinction coefficient
(k) of Teflon® AF1601 are intermediate to those of Teflon® AF1300 and
Teflon® AF2400. Teflon® AF2400 has the lowest index values and extinc-
tion coefficient (k). This is consistent with the earlier observation that the
refractive index increases as the TFE content increases and the PDD con-
tent decreases.'

4.2 Optical Absorbance

The absorbance and absorption coefficient spectra of
Teflon® AF1300 presented in Table 5 show that it is more
strongly absorblng at 1934 nm (93/cm) than Teflon®

AF1601 and Teflon® AF2400 ﬂuoropolymers This is con-
sistent with our earlier observations.' Increasrng the TFE
content in the polymer increases the average (CF,—CF,),
run length in the polymer chain, and this is associated with
a noticeable increase in 193.4-nm absorption. Apparently,
PDD interferes with the absorptive effect of long runs of
adjacent (CF,), groups, presumably by breaking up the
electron conjugation down the polymer chain backbone in
the CF, run segments. Looking at the structure of PDD, it
can be seen that the PDD monomer unit adds two adjacent
O-C-F bonds (as opposed to the F-C-F of TFE) to a poly-
mer chain. In a chain c0n51st1ng of PDD and TFE mono-
mers, such as in Teflon® AF, the presence of uninterrupted

Table 5 Absorbance/cm values at 193.4 nm from experiment and
Urbach edge analysis.

Urbach Absorption

TAF Grade Measured Absorbance/cm Edge/cm
AF1300 93 7.9
AF1601 41 25
AF2400 28 0.6
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sequences of F-C-F units down the chain is bad for absorp-
tion, while the introduction of the PDD disrupts these TFE
runs and reduces their length, thereby reducing the optical
absorption. Nonetheless, Teflon® AF2400, which shows the
lowest absorbance, has a stiff and sterically congested
chain, as ev1denced by its high glass transition temperature
(240°C)." We assume that the absorption of CF, units is
also dependent upon rotational angle and that the PDD
monomer forces conformations are unfavorable for
193.4-nm absorption.

4.3 Urbach Edge Analysis and Polymer
Composition

We have seen that increasing TFE content increases absorp-
tion at 193.4 nm. Therefore, the Urbach optical absorption
edge positions moved to longer wavelengths and the Ur-
bach edge width became wider as the absorption increases.
Teflon® AF1300 contains ~50 mol% TFE, while AF1601
and AF2400 have lower TFE contents, at ~35 mol% and
~11 mol%, respectively. Therefore, the same TFE run-
length mechanism discussed earlier can be associated with
the dramatic shift of the absorption edge position with the
associated change in TFE/PDD ratio.

4.3.1 Urbach edge position

In Urbach analysis of the absorbance (A), Teflon® AF1300
shows the optical absorption edge at a wavelength of
205 nm and an Urbach edge width of 5.9 nm, while analy-
sis of the absorption coefficient () shows a wavelength of
211 nm and an Urbach edge width of 6.0 nm. The Urbach
edge width is supposed to be the same in both analyses;
however, we see a 0.1-nm difference here. Both Urbach
analysis parameters are greater than with the other two
grades of Teflon® AF. For Teflon® AF1601, both Urbach
parameters of optical absorption edge (199 nm and
204 nm) and Urbach edge width (5.5 nm) were sandwiched
between Teflon® AF1300 and Teflon® AF2400. Addition-
ally, the Urbach fits of Teflon® AF2400 show that both
Urbach parameters of optical absorption edge (176 nm and
178 nm) and Urbach edge width (2.8 nm) in analyses of
absorbance (A) and absorption coefficient (a) were less
than the other two grades of Teflon® AF.

4.3.2 Urbach edge absorbance at 193.4 nm

We can also compare the absorbance at 193.4 nm for the
measured absorbance (93/cm) and the Urbach absorption
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edge (less than 10/cm) for Teflon” AF1300. For Teflon® AF1601,
the Urbach fits absorbance curve shows it to have a measured absorbance
of 41/cm and Urbach absorption edge less than 3/cm at 193.4 nm. The
Urbach fits absorbance curve of Teflon® AF2400, shows it to have a mea-
sured absorbance of 28/cm and an Urbach absorption edge less than 1/cm
at 193.4 nm (Table 5). So in these cases, the broad, diffuse nature of the
extrinsic absorbers allows the Urbach edge fit to distinguish the extrinsic
contributions from the intrinsic contributions to the optical absorption.

5 Conclusions

Three grades of Teflon® AF fluoropolymers have been stud-
ied using ellipsometry and transmission measurements to
determine their optical properties. These three Teflon® AF
grades have differing copolymer compositions (the ratio of
TFE/PDD in mol%) and compositional differences that
give rise to systematic changes in the optical properties
such as the index of refraction and absorption coefficient. A
comparison of the absorbance at 193.4 nm and the Urbach
fit absorption edge of the three grades of Teflon® AF fluo-
ropolymers suggests that extrinsic absorbers may account
for a small increase in absorbance over what might be the
intrinsic absorbance of the polymer. We found that the op-
tical properties of the three grades of Teflon® AF varied
systematically with the AF TFE/PDD composition. The in-
dices of refraction, extinction coefficient (k), absorption co-
efficient (), and absorbance (A) increased, as did the TFE
content, while the PDD content decreased. In addition, the
Urbach edge position moved to a longer wavelength, and
the Urbach edge width became wider.
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