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Introduction

Abstract. Ellipsometrically obtained spectral dependences of ordinary o and extra-
ordinary o’ extinction/attenuation coefficients within the spectral range A = 300...980 nm
of uniaxially anisotropic polytetrafluoroethylene (PTFE) films were analyzed. We
considered the capabilities and specific features of the graphical representation technique
for determining the contribution of Rayleigh scattering and Urbach absorption to light
attenuation in the spectral range beyond fundamental absorption. It has been shown that the
graphical approach enables to estimate these contributions qualitatively, semi-quantitatively
or quantitatively, depending on the situation. The conclusions made using the analysis of
graphical representation are confirmed by numerical solution of the inverse problem via
simulation of the o™ (1), o’ (L) experimental dependences within the framework of a best-fit
procedure. Being based on both of these approaches, we have ascertained that, in the
as-prepared PTFE films, the so-called anomalous light scattering (ALS) with the spectral
dependence of scattering coefficient ag ~ a; A ™ (p > 4) takes place. Transformation of
scattering from ALS to the Rayleigh one with p = 4 due to annealing is accompanied by an
increase of Urbach (subband) absorption. Both of these factors cause narrowing the
dynamic range of extinction coefficient values. Both scattering and absorption coefficients
are higher for the component of light polarized along the normal to the substrate as
compared to the component polarized in parallel to it. The relationship between observed
behavior of the scattering and absorption coefficients and the film structure has been
discussed.
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spectral range beyond fundamental absorption can
provide essential information for analyzing the structure

The distinction between absorption and scattering in the
spectral range beyond fundamental absorption is
important for characterization of practical properties of
any optical material. As an inelastic process, absorption
not only attenuates transmitted light but also transforms it
into heat. This can lead to the overheating and
degradation of material, causing problems especially in
high power applications [1, 2]. In contrast, scattering
causes negligible internal energy transfer, because it
essentially involves elastic processes. Nevertheless, it is
undesirable in many applications [1-4]. In addition,
obtaining data on the nature of optical losses in the

of a material and finding ways to purposefully change it.
Thus, information about the contributions of absorption
and scattering to the attenuation of light in this spectral
region of the material is important from both
fundamental and practical viewpoints.

This work is aimed at determining the contribution
and type of scattering and absorption as based on the
analysis of the extinction coefficient spectra. A series of
samples of polytetrafluoroethylene (PTFE) film, the
practically important material [5], was analyzed. The
band gap E, for different types of PTFE samples was
found to be within the 5...10 eV interval [6-9] which
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corresponds to the middle and far ultraviolet spectral
regions. Our measurements of extinction coefficient were
performed in near infrared, visible, and near ultraviolet
spectral ranges. The results for two PTFE films, prepared
using two different technological ways and, as a result,
having different optical characteristics, are presented.

“Try graphics first’ is one of basic scientific
principles when analyzing the data in many research
areas [10]. The graphical representation technique is
widely used for analyzing the data on scattering or
absorption. However, we did not find works where this
method was used to separate the contributions of
scattering and absorption to the total extinction
coefficient. This work is intended to fill this gap.
Considerable attention is paid to methodological aspects
of using the graphical representation technique in this
case. First, the possibilities of the technique for express
estimation of the scattering and subband absorption
contributions to light extinction were estimated. It was
shown that this simple graphical approach enables to
estimate these contributions qualitatively, semi-
quantitatively, or quantitatively, depending on the
situation. It is also shown that graphical analysis is
important to form an adequate parametric model in the
numerical solution of the inverse problem (IP). Also, it
allows us to obtain a reasonable initial approximation of
the model’s parameters that significantly simplifies the
numerical solution of IP. Solving IP was performed using
simulation of experimental dependences of extinction
coefficients within the framework of a best-fit procedure.
The IP solutions confirmed the conclusions of the
graphical technique.

2. Experimental

The 1.0-um thick PTFE film No 16 was prepared using
the method of evaporation-activation of PTFE in a high
vacuum (the so-called electron-enhanced vacuum deposi-
tion (EVD) [6]) at the pressure of active fluorinated
volatile fragments 2-10~* mbar. The 0.5-um thick PTFE
film No 28 was prepared using the EVD method with
additional non-self-sustained radio frequency plasma at
comparatively low pressure and power (9-10™* mbar,
50 W) in fluoropolymer gas fragments (for details of this
technology, see reference [11]). The films were deposited
on polished slides of monocrystalline silicon at the
ambient temperature. Ellipsometry is a versatile and
sensitive method for studying various characteristics of
materials [12-15]. SENresearch SE 800 DUV ellipso-
meter (Sentech Instruments, Berlin-Adlershof, Germany)
and SpectraRay/4 — SENTECH comprehensive software
for spectral ellipsometry data acquisition and analysis
were used. The obtained spectral dependences of
refractive indices are presented in Fig. 1. They show that
the films are uniaxially anisotropic with an optical axis
perpendicular to the substrate plane. The values of
ordinary n¥, k¥ and extraordinary n’, k* refractive and
extinction indices were determined at 150 measured points
within A = 300...980 nm spectral range. At A = 632.8 nm,
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Fig. 1. Spectral dependences for the ordinary n®¥ (1,1’) and
extraordinary n” (2, 2') refractive indexes of the films No 16 (a)
and No 28 (b). 1, 2 — for the as-deposited films, 1', 2’ — for the
film No 28 after annealing in Thermo Scientific Cimarec oven
at 80 °C for 1 h in nitrogen atmosphere.

the values of ordinary n® and extraordinary n* refractive
indices are as follows: for the film No 16 n™=1.3496,
n*=1.3523 (n*—n*¥ = 0.0027), for the film No 28
n¥=1.3577, n=1.3675 (n*~n* = 0.0098). After the
one-hour annealing at 80 °C in nitrogen atmosphere, the
refractive indexes of the film No 28 reached the values:
n®=1.3436, n* = 1.3527 (n* — n®¥ = 0.0091).

3. Possible mechanisms of scattering and absorption
in the “transparency range” and their identification
by using the graphical analysis of the extinction
coefficient experimental dependence

When a light beam propagates in any medium, its
intensity gets attenuated to a certain extent in accord to
the law

I(z)=1,exp(-ad). (1)

When the light beam passes through the medium,
both absorption and scattering can contribute to
attenuation [1-4]:
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=0, +0;, (2)

where a, is the absorption coefficient and os is the
scattering coefficient.

Scattering losses may be caused by any of several
contributing factors. The first is Rayleigh scattering on
the much-smaller-than-wavelength inhomogeneities inside
the solid that cause fluctuations of the refractive index.
Another important aspect of Rayleigh scattering is the
assumption that particles are randomly spaced, resulting
in the scattered light being incoherent [3, 4]. Spectral
behavior of Rayleigh scattering has the form [1-4]:

ag =ag /A", 3)

where ag is the Rayleigh coefficient characterizing the
scattering efficiency in a given sample. This dependence
has been observed experimentally numerous times. With
increase of inhomogeneities’ dimensions (dimensions of
scattering particles) the os~A™ dependence with p <4
takes place (Mie scattering) [16, 17]. The larger the
particle size, the smaller the exponent.

Generally speaking, the fulfillment of power
dependence in the form of a= ax™® in any case is a proof
of the dominance of scattering [3, 4]. In nanostructured
glasses  (phase-separated  glasses, glass-ceramics)
anomalous light scattering (ALS) [3, 4, 17] with p >4 is
observed. There were a few papers that considered the
ALS problem in detail. It is known that shape,
orientation, polydispersity of inclusions, and their distinct
refractive indices influence the degree of light scattered
due to ALS [3, 4, 17]. Thus, for the wavelength-
dependent scattering we can generally write:

g =84 /kp (4)
or the same

as = A (hv)p ' ()
where as(A) is the coefficient of wavelength-dependent
scattering.

The scattering component caused by the surface
roughness ¢ in our films can be estimated using the

following formula [18] o4 =R, exp[—(4m)2/x2] ,

where R, is the reflection coefficient of the specularly
reflected light. At a surface roughness of ~2...3 nm, the
contribution of surface scattering to the reflectance is less
than 1% [18]. Thus, surface scattering is neglected in
further consideration. Manufacturing-related light loss
caused by macrodefects (macro-imperfections) that
exceed the probe wavelength can also contribute to the
extinction coefficient. This component is wavelength-
independent.

In low crystalline, poor crystalline, disordered and
amorphous materials, an exponential part of the
absorption coefficient energy spectrum beyond the
optical band edge (Urbach tail) is observed [19]:

o = o exp(hv/Ey) - (6)

This type of absorption occurs, because these materials
have localized states that extend into the band gap.
Urbach energy Ey is often interpreted as the band tail
width due to the localized band gap states.

Graphical representation technique is widely used to
determine both the scattering characteristics and the
characteristics of subband absorption. To detect the
exponential section in the a(hv) dependence, the ordinata
is plotted in a logarithmic scale. The value of Urbach
energy is determined from the inverse of the slope of the
Ino. — hv curve’s linear portion. Most papers that study
near-edge absorption don’t account for the contribution
of scattering into the extinction coefficient, which
introduces an additional error into the determined Ey
value.

In turn, in case of domination of scattering, plotting
experimental data in Ino.— InA or Ina.— Inhv coordinates
is the simplest and quickest way to determine the type of
scattering (Mie, Rayleigh or ALS) and the exact values
of the parameters ay(As), p- As Inag =InA + pinhv, the
slope of this line gives the p value, and the scattering
constant value is determined from the equation
InA, =—plInhv, , where hv; is the photon energy, for
which o = 1 in the units of the as measurement.

In the case of noticeable contribution from
wavelength-independent scattering, that is

ag =as A P +b )
or the same
Qg = As (hv)p + Bs' (8)

plotting the experimental curve in double logarithmic
coordinates will no longer give the exact values of As and
p, because in this case

Ina, = I A, + pln(hv)+In [1+(BS/AS)(hv)’p] : 9)

The presence of A-independent component in
scattering will distort the long-wave part of the
Inas(Inhv) spectral dependences to a higher degree.

Therefore, the short-wave part of this plot gives better
estimate of the A and p values. The exact values of the
parameters p, as(A;), bs(Bs) can be obtained by plotting
the experimental plots a(A) or a(hv) in the a—A" or
a— (hv)? coordinates and choosing the value of p that
gives the best linear approximation. In essence, this is a
graphical finding of the inverse problem exact solution
within the framework of a model that takes into account
both the A-dependent and A-independent components of
scattering. For example, this is how the values of the
Rayleigh constant ar and the A-independent constant b
were obtained from the linear dependence a()) in the
o — A coordinates in the pure GeO, core—F-doped GeO,
cladding fiber [20]. The bs/ar relation was found to be
~3.6. In [21] for the fluoride-glass optical fibers the
linear dependence was found in o.— A>* coordinates with
the b, /a ratio of 0.1.
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3.1. Analysis of extinction coefficient experimental
dependences by using the graphical representation
technique and numerical solution of the inverse
problem

In this analysis, we use not the wavelength scale, as it is
usually accepted in the analysis of scattering spectra, but
photon energy scale, as is customary in the analysis of
absorption spectra.

3.1.1.  «¥(hv) and &’(hv) dependences of the film 16

For the film 16, since the wavelength decreases from
980 nm (hv = 1.2653 eV) to 300 nm (hv = 4.1333 eV),
the extinction coefficient o for the component of the
light polarized in the directions parallel to substrate
increases by a factor of 372: from 0.022 to 8.27 cm . For
the component of the light polarized along the normal to
substrate, the extinction coefficient o’ is more than an
order of magnitude larger. When X is decreased from
980 to 300 nm, o increases 237 times from 0.70 to
166.0 cm . The o growth in relation to the o is more
pronounced in the long-wave part of the spectrum: at
A =300 nm o/a*= 20, at A = 980 nm o/a” = 32.

Fig. 2 shows o(hv) and o’(hv) experimental plots
in double logarithmic and semi-logarithmic coordinates.
As can be seen, in In—In coordinates they are close to
linear, and in semi-log coordinates have a sublinear
appearance. Thus, representation of the experimental
curves in these coordinates indicates that the light
scattering determines the spectral behavior of the o and
o extinction coefficients. By connecting endpoints on
plots (1) and (2) of Fig. 2a by straight lines, we get the
estimated values of the parameter p: 4.62 for the
polarization normal to substrate (z-polarzation direction)
and 5.00 for the polarization parallel to substrate
(xy-polarization directions). Since p>4, then the
scattering is anomalous. To more accurately determine
the values of the parameters that define the course of the
spectral dependences o, o by the graphical method, we
performed a linear approximation of the experimental
spectral plots o™¥(hv), o’(hv) in various coordinates by
using the option “Analysis — Fit Linear” from the
Origin 6.1 software package (OriginLab Corporation).
This option performs linear regression analysis by the
ordinary least squares method (OLSM).

The o¥(hv) experimental plot of the film 16 in
Ina® — Inhv coordinates is ideally described by the linear

fit oY =-498(+1.2.10°)+5.00(+1.52-10° )Inhv
(R=1, SD=6.0-10° where R is the square root
of coefficient of determination, and SD is
residual standard deviation, hvy = 2.707 eV,
A;=6.86-10°cm™). In o¥—(hv)® coordinates, the
experimental plot «%(hv) is ideally described by
the line o =[6.86-10(+3.28-10°)cm?] (hv) -
~8.33-107(£9.04-107 Jem (R =1, SD = 9.65-10° cm’?).
Thus, using this graphical representation technique
analysis, we may definitely conclude that, within the
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Fig. 2. Spectral dependences of ¥ (1) and o” (2) in Ina — Inhv
(a) and Ino. — hv (b) coordinates for the film No 16.

spectral range 300 to 980 nm, the extinction coefficient
o in the film 16 is defined by ALS with p =5.00 and
As=6.86-103cm . This is proved by the fact that the set
of 150 experimental points (hv;, o) is approximated by
dependence (9) with the almost zero value of Bs and
standard error of A, which is six orders of magnitude less
than A..

The linear fit of the o’(hv) experimental plot in In-In
coordinates is somewhat less ideal than for the o™(hv)
plot: In .? = ~1.50(+0.0596 )+ 4.61(+ 0.00757 ) Inhv
(R=0.9998, SD=0.03085 A,= 0.223cm?’, hv,=
0.697 eV). Linear fit in o— (hv)*®! coordinates gives:
R=0.9997, SD= 0.815¢cm™* at A;= 0.2347cm* and
B, = a’(hv=0)=—-05744cm™. Thus, the graphic
analysis shows that the model of wavelength-dependent
scattering with two parameters, As and p, does not quite
perfectly describe the spectral course of of, as it is
evidenced by the negative value of o at hv=0. The
value p =4.61 is the lower estimate of the parameter p.
A more accurate lower estimate of p can be obtained, for
example, by the linear fit in the range o’ > 1.0. For this
range Inoa’=-1.74+4.8244 Inhv (R =0.99999, A, =

0.1755cm™, hv; = 0.722 eV). By plotting the o’(hv)
experimental dependences in the coordinates o’ — (hv)®,
it was found that the best linear approximation of
the entire measured range is achieved in the a’— (hv)*®?
coordinates: R=1, SD= 0.084cm™ at A,=0.169+
+3.5-10° cm™, B, = o(hv = 0) = 0.2906 + 7.92-10°cm ?,
Bs/As = 1.72. In fact, this is a graphical solution of the
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inverse problem within the framework of the model
described by the equation (8). Thus, taking into account
the A-independent scattering component increases the
exponent of the A-dependent component from 4.61 to
4.853.

It can be seen that the expression (8) describes the
spectral course of the extinction coefficient for the
component of light polarized in the directions perpen-
dicular to substrate worse than for the component of the
light polarized in the directions parallel to substrate. In
the former case, the relative error of parameter A is
2.1:10%%, while in the latter case 4.8-10°%. A relatively
large value of the B,/A; ratio stands out, as well as the
fact that the relative error in determining Bs (2.8%) is two
orders of magnitude higher than the error in determining
As. This may indicate that deviation from the strict power
dependence is mainly caused not by the presence of
A-independent scattering, but by the presence of defect
absorption. To test this assumption, a comparative
numerical solution of IP was carried out using two goal
functions:

6= A, )P + B - | (10)

and

6= Y [P +agepiiv /e) o[

Solution of IP consisted of finding the values of the
parameters A, Bs, p, oo and Ey, that provide the
minimum of the goal functions G; or G,. The estimated
values obtained by the graphical method served as the
initial values of the variable parameters in the numerical
minimization. The summation was carried out over all
150 points at which the extinction coefficient was
determined.

In the case of solving IP in the frame of model (8),
minimization of G, is identical to the performance of
linear regression analysis by OLSM. Indeed, for
z-direction G,;™"=1.0584cm? at A, = 0.1689 cm?},
B, = 0.291cm™, p=4.853 is obtained. Thereof,
(G,™"/150)" = 0.084, which is equal to the SD value
obtained by linear regression in o’ — (hv)*®* coordinates.
At the same time, G,™" = 0.03875 cm > (27 times less
then G,™") at A, = 0.162cm™, p=4.833, o =
0.0384 cm™, Ey = 0.72 eV. Comparison of G;™" and
G,™ points out that the main role in deviation of
experimental o’(hv) plot from pure power dependence is
mainly caused by the Urbach absorption. This conclusion
is also confirmed by the fact that minimization within the
goal function

Gy= Y A, +ap-exp(wi /By )+ B, o[ (12)

only slightly (by 8%) reduces the error, and for By the
value close to zero (-0.03 cm™) is obtained. Wherein, the
p and E values practically was not changed, the A value
decreased by 6%, and the value of Ey increased by 10%.

Film No16, z-direction

150 a,+o
A, =0.162cm” Y o
p =4.833 °
o =0.0384cm™

100+ 0
E,=0.720 eV

Extinction coefficient o, cm®

Photon energy hv, eV

Fig. 3. o spectral dependence (triangles) as well as its
simulation with the sum (red curve al+a’) of absorption

(green curve o ) and scattering (blue curve ol ) components

for the film 16. The minimization parameters are shown in the
figure.

The fitting results for a’(hv) dependence
corresponding to minimum of G, are shown in Fig. 3. For
the z-direction, the relation of absorption to scattering
coefficients decreases from 0.442 to 0.0775, since the
wavelength deceases from 980 down to 300 nm. Thus,
the relative contribution of absorption is higher in the
long-wave part of the spectrum. This is analogous to how
the presence of A-independent scattering manifests itself
in the sense of influencing the shape of the spectrum.
Note that, in the spectral range hv ~ Ey, the contribution
of the Urbach absorption will change very little with a
change in the wavelength, i.e., behavior of the term
ag-exp(hv/Ey) in terms of the contribution to the spectral
course of the extinction coefficient will be a little
different from the contribution of the term B with a
value close to that of ag-e.

3.1.2. «”(hv) dependences for the film 28 before and
after annealing

Fig. 4 shows the plots of o’¥(hv) spectral dependences in
Ino. o¥—Inhv and Ina®¥—hv coordinates for the as-
deposited film 28 (curves 1) and for this film after the
one-hour annealing at 80 °C in nitrogen atmosphere
(curves 2). As the wavelength decreases from 980 down
to 300 nm, the extinction coefficient for the component
of the light polarized in the directions parallel to
substrate in the as-deposited film 28 monotonically
increases by a factor of 360 from 2.5 to 900.0 cm™™. l.e.,
the dynamic range of the o™ values in the films 16 and 28
is practically the same, although the o values
themselves differ by two orders of magnitude. The
annealing leads to an increase in o’ over the entire range;
this growth is more pronounced in the long-wave part of
the spectrum. As a result, the dynamic range of the
o values decreases: o increases seventy-fold from
15.5cm ™ at A = 980 nm up to 1106 cm * at A = 300 nm.
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Fig. 4. o spectral dependences in Ina®® — Inhv (a) and Ina¥ - hv
(b) coordinates for the as-deposited film 28 (1) and for this film
after one-hour annealing at 80 °C in nitrogen atmosphere (2).

It can be seen from the figure that, as in the case of the
o¥(hv) dependence for the film 16, the o¥(hv)
dependence in the film 28 in Ina®¥ — Inhv coordinates is
close to linear both before and after annealing, while in
Ina® - hv coordinates it has a sublinear form. That is,
light scattering plays a determining role in the spectral
behavior of ¥ for the film 28 as well.

Compared to the as-deposited film 16, the linear fit
in In—In coordinates describes the experimental plot
o¥(hv) of the as-deposited film 28 slightly less ideally:
Ina*¥=-0.263 + 4.975Inhv (R =1, SD =0.00244), hv, =
1.054 eV. In o« — (hv)**" coordinates, linear approxima-
tion gives o = —0.209 cm™ + 0.772(hv)**° cm™ (R =1,
SD = 0.00305 cm™). The negative value Bs = —0.209 cm ™
at p=4.975 indicates that description of experimental
data by the dependence (5) is not fully adequate.
Selection of p values in the framework of the model (8)
shows that the best linear approximation is achieved in
the o — (hv)**? coordinates: R =1, SD = 0.02577 cm*
at A; = 0.7543 +8.9-10%cm™, B, = 0.0865 + 2.4-10 *cm™
(Bs/As = 0.115). Thus, the exponent value for the
A-dependent part of the scattering for xy-polarization
directions in the as-deposited films 28 and 16 completely
agrees, as well as the accuracy of description with the
dependence (8). The difference is a very small increase
of the A-independent contribution in the o¥(hv) plot for
the film 28.

After annealing, the o values for the film 28
increase over the entire measured range. As already
noted, a stronger relative increase in o takes place in the
long-wave part of the range. This leads to a narrowing of
the ¥ dynamic range. From (5), (6) and (8), it follows
that this narrowing can be caused by a decrease in the
parameter p and an increase in the parameters B, Ey. In
the first approximation, the dependence o™(hv) in In—In
coordinates can be considered linear with a slope smaller
than that before annealing. However, it is even visually
seen that, after annealing, description with a purely
power dependence worsens: the slope of the o«¥(hv) plot
in In—In coordinates is smaller at the lower photon
energies. Naturally, this also manifests itself in the linear
approximation in these coordinates for which
R =0.99942, SD = 0.04045, Ina®¥ = 1.08408 + 3.555Inhv
(hv, = 0.737 eV). A linear fit in o — (hv)***® coordinates
shows very poor accuracy (R = 0.99866, SD = 12.0 cm™%)
and negative B, = —8.994 cm™. By selection, it was
found that the best description in the oY— (hv)°
coordinates is achieved at p =4.00. At the same time
A, = 3.726 +3.1.10 °cm™, B, = 9.251 +2.32:10 *cm™
(Bs/As = 2.48), R = 0.99995, SD = 2.35 cm ™.

It follows from the graphical analysis of the o™(hv)
plots before and after annealing in the framework of the
model (9) that, on the one hand, the annealing leads to
the transition from the ALS to the Rayleigh-type
scattering. And, on the other hand, it leads to a more
significant growth of A-independent components of
scattering: if As grows five times, then Bs grows more
than hundred times. This is accompanied by a significant
increase in the relative error of determining As — it
increases from 1.2:10°% to 8.3-107%%. All this suggests
that such a deterioration in description with the model (8)
is caused by the appearance of the Urbach absorption.
This assumption is confirmed by lower sublinearity of
curve 2 in Fig. 4b and minimization results of G; and G,:

o 12004 Film No 28 after annealing, o o
5 xy-directions P
>- 1000
x

I -1

= A =3.895cm

& 800 s xy
S p =3.775 s
b= _ 1

§ 600 4 o, =1.285cm

E E,=0.767 eV

g 400

g &
* 200 .

0+

T T T
15 2.0 25 3.0 35 4.0
Photon energy hv, eV

Fig. 5. o spectral dependence (circles) as well as its simulation
with the sum (black curve ol+a)’ ) of absorption (green
curve o)) and scattering (blue curve ay’ ) components for
the film 28 after one-hour annealing at 80 °C in nitrogen
atmosphere. The minimization parameters are shown in the
figure.
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G,™" = 828.4 cm?; G, = 22.8 cm (36 times less than
G,™™ at A, =3.895cm™, p=23.775,ao=1.285cm ™, Ey =
0.767 eV. The fitting results corresponding to the G,
minimum are shown in Fig. 5. The decrease of p as a
result of annealing from = 4.99 down to ~ 3.88 indicates
the destruction of an ordered placement of the scattering
centers in the directions parallel to substrate. Due to this,
after annealing the scattering in the long-wave part of the
spectrum increases, and decreases in the short-wave region.
For example, after annealing 2 (980 nm) = 9.5 cm?,

a? (300 nm) = 826 cm*, whereas before annealing
a? (980 nm) = 2.5cm?, a (300 nm) = 900 cm ™. The
growth of o« in the entire spectral range due to annealing
is a consequence of the appearance of the Urbach
absorption. The relation oc;y/oc;‘y is 0.70 at 980 nm and
0.34 at 300 nm. l.e., the relative contribution of the
absorption is higher in the long-wave range.

3.1.3.  d*(hv) dependences for the film 28 before and
after annealing

The plots of o’(hv) spectral dependences for the film 28
in the double logarithmic and semi-log Urbach coordinates
before (curves 1) and after (curves 2) annealing at 80 °C
are shown in Fig. 6. In In — In coordinates (Fig. 6a), these
plots are superlinear. In semi-log coordinates (Fig. 6b)
the plot for the as-prepared film also exhibits
superlinearity that is much smaller than that in In—In
coordinates. The plot for the annealed film is slightly
sublinear. From these graphical representations, we can
conclude that, for z-polarization direction, the Urbach
absorption provides prevailing contribution to the
extinction coefficient of the film 28 both before and after
annealing, with its dominance being more pronounced in
the annealed film. As

Ino. = Inaty + hv/Ey + In {1+ (As/ao)[(hv)p/exp (hv/Ey )]} ,

(13)
then superlinearity is observed when the value
[(hv)Plexp(hv/Ey)] increases with increasing the photon
energy, i.e., (hv)’ grows faster than exp(hv/Ey).
Conversely, when this value decreases with the increase
in hv, there will be a deviation from straight line towards
sublinearity. The first case corresponds to the larger
values of p and/or Ey, while the second one, on the
contrary, to the smaller values of p and/or E,. Thus, in
the case of a significant contribution of the Urbach
absorption, the shape of the graph a(hv) in semi-
logarithmic coordinates can provide semi-quantitative
information about the parameters p and Ey. As far as
physics goes, knowledge of these parameters is a most
important.

When the wavelength decreases from 980 to 300 nm,
the extinction coefficient o’ increases from 134 to
2357 cm™ in the as-prepared film, and from 150 to
2320 cm* in the annealed film. In the long-wave range,
annealing leads to some increase in o’. At the short-wave
edge of the measured spectrum, o’ even decreases after
annealing. Therefore, the ratio of the maximum and

[oe]
J

Film No 28

Ina® (az in cm'l)
-
)

T T
0.2 0.4 0.6 0.8 1.0 1.2 1.4
Inhv (hv in eV)

8.0 Film No 28

(b)

Ina? (aZ in cm™)
~
o
1

15 2.0 2.5 3.0 35 4.0
hv, eV

Fig. 6. of spectral dependences in Ino*— Inhv (a) and Ina’— hv
(b) coordinates for the as-deposited film 28 (1) and for the
same film after one-hour annealing at 80 °C in nitrogen
atmosphere (2).

minimum values of o’ for the film 28 exhibits some
decrease from 17.6 to 15.5 caused by annealing. Thus,
the analysis of a(hv) plots for the films 16 and 28 by
using the graphical representation technique shows direct
correlation between the dynamic range of the extinction
coefficient values and the ratio of the scattering and
absorption contributions to the extinction coefficient —
the wider this range the higher the o /0, ratio.

The exact values of the parameters defining the
absorption and scattering contribution can be obtained by
minimization of G,. Nevertheless, the estimated values of
the parameters characterizing absorption can be obtained
through linear approximation of the plots presented in
Fig. 6b. For the annealed film, the estimates of a, and Ey
obtained using linear approximation of the entire set of
150 experimental points are ao = 45.3 cm™*, Ey = 1.045 eV.
The slope of o experimental plot in the non-annealed
film in Ina” — hv coordinates for hv < 2.3 eV is lower and
for hv > 2.7 eV is higher than that in the annealed film.
We used the range hv <2.25eV to estimate o’ and Ey
for the as-prepared film. The linear approximation in this
range produces ao=43.86cm™, Ey= 1.135eV. These
estimates show that the absorption coefficient increases
in its magnitude as a result of annealing, since both the
increase in o and the decrease in Ey tend to increase it.
Thus, from the graphical analysis without an exact
numerical solution of the inverse problem, the estimated
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Fig. 7. o spectral dependence as well as its simulation with the
sum of absorption (green curve o) and scattering (blue curve

. ) components for the film 28 before (a) and after (b) its one-
hour annealing at 80 °C in nitrogen atmosphere.

values of the parameters o, and Ey are obtained, which
are significant in themselves and are advisable to use as
initial approximations when solving IP.

The results of IP solution are as follows. Before
annealing, the minimum value is G,™" = 2.1576-10% cm™
and is reached at og = 53.35cm™, Ey = 1.3703 eV, A, =
0.5487 cm !, p=5.46. After annealing, the minimum
value is G,™" = 2.298-10% cm 2 and is reached at oy =
4757 cm™, Ey= 1.10eV, A, = 0.8152 cm *, p = 4.133.
As can be seen, the values of p and Ey obtained as a
result of solving this IP in the annealed film are lower
than that in the non-annealed one. It reinforces the
conclusion obtained from the qualitative and quantitative
graphical analysis of the o’(hv) plots. As in the case of
the horizontally polarized component (xy-polarization
direction) for the wvertically polarized component
(z-polarization direction), the annealing leads to a
decrease in scattering due to its transformation from ALS
to Rayleigh-type scattering, as well as to the increase in
the Urbach absorption. The increase in the o’ in relation
to the o in the as-deposited film 28 is more pronounced
in the long-wave part of the spectrum — at A = 980 nm
oo’ = 53.6, at A = 300 nm o’/a™¥ = 2.61. After annealing,
the difference between these ratios becomes less
pronounced: at A = 980 nm o’/ = 9.7, at L = 300 nm
oflo¥ = 2.1.

4. Discussion

Polytetrafluoroethylene is a semi-crystalline polymer.
The bulk PTFE was considered as a substance consisting
of three phases: the crystalline, rigid amorphous and
mobile amorphous ones [22, 23]. The strongly cross-
linked material can be considered as the fourth phase. In
bulk form the share of crystalline phase can reach 98%
[22]; the refractive index of bulk PTFE is reported to be
1.4 [24]. Bulk PTFE has white appearance because of the
high diffuse scattering caused by the quasi-crystalline
structure. At the same time, physically deposited thin
films can form fully amorphous polymers [24]. These
films can have excellent adhesion to the substrate, good
uniformity on the nanometer-level scale, a smooth
surface, high transparency (unlike opaque bulk PTFE),
and high hardness and elastic modulus superior to those
of bulk PTFE [24, 25]. The (-C,F,), chains in
crystalline regions are shorter and more tightly packed
than that in amorphous regions. This results in lower
density of PTFE in amorphous phase than that inherent to
the quasi-crystalline one — the density of the pure
amorphous and pure crystalline phases is 2.04 + 0.01 and
2.30 +0.01 g/cm®, respectively [26]. Therefore, the
change in density is an indication of the degree of
crystallinity.

The values of the main parameters that demonstrate
behavior of the scattering, absorption and refraction of
light in the studied films are adduced in Table. Because
the refractive index is related to the density of material,
the refractive index of amorphous PTFE films is lower
than that of bulk PTFE, and it is lower in the case of our
films. Generally speaking, not only an increase in the
proportion of amorphous phase but also the presence of
porosity can contribute to the decrease in the refraction
index of PTFE films. The same given value of the
refractive index of a PTFE film can be obtained at
different ratios of the volume fractions of the amorphous
phase and pores — in this case, the smaller the fraction of
the amorphous phase, the greater the porosity. In [9], the
results of studying films 16 and 28 by using IR
spectroscopy (IRS) are presented. They show that the
(amorphous phase)/(crystalline phase) ratio for the film
16 is higher than in the film 28. This allows us to
conclude that the lower value of the average refractive
index n® = (2n¥ + n?)/3 of the film 16 is mainly caused
not by its higher porosity, but by a higher content of the
amorphous phase.

The IRS data from [9] also contain information
about the spatial orientation of the chains. They show
that, in the as-deposited films 16 and 28, a higher
percentage of PTFE chains is predominantly aligned
along the normal than in parallel to the substrate surface.
Moreover, the proportion of predominantly vertically
oriented chains is slightly higher in the film 28. This
agrees with the larger birefringence in the film 28:
An = n*—n" in the film 16 is 0.0027, while in the film 28
An =0.0098. The relative intensity of the band located
within the range 766...780 cm, which serves as an
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Table. The values of the main parameters that demonstrate behavior of scattering, absorption and refraction of light for the
as-deposited films 16 and 28, as well as for the annealed film 28. Ordinary n* and extraordinary n* refractive indexes as well as
their difference An =n’—n* and average refractive index n® = (2n¥ +n?/3 at A = 632.8 nm. Scattering coefficients for

the component of light polarized in the direction parallel o)’ and perpendicular o} to substrate. Absorption coefficients for

the component of light polarized in the direction parallel o)’ and perpendicular o> to substrate. Urbach energy for the directions

a
parallel E)Y and perpendicular Ej, to substrate.

Film No 16, as-deposited No 28, as-deposited No 28, annealed
n? 1.3496 1.3577 1.3436

n’ 1.3523 1.3675 1.3527
An=n'-n¥ 0.0027 0.0098 0.0091

n® 1.3505 1.3610 1.3466
Interval of o (Cmfl) 0.0223...8.27 2.5...900.0 9.47...826.1
p” 5.000 4.992 3.775
Interval of o (Cmfl) 0.42...156.1 2.0...1271.6 2.3...331.2
p’ 4.833 5.46 421
Interval of o (cm ™) - - 6.7...281.4
EY (eV) - - 0.767
Interval of o (cm™) 0.28...9.77 134.3...1089.3 150.4...1992.7
E} (eV) 0.720 1.37 111

indicator of the amorphous phase [27], in the annealed
film 28 becomes equal to that in the as-prepared film 16
[9]. However, n® of the film 28 is less than n® of the
film 16 (Table). This indicates that the annealed film 28
is more porous than the as-prepared film 16. Annealing
of the film 28 leads also to an increase in the fraction of
predominantly vertically oriented chains [9]. (Here it
should be emphasized that in semi-crystalline polymers,
where amorphous and crystalline regions are intimately
related, the amorphous phases can have preferential
aligning of polymer chains [23].) However, after
annealing, An does not increase, but even slightly
decreases from 0.0098 to 0.0091. This can be explained
by an increase in the porosity of film 28 due to annealing,
and possibly also by a change in mechanical stresses —
the hardness and elastic modulus of film 28 sufficiently
increase after annealing [9]).

As is well known, the Rayleigh-type scattering of
isotropic materials is determined by the density
fluctuations (fluctuations of refractive index). In
calculating the light scattering from semi-crystalline
polymeric materials, contributions both from the density
(fluctuations in the mean refractive n®) and orientation
fluctuations have their impact on the results [28]. Theory
of the Rayleigh scattering in anisotropic systems has
been developed in [29]. It was shown that the Rayleigh
ratio for vertically polarized light (z-polarization in our
notation) is a function of refractive index anisotropy An
and average refractive index n® of the system. We
believe that this is also true for self-organized structures,
which are ensembles of the crystal and amorphous
domains. ALS is inherent in precisely this kind of

structures. Thus, one can easily understand the stronger
ALS in the as-deposited film 28 as compared to the as-
deposited film 16. In the crystal phase, PTFE chains can
arrange in fibrils with diameter of about 6 nm. These
fibrils are collected in a rod-like structure [30]. Theory
for light scattering from an assembly of anisotropic rods
has been developed in [31]. It was shown that the
scattered intensity depends not only on the magnitude of
the anisotropy of the system, but also on the value of the
ordinary refractive index. This theory successfully
explained the scattering patterns of oriented (stretched)
and un-oriented (non-stretched) thick semi-crystalline
PTFE films. Being based on this theory, the decrease in
the value of ag in the film 28 due to annealing can be
primarily explained specifically by the decrease in n.

As it is seen from Figs 3, 5, 7 and Table, in the
as-deposited films only the component of light polarized
along the normal to substrate undergoes absorption.
Thus, the defects responsible for the Urbach absorption
have an anisotropic structure and their transition dipole
moments are oriented strictly along the normal to the
substrate. For this direction of polarization, there is a
direct correlation between scattering’s and subband
absorption’s coefficients — the larger the scattering
coefficient, the larger the absorption one. This shows that
the defects are located in or near scatterers that,
obviously, have an anisotropic form. The scattering is
anomalous, i.e., it is due to the interference effects caused
by correlated spatial arrangement of the scatterers. In this
case, the scatterers have low bulk concentration, their
size is less than the light wavelength and their relative
refractive index (relative to “matrix™) is close to unity
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[3, 32]. The destruction of this ordered arrangement of
anisotropic scatterers in the film 28 as a result of
annealing causes a significant (several times) decrease in
scattering for the z-polarization direction. This is
accompanied by an increase in absorption, which is
especially significant for the xy-polarization directions.
Thus, as a result of annealing, the degree of dichroism
al/a? decreases. This parameter does not demonstrate

a clear correlation either with the value of An or with the
degree of vertical ordering of chains in domains. But it
shows a clear correlation with the exponent p. This
suggests that scatterers and defects are located mainly in
the interface regions of domains formed as a result of the
self-organization processes during film deposition.

5. Conclusion remarks

We used uniaxially anisotropic polytetrafluoroethylene
films as a medium for studying the separation of the
scattering and defect (Urbach) absorption contributions
to the extinction/attenuation coefficient. These films have
different spectral dependences of ordinary o and
extraordinary o extinction coefficients beyond the
fundamental absorption edge. Qualitative, semi-
quantitative and quantitative analysis was performed
using the graphical representation technique. This
graphical approach is useful for the initial express
assessment of scattering and absorption contributions.
For this, a comparative qualitative analysis of the
experimental dependences o(hv) plotted in semi-
logarithmic Ina—hv and double logarithmic Ina — Inhv
coordinates should be performed. Quantitative estimates
of the values of the parameters characterizing the
wavelength-dependent and independent scattering, as
well as subband absorption, are determined by graphical
linear approximation of the extinction coefficient spectral
plots in Ina — Inhv, o.— (hv)P, Ina.— hv coordinates. In the
cases of considerable contributions of all components to
the extinction coefficient, the most accurate values of the
scattering and absorption parameters can only be
obtained by minimizing the goal functions G,, Gs. But
even in this case, a carefully performed preliminary
graphical analysis is extremely important. It allows one
to narrow the search range of the model parameter values
when solving the inverse problem, which not only
accelerates the search for the absolute minimum but also
prevents falling into possible false minima. Analysis of
possible causes for observed spectral behavior of the
scattering and absorption coefficients of PTFE films in
the “transparency range” of the material enables to obtain
additional information regarding the film structure at
different levels of its organization.
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Bu3zHayeHHs1 BHeCKiB pPo3CilOBaHHSI Ta ypOaxiBCLKOI0 NOIVIMHAHHSA B Koedili€eHT eKCTHHKUII cBiT/Ia B MIiBKax
IIT®E meroaoM rpagiuyHoro npeacraBjeHHs Ta YUCeIbHUM PO3B’I3aHHAM o0epHeHol 3a1ayi

M.B. Conincnkuii, K.IT. I'punenxo, C. Villringer, 10.B. Konom3apos, S. Schrader

Amnoranisi. [IpoaHati3oBaHo eJTiNCOMETPUYHO OTPMMAaHI CHEKTPAIbHI 3aeKHOCTI 3BMuaiinoro oY Ta HesBuuaitHoro o

KOe(QIIiEHTIB E€KCTUHKIT/TOCIa0ieHHsT B crieKTpaibHOMY miama3oHi A = 300...980 HM OJHOBICHO aHI30TPOMHUX
nositerpadropermneHoBux ([ITDE) 1wiiBok. Po3risHYTO MOMXIHMBOCTI Ta OCOOJMBOCTI TEXHIKM rpadidHOTO
NIPE/CTABIICHHS JJIsl BU3HAYEHHS BHECKY peEJICIBCHKOTO PO3CiIOBaHHS Ta ypOaxiBCHKOTO MOTJMHAHHSA B KoeilieHT
ocnabJIeHHs CBiTIa B CIIEKTPAJbHOMY Aialla30Hi 32 MeXaMH Kparo (yHIaMeHTalbHOro morauHaHHA. IlokaszaHo, mio
3aJIOKHO BiX cuTyanii rpadivHAd MiAXiA Ja€ 3MOry OIHUTH Ii BHECKH SIKICHO, HAIMiBKIIBKICHO YH KUIBKICHO.
BucHOBKH, 3p00JeHI 3a JOMOMOTrOI0 aHaNi3y TEXHIKH TpadidHOro 300pa)KeHHS, MiATBEPKYIOTHCS UYHCETBHIM
PO3B’SI3yBaHHAM OOEPHEHOT 3a1aui IUIAXOM MOJIENFOBAHHS eKCIIEpUMEHTANbHUX 3anexHocreil aY(L), o’(L) B pamkax
MPOLIEAYPH HAWKpaIoi BiMOBIAHOCTI. 3a JOMOMOTOI 000X IUX MiAXOIiB OyJIO BCTaHOBIEHO, IO B OCaKEHUX
wiiBkax [IT®E wmae wmicue Tak 3BaHe aHOMaibHe po3citoBaHHsA cBiTia (ALS) 31 crexkTpaibHOIO 3alIeKHICTIO
koedinieaTa poscitoBanHs o5 =~ asA " (p>4). Tpanchopmanis aHOMAaILHOTO PO3CiIOBaHHSA B peleiBcbke 3 P =4
BHACJIJIOK BiANaly CyNpOBOIKYETHCS 301IbIICHHAM ypOaxiBchKoro (IiJ30HHOTO) mornmHaHHsA. OOunsa ui Qaxkropu
BHKJIMKAIOTh 3BYXKCHHS IMHAMIYHOTO Jiama3oHy 3Ha4deHb KoedirieHTa exkcTuHKIii. KoedimieHTn po3ciroBaHHA Ta
MOTJIMHAHHA OUTBII JUI KOMIIOHEHTH CBIiTJIa, IOJIIPU30BAHOI B HAINPSAMKY IEPIEHIUKYIIPHOMY A0 MiIKIaIKH,
MOPiBHSAHO 3 KOMIIOHEHTOIO, MTOJIIPU30BAHOI0 Y HATIPSAMKY TapalieIbHOMY J0 MiAKIagkia. OOroBOPIOETHCS 3B SI30K MiXK
CIOCTEPEKYBaHOIO IOBEIHKOIO KOS(ili€HTIB PO3CIFOBaHHS 1 TIOTIMHAHHS Ta CTPYKTYPOIO IUTIBOK.

KirouoBi cioBa: peneiBcbke po3ciroBaHHA, XBicT YpOaxa, Koe(illieHT MOTIMHAHHS, KOe(iIlieHT pO3CilOBaHHS,
rpadiyHUi METOJ, eTIICOMETPis, oM TeTPadTOPETHIICH.
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