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Determination of The transmittance values measured in IR reflection-
absorption (RA) spectra were used to determine the optical constants
of dielectric films laid on solid substrates. In order to obtain the optical
constants of polystyrene films laid on steel we used dispersion analysis.
In this case, the optical constants are obtained from IR spectrum
recorded at a single incidence angle. The use of dispersion analysis
offers the advantage of processing a large volume of data.
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1. Introduction

Polystyrene (PS) films deposited on solid substrates are used in various areas
of science and technology, including optical mechanical industry [1]. The
determination of optical constants of the polymer is important for various optical
applications. Optical properties of the polymer are very sensitive to its various
transformations during the oxidation or degradation processes.

Reference literature describes several methods of obtaining the optical
constants of PS. The transmission spectra, specular external reflection spectra or
internal reflection spectra can be used to determine the optical constants of
polymer films. The Kramers-Kronig analysis for processing of these spectra is
frequently used.

To obtain the optical constants spectra: n = f(v) and k = f(v) we use
dispersion analysis, a much simpler method than the Kramers-Kronig analysis. It is
commonly used to process the recorded spectra at a single incidence angle. The
method we have used leads to obtaining better results than the Kramers-Kronig
analysis, especially when spectra containing many absorption bands, such as PS
spectrum, are processed.

In the case of specular reflection on polymer thin films (with thicknesses less
than 20 pm) deposited on metals, the reflected radiation contains two
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components: one reflected from the air-film interface and one reflected by the
film-metal interface, after it traversed the polymer film twice.

The reflectance due to reflection at the air-film interface has values of about
5% because the values of the polymers refractive index in IR are less than 1.6. In
this case the reflectance at the polymer-metal interface has values exceeding 99%.
The intensity of radiation reflected at the polymer-metal interface that crosses
twice the polymer film is thus about 95% of the incident beam intensity, being
almost 20 times more intense than the beam directly reflected at the air-polymer
interface. For this reason, this spectrum is a reflection-absorption (or transflective)
one and is qualitatively similar to the polymer film transmission spectrum. This
spectrum can be processed to obtain optical constants n and k corresponding to
complex refractive index [2].

Dispersion analysis is based on building an appropriate model for dielectric
function and calculating the optical properties corresponding to this model. The

best known model is Drude-Lorentz [3, 4] which defines the electric permittivity:
2
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It describes the optical response of a set of harmonic (damped) oscillators. In
this relation, &, is so-called "high-frequency dielectric constant”, which represents
the contribution of all oscillators at very high frequencies (compared to the
frequency range under consideration). The parameters v, vy, and vy are the
“plasma” frequency, the transverse frequency (eigen-frequency), and the line-
width (scattering rate), respectively of the j-th Lorentz oscillator. For the proposed
model, from the permittivity, we can calculate all optical variables such as
reflectance R and transmittance T. The spectrum of these theoretically calculated
quantities is compared with those experimentally determined.

Suppose, we have a set of N experimental data points in the recorded
transmission spectrum {7, v, g} (j = 1, .... ) that we want to fit. Here, v;is the
light frequency, 7;is the transmitance value, and o; is the data error bar. For a set
of M internal parameters, the values 7 = 7 (v, p;, .... py) are calculated based on
the model.

The so-called Levenberg-Marquardt algorithm is used to minimize the value:
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The fitting process stops when the stopping criterion is met [5].

If the surface film is thin, with thickness between 1 pm and 100 ym and it is
absorbent (k = 0), then the interference fringes appeared in the IR spectrum.

The dispersion analysis allows to determine the surface film thickness d; if we
introduce in the fitting process dr as an additional experimental parameter. This
affects the obtained values of the refractive and absorption indexes [5].
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2. Experimental

Thin films of polystyrene (PS) were obtained by depositing a solution of
polymer dissolved in chloroform on the surface of a copper metal samples. A
copper metal mirror was chosen as a substrate of polystyrene film because the
copper has high reflectance values (1>R>0.99) in the IR spectral range
investigated. To obtain a surface film with uniform thickness we decreased the
evaporation rate of the solvent. After solvent evaporation, polymer-coated metal
sample was maintained for 2 hours in a vacuum chamber at a pressure of 10 torr
and temperature 120°C to evaporate traces of solvent. The metal surface used as
substrate for the polymer film was obtained by grinding and polishing.

For the polystyrene film deposited on the copper mirror surface, reflection-
absorption spectrum (RA) at 20 degrees incidence angle was recorded. The IR
reflection-absorption spectra were recorded using a specular reflectance device of
UR-20 Carl Zeiss Jena spectrophotometer. In order to obtain optical constants of
polymer film, reflection-absorption spectra were processed using RefFIT program
[51.

After recording the reflection-absorption spectrum, the polystyrene film
deposited on copper was detached from the metallic mirror surface. For the
polystyrene film detached, the transmission spectrum at normal incidence was
recorded, with UR-20 spectrograph.

3. Results and discussion

The IR reflection-absorption spectrum of the PS film deposited on copper,
recorded at 20° incidence angle is shown in the Figure 1. In this figure the
transmission spectrum of the same PS film who was detached from the copper
surface is shown. In both spectra the transmittance T varies with the frequency.
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Figure 1. The spectra of a polystyrene film: transmission (T) and reflection-
absorption (RA) recorded at 20° incidence angle
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The most intense bands correspond to vCH stretching vibrations in the mono-
substituted aromatic cycle and vCH2. Other characteristic bands of polystyrene are
those at 1070 and 1028 cm™ that correspond to bending vibrations (in the plane)
of hydrogen atoms from mono-substituted cycles of as well as to yCH bending
vibration (out of plane) corresponding to hydrogen atoms in mono-substituted
aromatic cycle at 760 to 700 cm™ [6].

For incidence angles smaller than 50° the values of reflectance R and transmit-
tance T depend slightly on the angle of incidence. For this reason, the reflection-
absorption spectra recorded at 20° incidence angle are very similar to the trans-
mission spectrum at normal incidence.

The experimental spectra of the PS film can be processed in order to obtain
optical constants of the polymer: n and k. To improve the accuracy of the dielectric
function were used simultaneously in the fitting process the reflection-absorption
spectrum recorded at 20° incidence angle and the refractive index of PS, in the
visible spectrum, from the literature [7]. The processed RA spectrum contains a set
of 621 experimental points, in digitized form and refractive index spectrum of PS
from the visible contain a set of 374 pairs of values (n,v). The transmission T
spectrum contains a set of 911 experimental points, in digitized form.

The theoretical spectrum which corresponds to Drude-Lorentz model of dielec-
tric function was obtained from the dispersion analysis of the experimental spec-
trum using computer program RefFIT. The theoretical transmission spectrum cor-
responding to the physical model that best approximates the experimental trans-
mission spectrum is shown in Figure 2.
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Figure 2. The spectra of a PS film: transmission and RefFIT model
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The RefFIT program used for the dispersion analysis of the reflection-
absorption spectrum of PS allows the spectra to be processed, which shows the
interference fringes. In this case, the film thickness is used as an experimental
variable parameter in fitting process. For the model of dielectric function we used
124 internal parameters. These parameters correspond to a set of 41 damped
harmonic oscillators and “high-frequency dielectric constant”. The model internal
parameters and the experimental parameter are continuously adjusted to fit the
theoretical values with experimentally measured data. In case of reflection-
absorption spectra the theoretical transmittance and experimental transmittance
spectra are compared. The parameter fitting process stops when the differences
between theoretical and experimental spectra are minimal.

The film thickness was additionally introduced as experimental parameter.
This spectrum shows weak interference fringes corresponding to a 27.56 pm thick
film deposited on metallic mirror surface.

The refractive index spectra n=f(v) obtained by the dispersion analysis of the
reflection-absorption and transmision spectra of PS film deposited on copper are
shown in Figure 3.
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Figure 3. The refractive index spectra obtained by dispersion analysis of the RA
and T spectra for PS thin film deposited on copper
The absorption index k has a spectrum very similar to the absorption

spectrum. The absorption index spectra of PS thin film deposited on copper k=f(v)
are shown in Figure 4.
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Similar data have been obtained by other authors by processing the ATR-IR
spectra or the transmission spectra [1, 7]. Other authors have studied PS films by
Kramers-Kronig analysis of the specular reflection spectra [2] or by interpretation
of the spectro-ellipsometry measurements [8].
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Figure 4. The absorption index spectra obtained by dispersion analysis of the RA
and T spectra for PS thin film deposited on copper

Main frequencies of absorption bands of PS spectrum obtained by dispersion
analysis of the reflection-absorption and transmission spectra were presented in
Table 1 and compared with those given in the literature [1,6].

It is noted that in general the spectral bands in the experimental reflection-
absorption spectrum are slightly shifted to higher frequencies than those in the
literature, which correspond to the transmission spectrum. Such shifts, or changes
in the absorption bands have been reported by others authors [1,9]. These shifts
were assigned to the influence of the refractive index on the reflectivity, coupled
with the significant changes in refractive index in the region of the anomalous
dispersion. Distortion or displacement of absorption bands can be produced due to
the existence of the interference fringes [2].
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Table 1.

Assign-

Inten-

Transmission
spectrum (literature)

R-A spectrum
(experimental)

T spectrum
(experimental)

ment sity [6] [1]
Vo Vo k Vo k Vo k
cm’? cm’? - cm’? - cm’? -
medium | 3083 | 3082 0.010 | 3091 | 0.02 3088 | 0.01
vC-H . 3061 | 3060 0.014 | 3069 | 0.03 3066 | 0.02
. intense
aromatic
intense | 3029 | 3026.5 | 0.024 | 3037 | 0.06 3032 | 0.04
very 2923 | 2923 0.029 | 2933 | 0.11 2929 | 0.05
VsimCH, intense
medium | 2851 | 2849.5 | 0.011 | 2860 | 0.03 2858 | 0.02
vC-C . 1602 | 1601.5 | 0.022 | 1607 | 0.02 1606 | 0.04
. medium
aromatic
intense | 1493 | 1493 0.041 | 1502 | 0.06 1499 | 0.07
CH, + very 1450 | 1451.5 | 0.045 | 1460 | 0.10 1457 | 0.06
C=C intense
dCH, medium | 1376 | 1371.5 | 0.011 | 1370 | 0.01
vibration . 1182 | 1181.5 | 0.009 | 1186 | 0.02
medium
cycle
vibration . 1154 | 1154.5 | 0.009 | 1156 | 0.01
medium
cycle
vibration . 1070 | 1069.5 | 0.014 | 1071 | 0.03
medium
cycle
vibration | . 1028 | 1028 0.024 | 1030 | 0.05 1032 | 0.02
cycle intense
C-H medium | 907 906.5 0.017 | 906 0.02 910
\C-H very 760 756.5 0.095 | 760 0.17 759 0.11
intense
vibration very 700 700 0.117 | 701 0.39 702 0.39
cycle intense
intense | 538 540.5 0.066 547 0.07

4. Conclusions

The IR reflection spectra of thin films (with thickness less than 20um) are re-
flection-absorption spectra for which the recorded size is transmittance. The ap-
pearance of reflection-absorption spectra is very similar in the terms of quality, to
the transmission spectrum of the polymer.
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The dispersion analysis of reflection-absorption spectra is more accurate and
easier than the Kramers-Kronig analysis and can be applied to more complicated
geometry of the spectrum. The Kramers-Kronig analysis is used especially for thick
surface films or for bulk materials.

The simultaneous fitting of several types of information related to the surface
film leads to obtaining the correct values for n and k optical constants.

Highlighting the shift bands in the absorption spectrum is important for the
understanding of different behavior of the polymer thin film as compared to the
bulk polymer.
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