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Abstract Effects of low-intensity UV treatment on the
optical constants of red BS dye-doped polymethyl meth-
acrylate (PMMA) film including refractive index, extinc-
tion coefficient, real and imaginary parts of dielectric
constant, band gap energy, Urbach energy, and refractive
index dispersion parameters are measured and calculated.
Changes in optical constants mainly occurred in the UV-
VIS range. Red BS dye, which is used as a UV absorber
impurity in PMMA films, generated another energy band
gap which was increased by UV treatment. Although some
of the optical constants of PMMA are not changed
noticeably by the treatment in this low range of UV radi-
ation, our results confirm that polymeric changes such as
chain scission and depolymerization can directly affect the
optical constants of PMMA.

Keywords PMMA - UV - Optical constants - Band gap
energy - Urbach energy - Wemple—-Didomenico model -
Cauchy—Sellmeier model

Introduction

Poly(methyl methacrylate) (PMMA) is one of the best
organic optical materials widely used to make a variety of
optical devices, such as optical lenses. It is known that its
refractive index changes upon UV irradiation, which
provides a means to fabricate structures, such as gratings
or waveguides. Thus, the optical characteristic of PMMA
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is at the focal point of consideration. However, polymers
are widely influenced by UV radiation. Radiations, espe-
cially in this range of short wave lengths, can change the
polymer optical characteristics. Up to now, many studies
on photo-induced refractive index change under irradia-
tion from UV lamps concentrated on PMMA containing
either photochemically active dopants or residual mono-
mer have been reported [1]. Further investigation in this
direction is warranted as it may provide a practical
solution to realize low-cost fabrication of polymeric
devices [2-6].

UV radiation initiates photophysical and photochemical
processes in polymers, but its influence is restricted to a
thin surface layer, because our experiments are done on
PMMA thin films. Here, we have used red BS dye as an
impurity in PMMA films as a powerful UV absorber.
Organic compounds contained in polymer films, even in
trace amounts, affect the reactions occurring during irra-
diation. They can act as sensitizers or initiators of polymer
photodegradation, or sometimes stabilize the system.
Interesting contributions concern the impact of UV irradi-
ation on the properties of PMMA thin films obtained by a
spin-coating technique [2, 7].

In this work, the effect of UV radiation on the optical
properties of red BS dye-doped PMMA film is studied
experimentally. Optical spectra are analyzed to determine
optical constants such as refractive index, extinction
coefficient, dielectric constant and optical conductivity.
Optical constants such as refractive index, absorption
coefficient and dielectric constant can be analyzed by
transmittance and reflectance spectra.

Optical band gap, Urbach energy and the nature of
transition are also determined using optical absorption
spectra. We investigate the optical properties of
these complexes, so that this information would help
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researchers toward applying these materials in optical
communication and optical devices. The study of optical
absorption, particularly absorption edge, has proved to be
very useful for elucidation of the optical properties and
optical constants of these materials. It is possible to
determine the indirect and direct transition occurring in
the band gap of the sample by optical absorption spectra.
The dissipation factor and optical conductivity are also
calculated.

The manuscript is organized as follows: following the
“Introduction” in the first section, the “Experimental
setup” is described in the second section. The third section
is devoted to the “Results and discussion” and the “Con-
clusion” is presented in the final section.

Experimental setup

The red BS dye-doped PMMA film was prepared by dis-
solving PMMA powder in dichloromethane solvent.
PMMA powder was provided by Yazd Polymer Talaei
(YPT) Co., Tehran, Iran. 20 g PMMA powder with 1 g red
BS dye was dissolved in 200 ml dichloromethane. The
viscous solvent was poured on a plane glass in a closed
box. The solution was dried in a closed atmosphere at room
temperature for 24 h to obtain 0.2 mm thickness red BS
dye-doped PMMA film. One part of the dye-doped PMMA
film was exposed to a low-pressure mercury lamp TUV
30 W (G30T8 Philips) at room temperature in a closed
atmosphere of an aluminum box for 2 days. There was a
10 cm distance between the lamp and samplesm and the
lamp emitted radiation of 253.7 nm wavelength at
21 mW/cm?. The change in the absorbance spectrum of the
samples was measured by a Varian Cary-500 spectropho-
tometer at room temperature.

Results and discussion
Refractive index

The spectral distribution of transmittance 7 and reflectance
R were measured using unpolarized light at normal inci-
dence in the wavelength range of 200-2,000 nm. The
transmittance spectra of thin films are shown in Fig. 1. The
reflectance of samples is approximately constant <0.1 in
the whole range.

The optical parameters of the samples can be started to
characterize from the complex refractive index:

n=n(w) + ik(w) (1)

where 7 is its real part and k is its imaginary part. n can be
obtained from [8]
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Fig. 1 Transmittance spectrum of samples

1+R 4R
n= (m) + m— k2, (2)

in which k = Aa/4n. Transmission and reflection of the
samples can be converted to the absorption coefficient
using

1 |0=R?* |JO-R"
dn T + a7 +R (3)

where o is the absorption coefficient and d is the thickness
of the sample. The values of n for UV-treated and pristine
samples are shown in Fig. 2. In the visible range of elec-
tromagnetic spectrum, the refractive index n of both sam-
ples is below 1.45. This value of the refractive index of
samples is much lower than that of hard amorphous
hydrogenated carbon samples, which is in the visible range
from 1.9 to 2.3. The magnitude of refractive index for
UV-treated sample is increased in the UV and visible
range, while this magnitude is decreased in the IR range. In
Fig. 3, the imaginary part of the refractive index k for
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Fig. 2 The real part of refractive index



J Theor Appl Phys (2014) 8:121

Page 3 of 7 121

X 10
25+ ~Pristine sample |
—Treated sample

2 J

1.5¢ 1
-

1k ]
0.5+ 4

0 I I L | =

200 300 400 500 600 700 800

Wavelength ( nm )

Fig. 3 The imaginary part of refractive index of samples

UV-treated and pristine samples is shown. As can be seen,
k is decreased in the UV range (in 250—400 nm wave-
length) in the case of UV-treated sample and remains
unchanged in the other ranges.

The Wemple and DiDomeniko model can be used to
explain the behavior of refractive index in the range of
wavelengths, where the light absorption is relatively low
[9]. In this model by using a single oscillator description,
the frequency-dependent dielectric constant is used to
define the dispersion energy parameters E, and E4. Dis-
persion plays an important role in the research of optical
materials, because it is a significant factor in optical
communication and designing devices for spectral disper-
sion. It is observed that for pristine PMMA sheet, there is
anomalous dispersion at 4 > 800 nm as well as normal
dispersion at A < 800 nm. In the anomalous dispersion
region, there are many peaks indicating the anomalous
behavior of refractive index. This behavior obeys the
multioscillator model rules. In the normal dispersion
region, the refractive index dispersion was analyzed using
the single model developed by Wemple and DiDomenico.
In addition, for the treated sample, there is no anomalous
dispersion when A < 800. The variation of n and k values
in the investigated frequency range shows that some
interactions take place between photons and electrons. The
refractive index dispersion for crystallized and amorphous
materials can be expressed as [10]:

EqEy

2
=140
£ — ()’

(4)
where n is the real part of refractive index, hv is the photon
energy, Ey is the average excitation energy for electronic
transitions and Ej4 is the dispersion energy, which is a
measure of the strength of interband optical transitions.
This model describes the dielectric response for transitions
below the optical gap.
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Fig. 4 Plot of 1/(n>—1) versus (hv)

Table 1 Optical parameters of samples

Film Ey E; M., M, e Ao So (m™2)
@eV) (V) (V) (eV)? (nm)

Pristine 7.26 7.73 1.16 0.021 138 1509 4.06 x 103

Treated 7.43 8.68 1.06 0.020 140 1422 5.02 x 10"

The plot of 1/(n2 — 1) vs. (hv)2 allows us to determine
the oscillator parameters. E, and Eq4 values are determined
from the slope and intercept on the vertical axis of Fig. 4.
The refractive index for hv < E, states a smoothly
decreasing function with increasing A without peaks, as
shown in Fig. 2. This decrease in the refractive index can
be associated with fundamental band gap absorption.

The dielectric constant of the material can be calculated
using the dispersion relation of incident photon. The
refractive index is also fitted using a function for extrap-
olation toward shorter wavelengths. These data corre-
sponding to the wavelength rang lying below the
absorption edge of the material are used. Therefore, the
refractive index can also be analyzed to determine the long
wavelength refractive index (n.,), average oscillator wave
length (/,) and oscillator length strength S, of the thin film.
To determine these values, we use the single term Sell-
maeir oscillator [11] in which n varies as:

l’l2 —1 )Vo 2

= =1-|—= 5
n?—1 (i) (3)
n., and /1, values are obtained from the linear parts of 1/
(n* — 1) vs. /7% and are given in Table 1. Rearranging
Eq. 5 gives [12]:

2 SO}L(Z)

—1=—""70 _ 6
" 1272 (6)

where So = (n2,—1)/4. The Sy value for the thin film is
calculated.
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The single oscillator parameters E, and E4 can be related
to the imaginary part of complex dielectric constant, and
M_, and M_;, moments of the optical spectra for the
samples are expressed as [13]:

M_ M3
E(z):—1 andEﬁ: -1

Mo Mo (7)

The M_, and M_; moments are calculated using Eq. 7
and are presented in Table 1. The oscillator energy Ej is
independent of the scale of &, the imaginary part of
dielectric constant, and is consequently an average energy
gap, in contrast to E4 which depends on ¢&,. The results of
our experiments for pristine and UV-treated red BS dye-
doped PMMA show that the magnitude of both single
oscillator parameters increased by UV treatment; in other
words, we have a stronger contribution of lattice vibrations
to the refractive index due to UV treatment.

Changes in the magnitude of n%, = e, Ao and S, after
UV treatment are presented in Table 1. The long wave-
length refractive index n., of treated film as well as the
average oscillator strength Sy increased after the treatment.
These changes show that the PMMA films are suitable for
changing the refractive index efficiently by photo-irradia-
tion. Changing these two parameters has a potential
applicability for optical devices like channel waveguides
and photo-optical switching devices.

For photon energies less than the energy gap (hv < Ej),
the refractive index dispersion curves are fitted by Cauchy—
Sellmeier model [14]:

n=ng+nE (8)

where n( and n; are constants and E is the photon energy.
The plots of n vs. E* are shown in Fig. 5. ny and n; values
are calculated from the slope and intercept of the plots and
are given in Table 2. In fact, n; is the nonlinear refractive
index which shows the effect of E* in samples. This
quantity is increased by UV treatment.
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Fig. 5 Plot of n versus E for pristine and UV-treated samples
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Table 2 Optical parameters of samples

Film  E), Epg Ey Ep no n
(eV) (eV) (eV) (eV)

2.017
Treated 2.017

3.625 1.82
3.714 2.38

0.044
0.046

1.3333  0.0092
1.3553 0.0112

Pristine

Determination of optical band gap

In the range of wavelengths where a sharp increase of
absorption appears in the substance, the Tauc relation for
dependence of absorbance on wavelength or photon energy
applies. The optical band gap is the value of optical energy
gap between the valance band and the conduction band.
The optical band gap of the samples is determined from the
absorption spectra near the absorption edges. The photon
absorption in many amorphous materials is found to obey
the Tauce relation [15, 16], which is of the form:

oahv = B(hv — Eg)" 9)

where o is the absorption coefficient, hv is the photon
energy and B is a factor that depends on the transition
probability and can be assumed to be constant within the
optical frequency range. The index m is related to the
distribution of the density of states. The index m has dis-
crete values like 1/2, 3/2, 2 or more depending on whether
the transition is direct or indirect and allowed or forbidden,
respectively. In the direct and allowed cases, the index
m = Y, whereas for the direct but forbidden cases it is 3/2.
But for the indirect and allowed cases m = 2 and for the
forbidden cases it is three or more [17]. The value of m for
our samples is estimated from the slope of the log(a) vs.
log(hv) plots by taking a linear fit and is found to be 2. To
calculate E,, the usual method is plotting (ahv)"'™ against
hv, which is presented in Fig. 6. The values of the band gap
energy of pristine and treated samples are found to be
2.017 eV, where it remained unchanged under UV radia-
tion, while the optical gap due to absorption of red BS dye
increased from 3.625 to 3.714 eV, confirming that red BS
dye is a good UV absorber.

Studying the optical absorption spectra of the films
shows that the absorption spectra mechanism is due to
indirect transition. The optical band gap E,, of the PMMA
film is not changed in the treatment process due to low
power of the applied UV radiation, but E,, which belongs
to the red BS dye particles in PMMA varies in the UV
radiation process. In fact, E,, decreases noticeably in the
UV-treated sample.

Urbach spectral tail in the films

The absorption tail of the films was investigated in the
studied energy range. The spectral dependence of the
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absorption coefficient o was studied at photon energies less
than the energy gap of the films, i.e., in the region of the so-
called Urbach spectral tail, where the absorption coefficient
o falls off exponentially for decreasing photon energy E,
and it is expressed as:

o = ogexp(E/Ey) (10)

Each of the absorption edges from Fig. 7 exhibits two
different exponential regions with different slopes. It is
found that the spectral dependence of the logarithm of
absorption coefficient for each region shown is combined
from two linear functions [18]:

o = ag1exp(E/Eur) + co2exp(E/Ey2) (11)

where o, and o, are parameters which are dependent on
photon energy. E,; for region I and E,, for region II in
Urbach plots are Urbach energies, as shown in Fig. 7. In
the low-energy region the spectral dependence of logarithm
of absorption coefficient is characterized by a small slope
(E,; energy), followed by an extremely large slope (E,»
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Fig. 8 The real part ¢; and imaginary part ¢, of dielectric constant of
samples versus photon energy for pristine and UV-treated samples

energy). The Urbach energies (E,; and E;) are introduced
in Table 2.

It is seen that the Urbach energies E;, and E,, increase
in treated films, indicating an increase in disorder in
PMMA films.

Dielectric properties

One of the most important basic dielectric parameters,
which plays a major role in the determination of material
properties is the permittivity or dielectric constant. This in
turn is related to the dipole moment, polarizability,
molecular radius, specific and molar refraction, relaxation
time, wave impedance, specific and molar dispersivity,
dielectric susceptibility, etc. The permittivity as described
before is calculated using Maxwell’s equation for electro-
magnetic radiation (¢ = nz).

The complex dielectric constant is described as &* =
&) + iey where ¢ is the real part and ¢, is the imaginary part
of the dielectric constant. The imaginary and real parts of
dielectric constant are expressed as [19]:

g =n"—k (12)
and
&y = 2nk (13)

The real part of the dielectric constant relates to the
dispersion, while the imaginary part provides a measure of
the dissipative rate of the wave in the medium. The
dielectric properties of the films change with refractive
index.

Figure 8a, b shows the real and imaginary parts’
dependence on wavelength, respectively.

As can be seen in the case of UV-treated samples, the
real part of dielectric constant is increased in the range of
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Fig. 9 The real part o, and imaginary part ¢, of optical conductivity
constant versus photon energy for pristine and UV-treated samples

UV-VIS of electromagnetic spectrum, but this parameter is
decreased in the NIR range. It suggests that dielectric loss
increases after treatment. The imaginary part of dielectric
constant is increased in the 250400 nm range.

Optical conductivity of the films

The complex optical conductivity (¢* = g + ig,) is
related to the complex dielectric constant (¢* = ¢ + i¢)
by [19]:

0] = WerEy - 07 = WELEy (14)

where o is the angular frequency and ¢, is the free space
dielectric constant. The real ¢; and imaginary o, parts of
the optical conductivity as a function of photon energy are
plotted in Fig. 9a and b. One can see that the optical
conductivity increases with increasing energy. Increase in
optical conductivity is due to electrons excited by photon
energy. The optical conductivity of the complexes changes
due to the formation coordination of the complex. The
optical conductivity does not indicate any certain trend
with atomic number ion in the complexes.

In addition, the absorption coefficient can be used to
calculate the optical conductivity as follows:

onc

0= (15)

where o is the absorption coefficient and c is the velocity of
light in vacuum.

Conclusion

In this research, the effect of non-polarized low-intensity
UV beam on the optical parameters of PMMA thin film is
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investigated. This is the starting point of a project on
studying the effect of high-intensity pulsed UV laser
treatment on these parameters. The refractive index of
samples n are computed from the obtained reflection and
transmission spectrum. On the basis of the optical inves-
tigations of the films, the following results are obtained.
Other optical constants such as extinction coefficient k and
dielectric constant ¢ are calculated for the films.

It is found that the refractive index values of films are
decreased with wavelength in the visible range. The change
of n is a criterion of structure change and our results
confirm that in this low power of radiation the UV-treated
sample can undergo photochemical structural changes.

All these changes, some of which are too small but some
are not negligible, are due to the well-known effects of UV
radiation on PMMA. UV irradiation leads to PMMA deg-
radation. Chain scission and depolymerization occur in
PMMA film, and according to our other analysis other
reactions such as destruction of side groups and oxidation can
also be seen in the UV-treated film. In the intermolecular
interactions, UV radiation breaks the carbon—chlorine bonds.
The chlorine radicals formed during photolysis of these
compounds are capable of abstracting hydrogen atoms from
PMMA chains, and further secondary reactions subsequently
occur. Although we cannot yet say which of these polymeric
mechanisms directly affect the optical characteristics of
PMMA, we believe that this is a promising field which will
have a wide range of applications in the optic industry.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
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