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Abstract: The optical characteristics of poly(styrene-co-acrylonitrile) thin films obtained by spin-
coating of polymer blend in tetrahydrofuran were investigated by spectroscopic ellipsometry, spec-
trophotometry, and atomic force microscopy. Film thickness can be broadly varied by changing the
polymer concentration.The film thickness dependence on PSAN concentration shows a non-linear
behavior that can be explained by a concentration-dependent viscosity. According to previously
proposed models, prepared solutions are close to the concentrated solution regime. Films show a
broad transparency range and refractive index independent of film thickness. The refractive index
values range from 1.55 to 1.6 in the visible range. Thermal treatment revealed good stability of the
films up to 220 °C and a progressive deterioration for larger temperatures, with evident damage at
300 °C. UV-induced photodegradation was observed and results showed a progressive decrease of
transmittance in the range between 200 and 300 nm but PSAN thin films show no changes when
exposed to light from a solar illuminator. These investigations indicate that PSAN is an excellent
candidate for thin film polymer-based optical uses like interference coatings or encapsulation of
solar cells.

Keywords: poly(styrene-co-acrylonitrile); optical characterization; spectroscopic ellipsometry; spin coat-
ing

1. Introduction

The optical properties of polymers have attracted considerable interest for many
years. Their good optical characteristics, such as inherent transparency, are decisive factors
for upcoming material uses. For instance, the most common silicon solar cell modules
consist of glass on the front side and a polymeric encapsulant surrounding the cell with
its electrical connections [1]. The encapsulant has to provide low light absorption and
an adapted refractive index to minimize interface reflectance. Thermal and irradiation
stability also play an important role in choosing an encapsulant polymer material [2]. Other
optical characteristics of polymers have also drawn considerable attention, owing to their
potential application in multiple optical devices, sensors and light-emitting diodes [3–5].

Poly(styrene-co-acrylonitrile) (PSAN) is a polymer used in many blends (acrylonitrile-
butadiene- styrene, acrylonitrile ethylene- propylenediene styrene, acrylate-styrene- acry-
lonitrile, etc.) [6,7] and is known to be non-biodegradable [8]. It has superior mechanical
properties and good chemical, weather, wear, and heat resistance [9,10]. The high chemical
resistance and heat stability of PSAN comes from acrylonitrile and its strong rigidity from
styrene [11]. PSAN also exhibits some other desirable properties, such as optical trans-
parency in a broad spectral range and ease of processing. Therefore, it is widely used in
many applications in household and sanitary sectors, for packaging cosmetic products as
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well as for electronic and office items [12] and high energy density storage [13]. It does not
lose its color and appearance even if being used outdoors for prolonged periods. PSAN
also presents a high softening point, improved impact strength, and high resistance to
hydrocarbons and oils because of the polar nature of the acrylonitrile (very polar C≡N
group in contrast to non-polar benzene group) [14,15]. PSAN thin films fabricated by
dip-coating have been used to fabricate waveguides on glass substrates [16]. Recently, it
has been shown that PSAN can passivate defects in perovskite solar cells and increase
their efficiency [17]. Most of these characteristics and applications are based on PSAN
particles or thick films while few studies have addressed the properties of very thin PSAN
films (thickness below 1 micron) [18,19], that could be suitable for optical interferential
coatings. The temperature stability of very thin polymer films is a critical issue for coating
applications because film dewetting takes place more easily for small thickness values [20].

In this paper we present the fabrication and optical characterization of PSAN thin
films by spin-coating method. Spin-coating of PSAN-based composites containing mangan-
ite [21] or chromophores [22] has been previously conducted for different applications. In
this work we set the focus on thin pure PSAN films that could be part of multilayer systems,
i.e., with film thickness up to few hundreds of nanometers. In this context, optical proper-
ties variation with thickness and thermal and radiation stability of films are critical aspects
that have to be addressed as a prior step to the practical implementation of PSAN films in
interferential coatings. A blend of PSAN and tetrahydrofuran was selected for spin coating
due to their favorable interactions [23]: both PSAN and tetrahydrofuran are polar [14]
and the second quickly evaporates after spinning. We analyze the relation between film
thickness and PSAN concentration, which can be well described by the models proposed by
Chen [24] and Weill et al. [25]. It is shown that the optical properties (refractive index and
absorption) are not affected by PSAN concentration in the solution. Furthermore, the films
are stable for heat treatments up to 220 ◦C and upon exposure to solar radiation, while they
show certain degradation under UV light. These insights confirm that PSAN thin films
obtained by spin-coating are highly stable and present reproducible optical properties.
Therefore, they might be used as building elements in optical coatings technology.

2. Materials and Methods
2.1. Materials

Poly(styrene-co-acrylonitrile) (PSAN) with an acrylonitrile content of 25 wt% was
purchased from commercial sources (Sigma-Aldrich). Tetrahydrofuran (THF), from VWR
Chemicals, was used as solvent to dissolve PSAN. UV-grade quartz glass slides with
thickness equal to 1 mm were purchased from Prazisions Glas & Optik and used as
substrates. Acetone, purchased from Fisher chemical and ethanol, from Sigma-Aldrich
were used in the cleaning procedure of substrate.

2.2. Fabrication and Processing

Substrates were cleaned with acetone, ethanol, wiped with cotton, and puffed with
nitrogen, respectively. PSAN was dissolved at 0.5 wt%, 1 wt%, 3 wt%, 4 wt%, 6 wt%, and
10 wt% of total polymer in THF by mixing it with the help of a vortex shaker. 200 microliters
of the solution was applied on the quartz substrate using the spin-coating method in
dynamic mode (6800 Spin coater Series, Speciality coating system). Substrates were spun
at 1000 r.p.m. for 30 s. Spin coating spreads the solution over the substrate surface under
the centrifugal force [26,27], leaving a thin film that flows from the center to the edges.
The film thins and the solvent evaporates [28]. After spin coating, samples were annealed
under normal atmosphere in a Lindberg/Blue M furnace at 80 ◦C for 15 min in order to
evaporate solvent residues.

Thermal annealing of the films was done in the temperature range from 150 °C to
400 °C for 20 min under normal atmosphere in the same Lindberg/Blue M furnace.

In order to investigate possible degradation of the samples under UV exposure,
sample surface area of approximately 5 mm2 was illuminated with a deuterium lamp
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(power 585 µW) of a DH-2000 light source (Ocean Optics, Dunedin, FL, USA). Samples
were also illuminated with an SF150B Solar simulator (Sciencetech, London, UK; Ontario,
ON, Canada) in order to check film stability for outdoor applications.

2.3. Characterization

Spectroscopic ellipsometry is a widely used technique to characterize the optical
properties of organic thin films [29]. Here we investigate the optical properties of samples
using a V-VASE ellipsometer (J.A. Woollam, Lincoln, NE, USA). Measurements were done
in the spectral range 0.57–4.5 eV and at angles of incidence of 45◦, 55◦ and 65◦. Fitting of
ellipsometric data gives insight into PSAN film thickness and refractive index, which was
modeled with the Cauchy dispersion model.

Absorption measurements at normal incidence were done in the spectral range
190–1100 nm using a Lambda 25 Perkin-Elmer spectrophotometer. Since only a small
region of the samples was exposed to UV radiation from the deuterium lamp, photodegra-
dation was monitored by transmittance measurements at normal incidence in the spectral
range 200 to 1000 nm using an Ocean Optics HR4000 (Ocean Optics, Dunedin, FL, USA)
fiber spectrometer.

Microscopic pictures were taken by Cerna® Microscope (Thorlabs Inc., Newton, NJ,
USA) equipped with single-cube epi-illuminator and trans-illumination modules using
N20X-PF 20X Nikon Plan Fluorite 92 Imaging Objective, 0.5 NA, 2.1 mm WD.

Atomic force microscopy (AFM) topography images were acquired using NanoWizard
4 AFM Ultra speed manufactured by JPK (Berlin, Germany) in AC mode. AFM probes were
obtained from Budget Sensors (Tap300 Al-G with a radius of curvature of <10 nm, nominal
spring constant of 40 N/m, and a nominal resonant frequency of 300 kHz). Images were
subsequently processed using the WSxM software [30].

2D measurements of step heights and roughness were taken with an Alpha-Step D-600
stylus profilometer (KLA, Milpitas, CA, USA).

3. Results and Discussion
3.1. As Fabricated Samples

Modeling of ellipsometric data showed that, regardless PSAN concentration, the
refractive index was homogeneous through the film and that the film thickness was constant
over the measured region, except for the samples with the largest PSAN concentration that
show some depolarization signature, as discussed below. The film thickness dependence
on PSAN concentration (Figure 1) shows a non-linear behavior. In order to explain this
trend, we use the relation proposed by Chen [24]:

D = K0µ0.36ω−0.50
(

Eλ

Cµ

)0.60
(1)

where D is the film thickness, µ is the viscosity of the coating solution, ω is the rotation
speed, E is the solvent-evaporation rate, λ is the latent heat of evaporation, Cµ is the heat
capacity of the solvent, and K0 is a constant for volatile organic solvents. For a given
solvent, D is approximately proportional to µ0.36. However, it should be taken into account
that the viscosity may depend on the polymer concentration (wt) in a complex manner [31].
According to Weill [25], three different regimes can be distinguished: (i) for very dilute
solutions, the solution is a pure viscous fluid whose viscosity is a linear function of the
concentration (µ = µ0wt), (ii) in dilute solutions, the solution can be treated as a viscoelastic
fluid (µ = µ0(wt) + µ1(wt)2) and (iii) for highly concentrated solutions, the mechanical
behavior of the solution is that of a viscous fluid (µ = µ0(wt)5). Thus, in general terms,
the relation between viscosity and concentration can be described by a power law. We,
therefore, fit our experimental data to:

log D = a + 0.36α(wt) (2)
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where α corresponds to the coefficient describing the phenomenological power law connect-
ing concentration and viscosity. The fit leads to a value of α = 4.6, indicating the prepared
solutions are close to the concentrated solution regime.

Figure 1. Film thickness dependence on PSAN concentration: experimental (squares) and model fit
(solid line).

Next, we analyze how the absorption depends on the concentration (Figure 2). All
samples are fully transparent for wavelengths above 280 nm. A weak absorption peak
is observed at 260 nm, with intensity increasing with PSAN concentration. It can be
associated with isolated phenyl groups, as previously reported for polymers of styrene
derivates [32]. At shorter wavelengths (below 230 nm), absorption rapidly increases
with decreasing wavelength, revealing the interband transitions in the polymer [33]. The
estimated absorption edge (band gap) is around 5.4 eV, with no significant variation with
PSAN concentration.

Figure 2. Absorbance of fabricated PSAN thin films as a function of wavelength and PSAN concen-
tration.
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The wavelength dependence of the refractive index as a function of PSAN concen-
tration is depicted in Figure 3. The refractive index presents slightly larger values than
glass in the visible range with a moderate dispersion (1.55 to 1.6). It should be noted that
it does not present significant variations with PSAN concentration. Namely, the optical
properties of PSAN thin films appear to be independent of the film thickness over a wide
thickness range.

Figure 3. Refractive index (n) dependence on PSAN concentration as a function of wavelength.

PSAN film surfaces (Figure 4) present small roughness values (RMS values ranging
from 0.2 to 1.3 nm depending on the measurement location). Essentially, the surfaces are
very flat with the presence of holes, typically around 2–3 nm deep and approximately
40 nm wide, as is shown on the left panel of Figure 4. The presence of these nanoholes
on the sample surface can be explained by the high-volatility of the solution [34,35]. In
any case, the small dimensions of the holes and the uniformity of the sample surface
should result in negligible losses by light scattering. After analyzing AFM images, it is
concluded that morphology of PSAN surfaces does not show significant changes with
polymer concentration. The similarity of morphology (on scale up to few microns) is
visible in Figure 4 where there are no significant changes between different concentrations.
Furthermore, roughness values slightly change with concentration of polymer, for example,
measured roughness for wt = 1% is 0.51 nm and for wt = 4% is 0.64 nm. However, it was
observed that the AFM tip left an indentation on the measured areas for samples obtained
with large PSAN concentration, suggesting a decrease of film hardness.

The surface of the films investigated by profilometry reveals waviness (Figure 5)
with a typical period of few tens of micrometers. These striations are associated with
the Gibbs-Marangoni effect and result from capillary forces that develop during solvent
evaporation causing compositional changes throughout the film. These modifications lead
to an unstable surface tension that results in lateral motions of the drying fluid and finally
to film thickness variations [36]. At low concentrations, these striations are very small
(ca. 3 nm for the sample with wt = 1%) with no remarkable effects on the optical response
of the films, but for high PSAN concentrations the thickness variation is up to 300 nm,
resulting in significant light depolarization (about 2%) that is detected in the ellipsometric
measurements [37].
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Figure 4. AFM picture of PSAN thin film surface with wt = 3% and wt = 1%.

Figure 5. Surface profiles scan of PSAN thin films with wt = 1% (left) and wt = 10% (right).

3.2. Effect of Thermal Annealing

Here we investigate the modification of the fabricated PSAN thin films upon heat
treatments. We focus on films with the lowest PSAN concentration (wt = 0.5%) because
their thickness is representative for quarterwave layer in the visible range, i.e., they are
potentially basic building blocks for inferential optical coatings. Ellipsometric characteri-
zation shows that the film thickness (Table 1) remains stable for annealing temperatures
up to 220 ◦C. At larger annealing temperatures the film thickness decreases. Likewise,
the optical absorption of the films (Figure 6) starts to decrease only at annealing tempera-
tures of 300 ◦C. The refractive index (Table 1) weakly increases at 300 °C, which points to
slight densification of the material. At higher temperatures refractive index significantly
decreases, which indicates a reduction of overall film density. This is confirmed by AFM
measurements that reveal the presence of the bare substrate in several areas of the sample
surface (Figure 7) which indicates that the film progressively decomposes and explains the
decrease of absorption and effective film thickness.

The surface sample evolution is best illustrated by the microscopic pictures (Figure 8)
that reveal the presence of striations in the as-fabricated and weakly annealed films. These
striations are not present anymore after annealing at 300 ◦C, indicating the beginning of
significant morphological changes in the film. Annealing at larger temperatures leads
to the presence of crater-like structures. The height of these structures, as measured by
profilometry, is approximately equal to the initial film thickness suggesting that these
regions correspond to the remains of the original PSAN film.
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Table 1. Thickness and refractive index evolution of PSAN thin film with wt = 0.5% annealed at
different temperatures.

Temperature (°C) Thickness (nm) Refractive Index at 500 nm

80 67.1 ± 0.2 1.571 ± 0.001
150 64.6 ± 0.2 1.574 ± 0.001
220 67.4 ± 0.2 1.573 ± 0.001
300 51.7 ± 0.3 1.584 ± 0.002
350 36.8 ± 0.8 1.516 ± 0.002
400 36.3 ± 1.9 1.491 ± 0.003

Figure 6. Temperature dependence of absorption of 0.5% (wt) PSAN thin films.

Figure 7. AFM pictures of PSAN film surface with wt = 0.5% annealed at different temperatures.
Note that for high annealing temperatures the pictures show straight lines that are present in the
bare substrate.
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Figure 8. Microscopic pictures of PSAN film surface with wt = 0.5% annealed at different tempera-
tures.

3.3. Photodegradation

PSAN thin films (wt = 0.5%) show no changes when exposed to light from a solar illu-
minator even at large exposure times, confirming their stability for outdoors applications.
Finally, we analyze possible photodegradation caused by UV radiation, that results in a
progressive decrease of transmittance in the range between 200 and 300 nm, as shown in
Figure 9. The increased absorption can be explained by the presence of aromatic group on
the polymer chain that has poor photostability in the UV region, as reported by Nishio et
al. in connection with the structural changes on nitrile group, such as elimination and cy-
clization [38]. Furthermore, due to the high absorption coefficient of the styrene monomer
around 260 nm, the styrene units in the copolymer backbone produce a synergistic effect
enhancing absorption and generating heat, allowing in this manner the decomposition of
acrylonitrile units [39].

Figure 9. Transmittance of 0.5% (wt) PSAN thin films exposed for different times to UV radiation.

4. Conclusions

PSAN thin films on quartz substrates have been fabricated by spin-coating of PSAN-
THF solutions. The thickness of the films can be easily controlled by PSAN concentration
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in the spun solution. Film thickness and concentration are related by a power-law in
agreement with previously proposed theoretical models. The films show a broad trans-
parency range covering visible and UV spectra down to 280 nm, where absorption of
styrene becomes noticeable. Yet, the styrene absorption band is relatively weak and films
might be used down to 230 nm where interband transitions start to dominate the optical
properties. The refractive index does not show remarkable changes with concentration.
From a practical point of view it means that the refractive index appears to be independent
of film thickness, which is an advantageous characteristic for thin films to be used in optical
coatings. Indeed, depending on the fabrication technique, film thickness can influence
refractive index , complicating the design and characterization of multilayer coatings [40].
The films are highly stable when subjected to thermal treatments up to 220 ◦C or when
exposed to solar illumination and present certain degradation upon UV radiation. Overall,
the simplicity of the fabrication approach combined with optimal optical properties and
stability makes PSAN thin films attractive candidates for polymer-based optical coatings.
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