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Abstract

Solar UV radiation is a well-known cause of degradation in various organic materials. This leads to unwanted
changes in color, strength and other physic-chemical changes in the polymer structure. With the development of
printed organic electronics there is an ever growing interest in their protection from damaging effects- e.g.
photodegradation. In this study we present a method for the deposition and characterization of transparent UV-
absorbing films on flexible organic substrates.
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1. INTRODUCTION

The operational life time of every product plays an instrumental role in its successful real world application. An
ever growing interest in organic photovoltaic (OPV) cells has led to the development of more effective materials
(Hoppe & Sariciftci 2004), configured in various device architectures (Khan, Ray & Alam 2014), (Li et al.
2014). However their limited lifetime compared to conventional silicon-based photovoltaic technology is a major
setback, hindering their large scale introduction. The short wavelength part of the solar light spectrum (UV light)
has been identified as a major cause of efficiency decay in polymer solar cells. One of the methods for protection
against UV-induced photodegradation of organic solar cells, proposed in some studies (Jargensen, Norman &
Krebs 2008), is the addition of a UV-filtering layer to the solar cell. These must possess specific material
properties in order to be introduced in polymer solar cells. The UV-protective layers must absorb most of the
damaging portion of the solar light (spectral region ranging from 400 nm to 320 nm), reaching the earth surface,
whilst allowing for the visible light to reach the active layers of the underlying solar cells. Materials used in the
protective coatings must be compatible with the high throughput printing technologies (e.g. roll-to-roll
processes) used for the production of OPV cells.

Polyvinyl alcohol (PVA) has been shown as a polymeric vehicle for barrier films for OPV cells (Gaume et al.
2011). This environmentally friendly polymer can be easily deposited in thin transparent films with the aid of
solution processing techniques (Jiang et al. 2014). It is soluble in aqueous media, easing processing and
deposition by eliminating the need of expensive and potentially toxic organic solvents. PVA films have good
mechanical properties (Fukumori & Nakaoki 2014), offering the potential for protective coating, deposited on
flexible substrates. This presents a huge advantage for lightweight flexible OPV devices, protected from
damaging atmospheric influences. PVA is a chemically stable polymeric material (Kiatkamjornwong,
Rattanakasamsuk & Noguchi 2003) with excellent gas barrier properties (Morlier, Cros & Garandet 2013), that
can be easily further reinforced by cross-linking in various post-processing techniques (Gohil, Bhattacharya &
Ray 2006). PVA-based films have been proposed as oxygen barriers for OPV cells (Ahmad et al. 2013).

In the current study an easy low cost solution processing technique of PVA-based protective coatings with high
UV-filtering properties is presented. An organic UV-absorber- 2-hydroxy-4—methoxy-benzophenone-5-sulfonic
acid has been added to PVA solutions, in order to produce UV-filtering transparent polymeric films. These were
used in the deposition of thin films, dried at various thermal conditions, influencing changes in the surface and
spectral properties. The surface morphology of the UV-filtering PVA films was analyzed by means of AFM
microscopy. Wettability and the hydrophobic/hydrophilic nature of the film surfaces were characterized by a
sessile drop test with an optical tensiometer with a high speed camera. Spectral properties of the deposited films
were studied though UV-vis absorption spectra.
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2. MATERIALS AND METHODS
2.1. Chemicals

PVA with molecular weight of 72000 and an alcoholysis degree of 98-99% was used as received. 2-hydroxy-4—
methoxy-benzophenone-5-sulfonic acid (CAS 4065-45-6), molecular weight 308,3 g/mol with 99% purity was
purchased from Elton, Bulgaria under the trade name Escalol 577..

2.2. Preparation of PVA stock solutions

First a 10 w/w % aqueous PVA stock solution was prepared in distilled water in closed vials, immersed in 80°C
water bath under constant agitation. After 2h dissolution of the PVA, no solid polymer was observable. The
solution was then mixed in an ultrasonic bath, heated to 80°C, for further 30 min to ensure complete dissolution
of the polymer. The aqueous PVA stock solution was left to cool to room temperature. 1,542 g of Escalol 577
were added to 20 mL of 10 % ag. PVA solution under constant magnetic stirring at room temperature to obtain a
0.25 M concentration with respect to the stock solution. The Escalol 577 containing solution was ultrasonically
mixed for further 10 min before deposition to ensure complete dissolution of the UV-absorber. The final solution
was kept at room temperature in air-tight opaque vials. The solution remained unchanged at these conditions
with precipitate formation.

2.3. Pre-cleaning of flexible organic substrates

Acetate based transparencies for overhead projectors were used as flexible transparent substrates for the PVA
films, containing UV-absorber. The substrates were pre-cleaned before each deposition by successive immersion
in ultrasonic baths filled with distilled water and a 1:1 ethanol-ether solution respectively. The substrate was then
dried under a stream of dry nitrogen in room temperature.

2.4. Deposition via spring loaded hand proofer

The prepared liquid stock solutions were deposited on a flexible polymeric substrate with the help of a spring
loaded hand proofer (Early Manufacturing Inc., USA), made up an anilox and a rubber roller. The constant
contact pressure between the two rollers was ensured by a uniform spring load. A mechanically engraved
stainless steel anilox drum with a 180 pyramidal cell count per line and a volume of 11.8 BCM (Billion Cubic
Microns per square inch) was utilized. Before each deposition both rollers were pre-cleaned successively with
distilled water, a 1:1 ethanol: ether solution and dried at room temperature under a stream of dry compressed
nitrogen.

All films were deposited at room temperature. Films dried at elevated temperature (40 °C, 60 °C and 80 °C)
were placed horizontally in a preheated laboratory oven, preset at the desired temperature. All films were left to
dry for 1 h, regardless of curing temperature. In order to achieve complete covering of the surface, films were
deposited in 4 successive depositions. A simplified scheme of the deposition process is shown in Figure 1.
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Figure 1 Preparation of aqueous solution and coating technique

2.5. Atom Force Microscopy analysis
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The surface morphology of deposited films was characterized through AFM using an Easyscan 2 atomic force
microscope (NanoSurf, Switzerland) set in dynamic force mode. An Al-coated silicon tip (Budget Sensors,
Bulgaria) with a resonance frequency of 190 kHz and a force constant of 48 N/m was utilized. AFM images
were recorded and analyzed with the aid of provided firmware. For each site the analyzed area was set at 49x49
um, with a scanning rate of 2 seconds per line and a resolution of 256 recorded points per line. The surface
roughness of the deposited films was described by a root mean square (Sq) roughness, calculated over the whole
analyzed area. It represents the average sum of the distances of all points from the measured surface, in
direction-perpendicular to the conditional plane (parallel to the surface). The Sq values were calculated
according to equation (1):

2.6. Contact angle measurement

The contact angles were measured by a sessile drop test using a Theta Light optical tensiometer at room
temperature. Distilled water droplets with similar volume (around 3puL) were dropped on the sample surface on 5
different sites. For every measurement 240 separate images were recorded by a high speed camera (set-up at a
recording speed of 60 frames per second) and analyzed though the OneAttention firmware. Every recorded
image was analyzed via curve fitting according to the Young-Laplace equation to the shape of the drop. For
every test site a mean contact angle was calculated. The contact angle of each deposited film was calculated as a
mean value of all mean values for the 5 measurement sites.

2.7. Spectral characterization

Spectral characteristics of the deposited UV-absorbing PVA-films were recorded by an Agilent Carry 100 UV-
Vis spectrophotometer in absorption mode with a data interval of 1 nm. Absorbance spectra were recorded in
double beam mode against a polymer substrate, pre-cleaned as previously described.

3. RESULTS AND DISCUSSION
3.1. Surface characterization of UV-absorbing PVA films

It has been already shown, that changes in the surface structure influence strongly other surface properties of
polymeric materials (e.g. wettability and adhesion). In the present study we prepared thin polymer films from
liquid precursor solutions with constant composition dried at different temperatures ranging from 20 °C to 80 °C.
As a result some changes in the surface characteristics- mean surface roughness and wettability, of the obtained
films are observed. The temperature dependence of the root mean square of the surface roughness of four PVA
films is shown in Figure 2. There is a significant decrease in the surface roughness for films, dried at higher
temperature. As no other deposition parameters (solution composition, coating technique and set-up or the
duration of the drying step) it is concluded, that the drying temperature has an impact on the surface
characteristics. We suggest that by varying the thermal conditions during drying, a control over the rate of
evaporation was achieved.

Results from the AFM study indicate that the increase of the drying temperature leads to smoothing of the film
surface. Films, dried at room temperature possess a very distinct surface topology with a multitude of sharp
ridges and grooves, illustrated in the 3D AFM image in Figure 3 (left). These surface features are also present in
films dried at higher temperatures- Figure 3 (right) and Figure 4, but have a significantly decreasing relative
height in respect to overall surface. As it is shown in Figure 4 (right) the surface of a UV-absorbing PVA film,
dried at 80 °C, is much smoother with individual features rising above the mean conditional surface. It must be
noted that all substrates were handled and pre-cleaned in a similar fashion as to avoid patterning of the film
surface by the underlying substrate. Due to the high thermal stability of PVA in the temperature range, selected
in the present study (Zheng & Kong 2007), chemical changes in the composition of the films due to thermal
oxidation should not be considered. As all films were deposited via the same coating technique, with cutting
conditions as the only varied parameter, we attribute the changes in the surface roughness as a result only of
changes in the conformation of the PVVA matrix during the drying step of the deposition.
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Figure 2 — Mean square roughness of deposited films, dried at ascending temperature from 20 °C to 80 °C
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Figure 3 — AFM images of surfaces of deposited films dried at 20 °C (left) and 40 °C (right)
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Figure 4 — AFM images of surfaces of films dried at 60 °C (left) and 80 °C (right)

It has already been demonstrated, that conditions during water evaporation of the PVA-water solution, can
significantly alter the structure of the final film. When the evaporation is accelerated (e.g. by treating the liquid
film at higher temperature) the polymer chain of PVA flexes in such a way, causing acetoxyl groups to dominate
the surface. These changes in the ordering the different groups, may cause different ordering of the polymer
chain. These effects have been discussed by (Zhang, Zhang & Wang 2009) and attributed to a conformation of
the surface molecules. The authors suggest that the rate of evaporation (set by drying temperature) influences
whether hydroxyl or acetoxyl groups dominate the surface of the final PVA film. These conformations during
water evaporation and polymerization of the PVA matrix, in a connection to covalent ester links between the
UV-absorber and the PVA molecules could lead to the evolution of surface cracks.
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Figure 5 — Contact angle of film surfaces, dried at temperatures from 20 °C to 80 °C
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The wettability of the surface of the films is also affected by the different evaporation rate during drying of the
liquid PVA film. This is demonstrated from results of the contact angle measurement shown in Figure 5. Films
dried at low temperatures- 20 and 40 °C have a low contact angle, indicating their hydrophilic nature. With the
rise of the applied drying temperature there is a very distinct steep rise in the contact angle of the surface. It has
been demonstrated that the contact angle is both dependent on surface roughness (Wenzel 1936) and on the
chemical composition on the interphase (Guo et al. 2007). This abrupt change in the contact angle could be
induced of both the orientation of hydrophobic groups and the smoother surface of the film. As demonstrated
above films, dried at 80 °C have a significantly lower mean surface roughness. However the change to a more
hydrophobic nature of the surface should also be explained by conformation changes in the polymeric chains on
the surface. In the case of rapidly dried films at 80 °C, we suspect that the hydrophobic acetoxyl groups remain
on the surface. It should be assumed that some of the 2-hydroxy-4-methoxy-benzophenone-5-sulfonic acid
present in the liquid PVA solution has formed ester bonds with the hydroxyl groups of the PVA or they are
oriented to the molecules of the UV-absorber by hydrogen bonds. In both cases the ability of PVA to flex and
orient hydroxyl groups to the surface, in order to minimize the free energy should be limited. These effects are
manifested by changes observed in the wettability and the surface roughness.

3.2. Spectral characteristics of UV-absorbing films

The spectral characteristics of the deposited PVA films are the most important properties for their possible use in
flexible photovoltaic cells. In order to achieve the desired UV-filtering property of the thin polymer films an
organic UV-absorber- 2-hydroxy-4—methoxy-benzophenone-5-sulfonic acid (referred to in the present article
under the trade name Escalol 577) was added to the PVA solution. This compound as a part of the benzophenone
class is a good UV-absorber with a high absorbance capacity in the UVA and UVB ranges (320-400 nm and
290-320 nm, respectively) (Orisi, Giannini & Gagliardi 2006). It is soluble in aqueous media (Giokas, Salvador
& Chrisvert 2007), making it easily adoptable for PVA protective films. Escalol 577 has a significant stability
upon light exposure (Santos, Miranda & Esteves da Silva 2012), guaranteeing the longevity of the final
protective film. An essential property of the UV-filtering film is its high transparency in the visible light range.
Protective coatings should provide no light shading for underlying layers. These properties of the UV-absorbing
PVA films were studied by means of UV-vis spectroscopy.
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Figure 6— Absorbance spectra of Escalol 577 containing PVA films
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As shown in Figure 6 Escalol 577 containing PVA films deposited by the laboratory flexographic method retain
the UV absorbing capability of the pristine organic UV-absorber. There is a very strong peak in the light
absorption on 325 nm for both demonstrated films, regardless of the drying temperature selected. The intensity
of the light absorption, indicative of the high UV-filtering capability, is also independent of this parameter
during the deposition.

The absorbance spectra in the visible (>400 nm) range (Error! Reference source not found.) shows that
thermal conditions during drying strongly influence the transparency of the deposited films. The increase in the
drying temperature leads to a significant reduction of the absorbed light. Films dried at room temperature are
more opaque and have limited visible light transmittance, as opposed to films dried at higher temperature.
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Figure 7 — Absorbance spectra of film dried at various temperatures in the visible light region (>400 nm)

UV-absorbing PVA films treated at 80 °C are almost transparent to visible light. This would allow for a maximal
light flux, reaching underlying polymers, and ultimately translating in a minimized efficiency loss of the
photovoltaic devices due to shading. The light transparency of the films deposited at low temperatures should be
attributed to changes in the structure of the polymeric PVA matrix. Lower drying temperatures could allow for
different chemical groups in the liquid solution to arrange in such a way, that causes internal stresses and the
development of cracks on the film surface. These lead to a light scattering ultimately manifested by an undesired
opacity in the visible light region. On the basis of absorbance spectra, recorded in the visible light range (from
400 nm to 800 nm), it can be outlined, that films processed at 80 °C possess superior spectral properties. These
have demonstrated a better transparency in the visible light range, whilst having equal UV-filtering properties.

4. SUMMARY

The surface structure of thin UV-absorbing PVA films, prepared at different drying temperatures has been
investigated using AFM, and contact angle measurements. The spectral characteristics of the PVA films have
been studied through UV-vis spectroscopy. The AFM study revealed a decrease in the mean surface roughness
for films dried at higher temperatures. Increasing the drying temperature led to smoothing of the surface. It was
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shown that the contact angle of the PVA films increases as the drying temperature during the deposition is
increased. This effect was attributed to changes of the surface roughness to some extent, but primarily to
conformation changes of the polymer. The deposited UV-filtering PVA films exhibited a more hydrophobic
nature with ascending drying temperature.

All PVA films, containing an organic UV-absorber exhibited high absorption in the region below 400 nm. The
increase in the drying temperature led to smoothing of defects and cracks on surface of the film, making it more
transparent in the visible light region. Films dried at 80 °C were almost completely transparent to visible light,
yet still possessing a characteristic high UV-filtering capability. They can be deposited on flexible polymeric
substrates via facile methods like flexographic printing. These properties allow for the future employment of the
UV-absorbing PVA films described in this study as the protection of flexible polymer solar cells.
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