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1. Introduction

Thin film photovoltaics based on copper indium gallium diselenide (CIGS) or organic semiconductors
has a large potential for the large area production of electrical energy on facades and roofs of buil-
dings [1, 2]. These devices can be produced in cost efficient roll-to-roll coating and printing pro-
cesses.

A serious disadvantage of CIGS and organic photovoltaics is their sensitivity to oxygen and water
vapor from the environment [3, 4]. Photoactive materials and electrodes are degraded in contact
with these substances resulting in a decreased efficiency.

Therefore a flexible encapsulation is required to reach an intended device lifetime of up to 25 years.
Estimations show that water vapor transmission rates of encapsulation materials for CIGS and orga-
nic photovoltaic devices have to be lower than 10* g m2 d! [4, 5].

Such high barrier requirements are fulfilled by multilayer barrier structures on top of polymeric films.
These structures contain inorganic barrier layers and polymeric intermediate layers deposited as an
alternating sequence [6, 7].

The excellent barrier performance of structures of alternating barrier layers is commonly explained
by decoupled defects of the inorganic layers resulting in extended diffusion paths within the polyme-
ric intermediate layers [7, 8, 9]. Other explanations refer to the reduction of mechanical stress due to
polymeric layers [6] or an increased lag time of permeation; the latter can be caused by extended dif-
fusion paths [10] or by largely differing solubilities of the permeating substance within inorganic and
polymeric materials [11].

The high barrier films developed by Fraunhofer POLO® alliance utilize the concept of alternating bar-
rier layers in roll-to-roll coating processes [12]. Reactively sputtered Zn,SnO4 (ZTO) layers are com-
bined with hybrid polymers (ORMOCER® [13]) being applied from the liquid phase on top of polyes-
ter substrate films. For the multilayer barrier structure PET Melinex® 400 CW / ZTO / ORMOCER® /
ZTO / ORMOCER® a water vapor transmission rate (WVTR) of (2.0 + 1.2)-10“ g m™ d* was measured
with calcium test at 38°C, 90% r.h. [12].

Consequently the Fraunhofer POLO® film exhibits barrier properties in the range that is required for
flexible photovoltaics. However, it is not suitable as encapsulation material for long term outdoor
applications since polyester films like PET are degraded by UV radiation and humidity in combination
with high temperature [14, 15].

Several strategies exist to equip barrier films with UV stable substrate films:

e Protection of substrate films by a UV blocking coating;
o Improvement of the UV stability of polyester films by integration of additives [14];
e Substitution of polyester films by intrinsically UV stable films.

Fluoropolymers, e.g. ethylene tetrafluoroethylene (ETFE), show excellent resistance against UV radia-
tion and also against weathering [16] and therefore qualify well as flexible substrates for encapsu-
lation of photovoltaic devices.

In the joint project flex25 [17] the Fraunhofer Institutes for Process Engineering and Packaging (IVV),
for Organic Electronics, Electron Beam and Plasma Technology (FEP) and for Silicate Research (ISC)
currently work on the transfer of the Fraunhofer POLO® barrier structure to ETFE substrate films
(Nowoflon ET 6235 Z).



2. Dimensional stability of ETFE films

A critical issue of fluoropolymer films regarding their utilization as substrate films for encapsulation
materials is their low dimensional stability: Young’s moduli of ETFE are about 5-108 Nm at 23°C and
1-108 Nm=2 at 120°C [18] and are therefore one order of magnitude lower than the corresponding
values 4-10° Nm2 and 2-10° Nm™ of PET [14].

Used as intermediate layers, ORMOCER® coatings are a substantial component of the Fraunhofer
POLO® barrier structure and have to be dried at a temperature of 120°C. As a consequence of their
low Young’s modulus at 120°C, ETFE films are significantly strained due to web tension during the
roll-to-roll coating process. Since the ETFE film already carries a ZTO layer when the ORMOCER® is
applied, the strain is transferred to the ZTO layer where it can result in crack formation and therefore
degrade the barrier performance [6, 19, 20].

The behavior of ETFE films (Nowoflon ET 6235 Z, thickness 100 um) during ORMOCER® application at
the roll-to-roll lacquering machine of the Fraunhofer IVV was studied systematically; the machine is
described elsewhere [12, 21]. In order to understand the combined influence of high temperature
and web tension the dimensional change of the films in machine and transverse direction was mea-
sured after winding them through the machine at different conditions.
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Fig. 1: Dimensional change of ETFE and PET films in the roll-to-roll lacquering machine dependent on tempe-
rature and web tensile stress

Fig. 1 shows that the dimensional change of the ETFE film is negligible up to a temperature of 80°C.
Significantly different results, however, were observed at 120°C, probably due to the decrease of
Young’s modulus with increasing temperature and the glass transition of ETFE at 90°C [22]: the film
shows a significant elongation in machine direction and a similar shrinkage in transverse direction at
120°C. The values range from 1% to 2%, depending on the web tensile stress. Similar values were ob-
tained when applying ORMOCER® during the winding process. These values are in the range of the



crack onset strain of ZTO layers [20] which is defined as the minimum strain at which crack formation
can be observed.

The dimensional change of ETFE in machine direction is about ten times higher than the correspon-
ding value for the PET Melinex® 401 film; this film shows shrinkage instead of strain in machine direc-
tion. These results make clear that the transfer of the Fraunhofer POLO® barrier structure from PET
Melinex® to ETFE is challenging.

The ETFE films which were stressed at different conditions were afterwards coated with ZTO and
winded for a second time through the coating machine with temperature set to 120°C. Fig. 2 shows
that the dimensional change of ETFE during the second winding is significantly reduced if the film was
stressed under the same condition during the first winding.
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Fig. 2: Dimensional change of the ETFE film in the roll-to-roll lacquering machine at 120°C and a tensile stress of
2.5-10° Nm™ after pre-stressing the film at the given conditions

One can conclude that a thermal treatment in the coating machine allows a limited heat stabilization
of ETFE films at least eliminating the irreversible contribution to the dimensional change during fur-
ther processing. Such a thermal treatment is reached by application of an ORMOCER® layer on ETFE
before ZTO deposition; this ORMOCER® primer layer is necessary to obtain high quality inorganic lay-
ers on top of the rough surface of fluoropolymer films [23].

3. Permeation through mechanically stressed ZTO coated ETFE films

In order to understand the influence of thermomechanical stress on the barrier properties of ZTO lay-
ers on ETFE films the oxygen permeabilities of ETFE / ORMOCER® / ZTO (thickness 150 nm) were
measured before and after winding them through the lacquering machine at 120°C and a tensile
stress of 2.5-10° Nm™. Corresponding trials were performed with two other fluoropolymer substrate
films: polyvinylidene fluoride (PVDF) and ethylene chlorotrifluoroethylene (ECTFE).

Fig. 3 shows an increase of the oxygen permeability (Q0-) of two orders of magnitude when the fluo-
ropolymer films are winded through the machine. It can be concluded that the ZTO layers lose their



barrier properties due to thermomechanical stress in the roll-to-roll processes. This barrier loss is
probably caused by a reversible dimensional change of the ETFE film during the process since the
irreversible contribution described above was eliminated by thermal treatment during the app-
lication of the ORMOCER® primer layer before.
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Fig. 3: Oxygen permeability of different fluoropolymer substrate films coated with ORMOCER® / ZTO before
and after winding and after ORMOCER® application on top

When an ORMOCER® layer is applied on top of ETFE / ORMOCER® / ZTO lower oxygen permeabilities
compared to the pure winding process are obtained due to the synergistic barrier effect between an
oxide layer and an ORMOCER® on top of it [13]. However, these permeabilities are in the same range
of 1 cm® m?2 d* bar? as the values before ORMOCER® coating. In contrast, the values measured for
PET Melinex® 401 / ZTO / ORMOCER® being a step in the production of the POLO® barrier structure
are up to two orders of magnitude lower.

In the view of the intention to transfer the Fraunhofer POLO® barrier structure from PET Melinex® to
ETFE the damage of ZTO layers on top of ETFE during ORMOCER® application has to be avoided. The
following possibilities seem to be promising:

e Reduction of drying temperature or web tension during ORMOCER® application;
e Reduction of ZTO thickness to increase crack onset strain [19, 20];
o Improvement of the dimensional stability of ETFE films.

The only reduction of the web tension to values still resulting in a good winding quality was found
not to be sufficient. Therefore, the influence of the drying temperature and the ZTO thickness on the
oxygen and water vapor permeation through ETFE / ORMOCER® / ZTO after winding through the lac-
qguering machine was studied.

Fig. 4 shows that the barrier properties of a 160 nm thick ZTO layer on ETFE / ORMOCER® are lost if
this film is stressed at 120°C or 80°C. For a ZTO layer with reduced thickness of 50 nm the loss of bar-
rier properties is also observed at 120°C. In contrast, after treatment at 80°C, significantly lower per-
meation rates are obtained.

According to these results the drying temperature should be reduced to 80°C during the production
of the barrier structure. However, a temperature of 120°C is suggested to guarantee the complete
crosslinking of the ORMOCER® lacquer.
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Fig. 4: Oxygen permeability and water vapor transmission rate of ETFE / ORMOCER® / ZTO with ZTO thicknesses
of 50 nm or 160 nm after winding at different temperatures and after ORMOCER® application

When, in contrast to the pure winding process, the application of the ORMOCER® layer is considered
the loss of the barrier performance of a 50 nm thick ZTO layer is avoided even at a temperature of
120°C. For the ETFE / ORMOCER® / ZTO (thickness 50 nm) / ORMOCER® structure a QO, of < 0.1 cm?
m2 d? bar?! (23°C, 50% r.h.) and a WVTR of 0.06 g m? d* (38°C, 90% r.h.) were measured. The
ORMOCER® layer therefore seems to protect the ZTO layer against crack formation.

Finally, the barrier structure ORMOCER® / ZTO / ORMOCER® / ZTO with 50 nm thick ZTO layers was
deposited on ETFE. The measured WVTR values of about 0.002 g m2 d* (38°C, 90% r.h.) are in the
range of the barrier requirements of flexible photovoltaic modules with intended lifetimes of several
years. These results show that the transfer of the POLO® barrier structure to ETFE is possible if the
ZTO thickness is reduced to 50 nm. Promising results were also obtained when PVDF or ECTFE were
considered as substrate films.

4. ETFE films with improved dimensional stability

Although positive results were obtained by the deposition of multilayer barrier structures with 50 nm
thick ZTO layers on ETFE substrate films, it would be desirable to use ETFE films with an improved di-
mensional stability in order to be more flexible regarding the process parameters. Stretching of poly-
meric films at elevated temperatures is a common method to improve their mechanical properties
[24].

During these studies, however, an alternative method was considered: Before the deposition of bar-
rier layers, the ETFE film (Nowoflon ET 6235 Z, thickness 100 um) was adhesive laminated with its
back side to a PEN film (Teonex Q 51, thickness 125 um) which exhibits a large dimensional stability
[14]. Consequently, the resulting laminate should be strained in the lacquering machine significantly
less than the single ETFE film.

In order to confirm this assumption the PEN / ETFE laminate was coated on the ETFE surface with
ORMOCER® / ZTO (thickness 150 nm). As described earlier, this structure with a similar ZTO thickness
of 160 nm on top of a single ETFE film showed a loss of the barrier performance after winding at
120°C. On top of PEN / ETFE, in contrast, the oxygen permeability measured after winding is below
0.4 cm® m2 d? bar?! and therefore more than two orders of magnitude lower than on a single ETFE



film. This allows to conclude that the dimensional stability of ETFE films is significantly improved by
lamination with the PEN film.

Very low WVTR values between 0.002 and 0.003 g m? d* (23°C, 85% r.h.) were finally measured for
the complete Fraunhofer POLO® multilayer barrier structure ORMOCER® / ZTO / ORMOCER® / ZTO
even with 150 nm thick ZTO layers when the PEN / ETFE laminate was used as a substrate.

5. Conclusions

Fluoropolymer films exhibit excellent stability against UV radiation and weathering. Therefore they
seem to be well suited to be used as substrate films for flexible encapsulation of photovoltaic devices
under long term outdoor conditions. A serious drawback is their low dimensional stability at high
temperature in combination with mechanical stress which arises during the deposition of the barrier
structure and following converting processes.

This study shows how to overcome these difficulties and therefore to be able to deposit barrier struc-
tures on ETFE, PVDF and ECTFE substrate films. By adjusting process parameters and layer thicknes-
ses the effect of the dimensional change of the films can be reduced is such a way that the barrier
properties of already deposited layers are maintained after the process. Furthermore, it has been
shown to be possible to improve the dimensional stability of fluoropolymer films by laminating them
to a polyester film having an excellent intrinsic dimensional stability.

Based on these methods multilayer barrier structures with water vapor transmission rates between
0.002 and 0.003 g m2d* (at 23°C, 85% r.h. or 38°C, 90% r.h.) were produced on ETFE films or PEN /
ETFE laminates. This confirms that the flexible encapsulation of photovoltaic devices with multilayer
barrier films based on fluoropolymer substrates is possible.

The developed concepts can be transferred to other applications requiring functional layers e.g. with
electrical conductance or UV absorption on top of films which are originally difficult to be converted
in roll-to-roll processes. Examples for such applications can be found in the building or automotive
sector.
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