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Outdoor Operational Stability of Indium-Free Flexible
Polymer Solar Modules Over 1 Year Studied in India,
Holland, and Denmark**

By Dechan Angmo, Paul M. Sommeling, Ritu Gupta, Markus H€osel, Suren A. Gevorgyan,
Jan M. Kroon, Giridhar U. Kulkarni and Frederik C. Krebs*

We present an outdoor interlaboratory stability study of fully printed and coated indium-tin-oxide
(ITO)-free polymer solar cell modules in JNCASR Bangalore (India), ECN (Holland), and DTU
(Denmark) carried over more than 1 year. The modules comprising a fully printed and coated stack
(Ag grid/PEDOT:PSS/ZnO/P3HT:PCBM/PEDOT:PSS/Ag grid) were prepared in two successive
generations and evaluated for outdoor operational stability according to the test protocols laid out by
the International Summit on OPV stability (ISOS-3). The modules (70–100 cm2 active area) were
encapsulated between two sheets of low-cost plastic barrier material with the use of a UV curing
adhesive. The impact of differences in the climatic conditions on the performance of the modules is
highlighted and the performance of the modules under storage conditions in parallel with the
outdoor study is investigated. While all Gen-I modules failed, the best devices of Gen-II module in
which simple improvement in the encapsulation scheme (Gen-II modules) was carried out
maintained 95% of the initial performance after 1 year of outdoor testing. We provide detailed
insight into the failure mode and offer a discussion on the need for improvement in flexible
encapsulation. Finally, recommendations on future encapsulation schemes are also presented.

1. Introduction

Performance-to-cost ratio is the primary determinant for

the commercial success of any technology. For solar cells,

performance is determined by stability and power conversion

efficiency, while cost is determined by all-inclusive materials,

processing, and operation- and maintenance-cost. Cost-

reduction of polymer solar cells (PSCs) is envisioned through

extremely fast processing via ambient roll-to-roll (R2R)

printing and coating methods and using low-cost materials.

In addition to cost reduction, PSCs ought to sustain several

years of operational and storage conditions to be useful in real

world applications. Previously, we have reported a complete-

ly scalable and efficient indium tin oxide (ITO)-free PSC

arrived at through a process known as IOne which is a

completely ambient process employing only coating and

printing methods on a roll-to-roll production line.[1] IOne

modules display >1.5% efficiency with a P3HT:PCBM system

and is estimated to represent an energy payback time (EPBT)

of< 2 months in the form of the thin foil (mounting etc. may

increase the EPBT). Such a technology will bring PSCs on par

with silicon solar cells in terms of energy return factor with a

lifetime as low as 2 years. With this feat which has now been

developed into many incarnations including the first PSC

park,[2] it now becomes essential to focus on the stability of

these solar cell modules under operational and storage

conditions. It goes without saying that stability has direct

implications on the application-, cost-, and environmental-

effectiveness of the technology.
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In general, stability of PSCs have been reported under

various laboratory conditions[3–10] but very few reports are

present that deal with real-world operational and storage

stability of PSCs modules[1,11,12] especially in its commercially

envisioned form that includes ITO-free flexible substrates.

Degradation of PSCs can be complex with several mecha-

nisms at play. In general, three distinctions can be made with

regard to the overall stability of a PSC technology as

schematically illustrated in Figure 1. At the core of PSC is

the inherent stability of semiconducting/photoactive poly-

mer. The photoactive polymers decay when subjected to

chemical and physical stresses. In poly(3-hexylthiophene-2,5-

diyl) (P3HT) films, the most understood polymer in terms

of degradation factors, photo-oxidation is the prominent

degradation mechanism[13–16]; the addition of environmental

conditions such as oxygen, humidity, and ozone can

significantly accelerate the rate of photo-oxidation.[14] Physi-

cal stresses, on the other hand, are more relevant to the

mechanical handling of a finished product and can induce

failure or loss in performance in a solar cell due to bending

under tension or compression, shear stress, delamination

etc.[17–20] Interfacial mechanical stress may also be induced

intrinsically due to, for example, morphological evolution of

the photoactive polymer.[8]

Encasing the photoactive layer of the solar cells involves

other materials and processes that influence performance.

Apart from the photoactive material, metals used for

electrodes can decay due to oxidation as well as due to

various organo-metallic chemistry.[20–23] Previously, we have

evaluated several different architectures using the same

encapsulation method and the same photoactive material

under various rigorous accelerated testing conditions. Large

differences in the stability of the solar cells were found

attributable to electrode materials and processing of the solar

cells.[24] In all, every material component play a crucial role in

determining the overall stability of a complete solar cell. In an

uncontrolled aging environment, a combination of several or

all of these degradation mechanisms is likely to take place.

Finally, the last but the most critical material that renders

stability to an application-ready PSC is the encapsulation.

While much is understood on the degradation factors in

PSCs,[25,26] very little has been done to demonstrate how these

degradation factors can be prevented while PSCs are applied

to real world operational and storage conditions. The answer

of course is in the encapsulation. Yet, very few reports are

present that deal with the encapsulation of PSCs.[27–30] PSCs

require encapsulation with a barrier material having low

transmission rates of water vapor (WVTR) and oxygen (OTR).

Moreover, the barrier material and encapsulation method

should satisfy the technological goals of PSCs which includes

transparency, flexibility and processibility with low-cost

materials and processing techniques such as coating or

lamination.

Given these requirements, we report on the outdoor

operational performance of low-cost ITO-free modules

encapsulated in a simple food packaging barrier film. The

ITO-free IOne modules are studied in an interlaboratory

setting in three climatically different countries. The purpose of

this study was to evaluate the stability as well as to study the

impact of differences in the climatic conditions on the stability

of the modules under the current encapsulation scheme.

2. The Polymer Solar Cell Module and Encapsulation

Themodules testedwere based on an ITO-free architecture,

known as IOne, extensively reported elsewhere.[1]Themodule

geometry, layer stacking, and the encapsulation scheme are

shown schematically in Figure 2. The IOne modules are

fabricated in an ambient roll-to-roll process using coating and

printing methods as detailed in the experiment section

(Section 5). Encapsulation was achieved by laminating the

modules between two sheets of the barrier foil with the use of

a UV curable adhesive and subsequently exposing them toUV

light under a solar simulator to cure the adhesive. Contacting

is achieved by punching push buttons through the encapsu-

lation over the copper tape as schematically shown in Figure 2

as well.

3. Results

The modules were tested under real world outdoor

operational conditions (ISOS-O) according to protocols laid

out by the international summit on OPV stability (ISOS-3).[31]

Two variants of the modules were tested. In the first

generation (Gen-I), the substrate was a PET barrier foil of

45mm thickness. In the second version (Gen-II), the substrate

was 125mm thick PET foil. The Gen-I modules were evaluated

in an interlaboratory stability test conducted simultaneously

in India (ISOS-O-2) and in Denmark (ISOS-O-3); while the

Gen-II modules were tested simultaneously in Netherlands

(ISOS-O-1) and Denmark (ISOS-O-3). The Gen-II modules

were also investigated for stability under storage (ISOS-D-1).

The different testing set-ups for outdoor operation are shown

in Figure 3. All modules were initially characterized in

Fig. 1. Classification of material systems and their inter-relationships with regard to
stability of an organic solar cell is schematically shown. Encapsulation, as addressed
in this paper, is the overarching stability rendering component, which has seldom
been investigated in organic solar cells.
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Denmark under a solar simulator equipped with a sulfur

plasma lamp having a class A spectrum in the absorption

range of the photoactive material. Prior to each measurement

rounds, the lampwas calibrated using a reference photodiode

to supply 1 sun illumination (1000Wm–2; AM 1.5G, 60 °C). At

the end of the stability measurement, all modules were

collected back in Denmark and measured under the same

solar simulator. The data of all the modules before and after

the tests can be found in Table 1. Details on the measurement

set-up are given in Section 5.

3.1. Denmark–India Interlaboratory Study

Figure 4 demonstrates the degradation pattern of all IV

parameters of the two IOne Gen-I modules studied in

Denmark. The modules were tested for a duration exceeding

1 year (�10 000 h). The IV parameters are normalized to the

initial performance (at t¼ 0) which was during the mid-day in

mid-summerwhen the irradiancewas above 900Wm–2 at AM

1.5G. Measurements were automatically recorded every

15min and the scatter plot reflects the variation in the

module photovoltaic performance in accordance with the day

and night cycle. Furthermore, the variation in the perfor-

mance of the modules during the seasons can also be

distinguished with respect to the irradiance.

If the modules have not degraded, the maximum power

point (MPP) would have recuperated after the end of winter

such that the measurements in June 2013, for example, would

have been similar to the measurement made in June of 2012.

However, both modules have degraded over the testing

duration of >1 year and is also attested by the intermittent

measurements carried out under solar simulator providing

constant 1 sun illumination (Figure 4). A lifetime (T80), which

is defined as the time it takes the module to degrade to 80% of

its peak performance, of 1000–1500 h can be deduced.

Degradation of one of the modules (DK-N14) is characterized

by declining short circuit current (Isc) while open circuit

voltage (Voc) is not affected and fill factor (FF) is less affected

(above 95% of initial FF). The second module (DK-N13) is

characterized by declining of all IV parameters: Isc, Voc, and FF

(Figure 4). The underlying cause of degradation in both the

modules is the same albeit at different extent of severity. The

degradation is mainly dictated by delamination and degra-

dation of PEDOT:PSS which also induces enhanced localized

photo-oxidation. This is detailed henceforth.

Figure 5 shows photographs of the DK-N13 and DK-N14

modules with strong backlighting taken after the end of the

outdoor test. A visible discoloration or bleaching in the end

cell of module DK-N13 is observedwhich suggest oxygen and

Fig. 2. Schematic illustration of the ITO-free IOne modules. The encapsulation scheme as well as the top view of the module is depicted. Arrows show the direction of
illumination.
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moisture infiltration leading to accelerated photo-oxidation of

the adjacent cells to the contacts in the module. This is

plausible as the push-buttons are punched through the

encapsulated module. Often, this inadvertently leads to

encapsulation flaw exposing the cross-section of the encapsu-

lation around the push-button, which lie very close to the

active part of the module. At the cross-section, the adhesive is

also exposed to ambient conditions. The adhesive is not a

barrier material and has WVTR significantly higher than the

barrier foil (WVTR of 1mm thick DELO Katiobond LP655 is

6 gm–2day–1) and as such the exposed adhesive around the

contact provides an easy passage for rapid moisture and

oxygen diffusion into the module causing enhanced degra-

dation of the first cell adjacent to the contact. However, once

the cell adjacent to the contact is completely degraded, the

module starts behaving like a six-cell module (instead of

Table 1. The photovoltaic properties of all reported modules measured before and after the stability tests under 1 sun (1000Wm�2 AM1.5G 60 °C).

Before (t¼ 0) After� 1 year

Change in
MPP [%]Module ID MPP [mW] Voc [V] Isc [mA] FF[%] MPP [mW] Voc [V] Isc [mA] FF [%]

GEN-I (ISOS-O)

DK-N13 97.00 3.57 46.25 58.81 22.21 2.42 30.37 30.17 �77

DK-N14 108.17 3.57 53.89 56.15 28.52 3.42 16.71 49.91 �74

IN-N02 107.17 3.57 51.40 58.46 5.61 2.20 10.36 24.60 �95

IN-N05 90.73 3.53 52.03 49.41 8.61 3.18 9.71 27.91 �91

GEN-II (ISOS-O)

DK-N01 85.99 5.53 28.58 54.39 95.54 5.62 30.65 55.45 þ11

DK-N02 84.55 5.58 27.92 54.27 4.73 4.02 4.81 24.08 �94

NL-N11 93.63 5.50 30.42 55.91 70.82 5.02 28.46 49.55 �24

NL-N12 90.56 5.47 29.89 55.41 76.49 5.50 28.53 48.72 �15

GEN-II (ISOS-D-1)

DK-N02 83.14 5.49 28.62 52.97 81.73 5.42 30.42 49.55 �1

NL-N09 94.51 5.57 29.76 57.01 79.12 5.50 28.76 49.99 �16

Fig. 3. Set-up for outdoor testing: (a) The rooftop stationary set-up at 5° inclination facing South at Bangalore, India (a); rooftop stationary set-up at ECN, Netherlands (b);
the modules (red circled) on a tracker at Roskilde, Denmark (c).
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seven cells originally) and the end cell acts like a resistor

hampering charge transport from the rest of the module to the

external contact. As the degradation agents diffuse into the

second cell from the defective contact, Isc degrades while Voc
and FF remain intact. The trend continues until the whole

second cell is degraded upon which Voc and FF will start to

degrade and the cycle continues.

The extent of degradation in each cell and the variation of

degradation across the cells in the module DK-N13 can be

evidenced under an optical microscope in transmission mode

as these regions are marked by high density and different

sizes of photo-oxidized regions that appears as distinctly

discolored or bleached spots. The cell adjacent to the contact

shows the highest degree of photo-oxidation while the

subsequent cells in-line shows a decreasing level of the

degradation. Such spots are not present in the center of the

module or in a freshly prepared module (Figure 6). Such

pictorial evidences of photo-oxidation in a PSC stack have not

been reported earlier; inferences have been mostly based on

the decay trend in the photovoltaic parameters upon ageing or

deduction by other techniques such as luminescence imag-

ing.[28,32]Optical imaging of photo-oxidation is not possible in

a conventional normal or inverted device stack which usually

has an opaque layer, the non-transparent metal electrode.

Such imaging is only possible in a semi-transparent solar cell

or if the back metal electrode can be removed after testing.

Furthermore, we observed that it is not possible to view these

photo-oxidized regions in either bright field or dark field

optical imaging techniques.

While visible bleaching is not seen in module DK-N14, the

degradation trend of its Isc suggests that the module has

Fig. 5. Images of the serially-intergrated modules, each with several cells, after being
tested under outdoor conditions (ISOS-O) in Denmark. The active area is 70 cm2.

Fig. 4. Performance of a GEN-I module under outdoor conditions in Denmark (DK) measured for a duration of 9696 h. The data is normalized to initial performance at T¼ 0.
The scatter plot (red and black symbols) shows the intermittent measurements conducted under a solar simulator at 1000Wm–2 AM 1.5G 60 °C which correspond well with the
data observed under real outdoor conditions.

Fig. 6. Optical images of the two modules, DK- N13 and DK-N14, in transmission
mode showing the degree of photo-oxidation. The images are taken after�10 000 h of
outdoor testing (ISOS-O-3). Note that for module DK-N14, the photo-oxidation does
not correspond with the degradation observed under LBIC images (Figure 7), which
suggest that localized photo-oxidation is not the main cause of degradation in
performance.
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suffered a more severe degradation than DK-N13 (Figure 4).

However, the optical images do not reveal conclusive results

since the density and number of oxidized regions is very few

(Figure 6) which does not correspond with the rapid decay in

current, unlike in DK-N13.

In order to investigate the cause of degradation of DK-N14,

a second method of degradation analyses was used by simply

recording the IV curves of the individual cells in the module

after the test. This was accomplished with the use of a needle

to pierce through the barrier and establish contact.[12] In this

way, each cell in the module could be individually character-

ized for IV properties. Figure 7 shows the variation of each cell

after the outdoor test period of �10 000 h in module DK-N14.

All parameters are normalized to the initial values of the

whole module recorded under solar simulator at 1000W m–2

AM1.5G. Such a method is viable in a serially-integrated

module because the current of the module is a close to the

average of the currents of all the cells (provided that they all

perform similarly) while Voc of the module is the sum of each

cell in the module. Hence, both Isc and Voc of the module can

be referenced with respect to each individual cell in the

module. However, FF has no such relation as it is resistance

and current dependent and also the manual contacting

method with a needle source may hamper FF and therefore

normalization of FF to that of the whole module is the least

reliable parameter. Therefore, the cells in the module must be

evaluated with regard to Isc and Voc.

As it can be seen in Figure 7, the end cells of DK-N14 (cell 1

and cell 7) show the highest loss in Isc while Voc of all the cells

is still performing above 90% of the initial Voc. The rest of the

cells display various ranges of loss in Isc and is attributed to

various degrees of delamination and/or degradation of the

PEDOT:PSS hole transport layer (HTL). In order to verify the

role of PEDOT:PSS HTL, a combination of LBIC imaging and

optical images can provide useful information. LBIC imaging

utilizes a laser beam to raster scan a module or a solar cell and

the current thus generated in the solar cell is imaged

highlighting defects that do not contribute to current

generation/transport. As can be seen in the LBIC image

given in Figure 7, nearly all cells have some areas that are still

active. This is the reason that Voc remains nearly intact in all

the cells as seen in the bar graph. However, all cells have

suffered various degrees of localized degradation. Cell 7

displays the highest loss of photoactive area with a tiny region

that is still operational, closely followed by cell 1. Both cell 1

and cell 7 are the end cells adjacent to the positive and

negative contacts in the modules, respectively. The LBIC

image is in accordance with the Isc trend shown in the bar

graph (Figure 7). Despite the large current inhibited regions,

cell 1 and cell 7 when imaged under optical microscope only

show a few scattered and small spots of photo-oxidized

regions (Figure 6). Hence, it can be inferred that photo-

oxidation of the photoactive polymer is not the primary

reason for degradation, but the localized degradation is due to

delamination or degradation of the top PEDOT:PSS hole-

transport layer which hampers charge transport. PEDOT:PSS

is particularly susceptible as it has a large surface area that lie

in direct contact with the adhesive (shown schematically in

Figure 2, top view). Since the adhesive does not bear any

barrier properties and is exposed to ambient conditions at the

defects introduced by the contacts, it provides an easy and a

short passage to water and oxygen diffusion into the end cells

Fig. 7. The bar graph on the left shows the performance of each cell in the module DK-N14 after >1 year of outdoor operational stability (ISOS-O-3) testing conducted in
Roskilde, Denmark. Themodule is comprised of seven interconnected cells, each of 1 cm� 7 cm (7 cm2) active area. An LBIC image of the samemodule is shown on the right. The
cells are numbered from 1 to 7 with cell 1 corresponding to the cell adjacent to the positive contact and cell 7 to the negative contact. The scale bar corresponds to 1 cm.

D. Angmo et al./Outdoor Operational Stability of Indium-Free Flexible Polymer

ADVANCED ENGINEERING MATERIALS 2014, 16, No. 8 © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com 981

F
U
L
L
P
A
P
E
R



of the module. Moreover, PEDOT:PSS is highly hygroscopic

which results in a change of conductivity upon water

uptake.[33–35] Furthermore, the PEDOT:PSS HTL also has a

very low adhesion strength with the photoactive polymer.[36]

All these factors may lead to a combination of delamination

and degradation of PEDOT:PSS. Making a distinction

between the two is not possible at this point. It is to be

further noted that the barrier foil employed in encapsulating

the module has a UV filter which allows <2% of UV light

below 390nm. UV light is crucial and is the primary reason for

photo-oxidation of P3HT while the addition of other

degradation agents such as water, oxygen, and temperature

may accelerate the rate of degradation. Hence, despite the

very low permitted UV light, the water and oxygen that is

conducted into the device via the defects from the contacting

method have resulted in the enhanced photo-oxidation in the

end cells in DK-N13 whereas photo-oxidation is not the

primary reason for degradation in module DK-N14.

In DK-N14, cell no. 2 is the best performing with a PCE of

1.01%. While 1% is significantly higher than then efficiency of

the total module after the test (0.28%), yet it is far from initial

efficiency of the module of 1.6%. The lack of edge sealing may

have caused enhanced localized degradation around the

edges of the module. As it can be observed in the LBIC image

in Figure 7, the edge of the cell 2 is inactive (an area that

comprise more than one-fifth of the total area of the cell).

Similarly, defects seem to be propagating from the edges apart

from the contacts formost cells in themodule. Furthermore, in

areas where the adhesive is thicker, the grooves in the surface

of the solar cells which are present around the solar cell and in

between the cells over the interconnection region (also

schematically discernible in Figure 2), appears to be

propagating defects in the modules. This is particularly

visible as defects that seem to initiate in the middle of the

module away from both the contacts and the edges. At this

point, the origin of the defects is not distinguishable, that is, if

they originate from a point source (the contacts) and

propagates through the edges where the adhesive has higher

thickness or if they are independently initiated from the

edges. However, it will become clear in the next section. All

three types of defects can be distinguished in Figure 8.

The Gen-I modules tested in India display a very similar

degradation pattern of the photovoltaic parameters to the

counterparts measured in Denmark (Figure 8 vs. Figure 3).

The large climatic variation between India and Denmark with

respect to temperature, humidity, and precipitation are

observed to result in an average of 15% higher degradation

in India in comparison to Denmark (Table 1). The LBIC and

optical images of the module tested in India attest to the

localized failures initiated from the contacts, edges, and from

the grooves in the solar cells where the thickness of the

adhesive is higher than on the planar surfaces (Figure 8). The

climatic differences are given in the Supporting Information

(Figure S-1).

3.2. Denmark–Netherlands Interlaboratory Test
(Gen-II Modules)

3.2.1. Outdoor Operational Stability

The first set of outdoor stability experiments on Gen-I

modules highlighted the issue of localized defects due to the

contacts, edges, and the adhesive. These defects were an

outcome of encapsulation shortcomings that include the

proximity of the button contacts to the end cells in a module,

narrow edge sealing margins, and the variation in the

thickness of the adhesive layer. The former two issues can

be alleviated by simple measures that include extending the

edge sealing margins and having the button contacts away

from the end cells of the modules; the latter in relation to the

uneven adhesive layer may inadvertently be alleviated with

the solving of the former two or it may require planarization

of the topography of the solar cells with some material such

that a thin outline of the adhesive can be maintained

throughout the module. Any alteration in the placement of

button contacts requires redesigning the modules with

elongated main busbars- a topic of future study; however,

the effect of increasing edge sealing margins can be readily

studied. In the following, we report upon the effect of

increasing edge sealing margins on the IOne modules.

A second generation of IOne modules (Gen-II) were

encapsulated with larger edge sealing margins (>1 cm).

Gen-II and Gen-I modules were similar in their structure

with the only difference being in the type of the substrate

(Gen-I employed 45mm thick barrier foil while Gen-II

employed 125mm thick PET) and the edge sealing margin.

The difference in edge sealing of Gen-I and Gen-II modules is

illustrated in Figure 9. The modules were then studied for

Fig. 8. The common defects observed in Gen-I modules studied under outdoor
operational stability in Denmark and India. The image is recorded on a module tested
in India (IN-05).
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outdoor stability at two different locations: DTU (Denmark)

and ECN (Netherlands). The tests were started on October 03,

2012 at both locations and continued until October 09, 2013,

resulting in a duration of �1 year (>8000 h). Figure 10 shows

the stability of the Gen-II modules tested in Netherlands

which can readily be compared with the Gen-I modules

displayed in the same Figure. Figure 11 shows operational

stability of Gen-II modules tested in Denmark. The data is not

normalized because the initial measurement was started in

late October when the irradiance is lower than 800Wm–2 and

does not represent the full performance of the modules.

Nonetheless, the intermittentmeasurements conducted under

a solar simulator at 1000Wm–2 AM 1.5G provides standard

measurement data which correspond well with the trend

displayed by the outdoor measurements (Figure 11).

Gen-II modules display significantly improved stability

when compared to the Gen-I modules. The MPP of the

modules follow the trend in irradiance and temperature and is

a direct outcome of variation in Isc. The best modules in both

the Netherlands and Denmark are operating above T80 at the

end of 1 year. In fact, the module in Denmark has not suffered

any degradation at all as evident in the same first and the

last intermittent measurements which were conducted in

October 2012 and October 2013, respectively. Intriguingly, the

Fig. 9. An unencapsulated (a), Gen-I (b), and Gen-II (c) modules are schematically
illustrated. The edge-sealing margin in Gen-II modules (1 cm) was larger than Gen-I
modules.

Fig. 10. Outdoor operational stability of Gen-I modules measured in India (IN) and
Gen-II modules measured in Netherlands (NL). In India, modules were intermittently
measured when the solar irradiance was above 800Wm–2, AM 1.5G whereas the
modules were intermittently measured under a solar simulator supplying 1000Wm–2

in Netherlands. The data of all modules are normalized to their respective initial
measurement.

Fig. 11. Comparative stability of GEN-II modules tested in Roskilde, Denmark under outdoor conditions. The scatter plot in red diamonds and black inverted triangles show
intermittent measurements under a solar simulator (1000Wm–2; AM 1.5G).
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intermittent measurement of modules tested in Denmark

exhibit a 12% improvement with respect to the first indoor

measurement despite being measured under the same

controlled conditions (1 sun, AM 1.5G; 60 °C) at all times.

Most of this improvement comes from an increase in Voc (4%

increase) and FF (3% increase) while Jsc improves negligibly

(0.012% increase). Generally, temperature negatively impacts

Voc and positively enhances Isc which is attributed to

temperature dependence of charge mobility due to thermal

activation of charge mobility in a bulk heterojunction

system.[37] In the Gen-II modules, the increase in Voc is

expected to be an outcome of the PEDOT:PSS layers whose

electronic properties (work function and conductivity) is

known to be highly variable with temperature and humidi-

ty.[34] The modules when measured intermittently under the

solar simulator are let to equilibrate (light soaked under the

solar simulator) for only 5min after taking them down from

the solar tracker. This duration may not be sufficient to

remove the “memory effect of several months of outdoor

exposure. Therefore, after prolonged exposure in the peak

summer season with high irradiation and temperature along

with low precipitation allows the PEDOT:PSS to increase

conductivity and work function which could explain the

increase in Voc and FF, without significantly changing Isc.

Overall, the degradation pattern of Gen-IImodules confirm

that increasing the edge sealing margin without changing the

distance of contact to the active of the module dramatically

enhances stability. This leads to the conclusion the edges

operate independently of the defective contacts to allow

degradation agents into the device. It must be noted that the

adhesive around the perimeter of the encapsulated module is

directly exposed to the ambient conditions and has a

significantly larger cross-sectional area than around the

contacts. By increasing the edge sealing margin as was done

for Gen-II modules, the net effective diffusion length of the

degradation agents to the active part of the module is much

higher than in Gen-I modules. Edge sealing by 1–2 cm seems

to be sufficient for >1 year of outdoor operational stability.

Now, the degradation of all Gen-II modules is determined

only by defects originating from the contacts. Figure 12 shows

a picture of the contact of a Gen-II module that shows

oxidation of the button contact as well as the surrounding

copper tape. The corresponding LBIC image shows that only

the cells adjacent to the contacts have degraded while all the

in-between and especially the edges of all the cells remain

intact. Particularly, the cell adjacent to the negative contact

appears to degrade faster than the one close to the positive

contact. This could be due to the fact that there is a groove

between the negative contact and the end cell solar cell which

is filled with the adhesive as it is evident in Figure 2 as well.

Such grooves where the thickness of the adhesive is higher act

as reservoir for degradation agents, particularly moisture.

Finally, the large spread in the amount of degradation in

Gen-II modules is due to the manual contacting method

which introduces different amount wear and tear and

delamination around the button contact. Particularly, module

DK-N2 demonstrated contact failure already at 1000 h of

operation while all other modules were not affected by that

time. Nevertheless, irrespective of the spread in the data, it

remains clear that Gen-II modules suffer degradation only

primarily due to the contacts.

3.2.2. Shelf-Life (ISOS-D-1)

Shelf-life or storage is most critical during the lag time

between production and consumption. One can imagine that

this time for PSCs could range anywhere between 2 and

5 years or more. Ideally, a solar cell should not degrade at all

under storage conditions. Figure 13 shows the storage

stability of Gen-II modules. Both modules evaluated in the

Netherlands (NL-N9) and Denmark DK-N2) are operating

above their lifetime T80 after 1 year. The decay trend in Isc and

Voc suggest that both modules remain stable up-to 10 000 h

and the loss observed in MPP is a result of decaying FF.

Similar to the trends observed in the ISOS-O Gen-II modules,

the modules when analyzed under LBIC revealed that the

devices fail near the contacts owing to moisture uptake by

PEDOT:PSS which only impacts FF. It is noteworthy that the

net degradation of the modules tested in the Netherlands

under storage (NL-09) and outdoor operation (NL-12) exhibit

very similar net degradation over 1 year, which is a testament

to the robustness of the encapsulation materials. Pending

successful resolution of the issue with contacting, the

Fig. 12. The negative contact of a Gen-II module is shown before outdoor testing (a)
and after 1 year of outdoor operation (b). Oxidation of the contact can be clearly
distinguished in (b). LBIC image of the same module before (c) and after (d) the
outdoor test which shows that only contact leads to failures in the end cells while
edges of the in-between cells remain unaffected. Same trend is observed in all Gen-II
modules. The defect in the middle is due to a scratch in the barrier foil.
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encapsulation scheme used in this study may prove highly

successful as a low-cost method. Note that the encapsulation

scheme is fully compatible with several roll-to-roll techniques

as our group has recently demonstrated.[38]

4. Conclusion and Future Work

Accelerated testing under a variety of accelerated storage

and operational conditions have been proposed under the

ISOS test protocols which may shorten the otherwise

impractical duration required for stability analysis of solar

cells. However, generally only one or two selected tests are

reported for PSCs which never gives a conclusive picture

about the real world stability of solar cells. We recognize the

need to define a standard protocol for predicting stability of

solar cells which must incorporate a holistic test under

humidity, temperature, and irradiation. At this juncture, no

such standards for lifetime determination of PSCs exist. In the

absence of such a protocol, the best way to know the lifetime

and long term failure mechanisms of modules is to evaluate

them under real world operational and storage conditions.

In our specific tests reported in this study, the outdoor

testing provides an accurate estimate of real world operation

and stability of the IOne modules. Furthermore, the

interlaboratory testing gives confirmation on the robustness

and reproducibility of the performance of the IOne modules.

All studies conducted in theNetherlands, Denmark, and India

reveals that encapsulation has to be improved with regard to

the contacting scheme as well as edge sealing.

This is particularly essential when the solar cell has a

PEDOT:PSS layer inside. Ideally, replacing PEDOT:PSS

altogether with a more stable printable hole-transport layer

may significantly alleviate the problem; however there are

currently no viable alternatives that are fully compatible with

all-solution ambient R2R processed PSC modules. With

regard to contacts, the button contacts are a facile method,

however they ought to be improved. One possible way to

improve is by use of a copper ribbon such that the contacts can

be applied away from the active part of the modules or even

outside the modules. Improved copper tapes have to be

employed such as nickel or tin plated copper tapes whichmay

significantly alleviate the oxidation of copper. A secondway is

to extend the thin printed silver contacts further way from the

module such that encapsulation once applied is not disturbed.

This is carried out currently at our institution (Supporting

Information, Figure S-2). Finally, the adhesive remains the

most susceptible channel for water and oxygen ingress in

the modules and ideally improving the barrier properties of

the adhesive would prolong the stability of the modules. This

can be done in conjunction with improving edge sealing

conditions. An important aspect that emerged during the

stability study is the need for abrasion and scratch resistance

on the surface of the barrier foil. A small scratch can sprout

localized degradation. This can perhaps be alleviated with the

use of a second protective film over the encapsulated

modules. Finally, this study demonstrates that ITO-free IOne

modules have displayed 1 year of outdoor operational and

storage stability operating at 95% of its initial performance

andwith the improvement in contacting system, the lifetime is

expected to improve further with 3–5 years being a reasonable

assumption using today’s technology.

5. Experimental Section

5.1. Materials and Processing

IOne is based on a serially-integrated inverted structure in

which all layers are processed under fully ambient conditions

using roll-to-roll (R2R) printing and coating techniques which

are used to process all functional layers at high speed (up to

25mmin–1). Details on materials and processing can be found

elsewhere [1]. Briefly, a combination of Ag grid and highly

conductive PEDOT:PSS forms the ITO replacement. ZnO, and

P3HT:PCBM are slot-die coated consecutively, followed by

rotary screen printing of the PEDOT:PSS hole-transport layer,

and finally the module stack is completed by screen printing

of Ag back electrode. A drying step follows each printing

and/or coating step. IOne modules require functionalization

which is achieved by the application of a short pulse of high

voltage which is also accomplished at customized R2R set-

up [28]. Functional modules were encapsulated in a simple

food packaging barrier (Amcor) having a UV filter (cut-off at

390 nm) and a barrier performance of 0.01 cm3m�2 bar�1

day�1 with respect to oxygen (measured according to ASTM

D 3985-81) and 0.04 gm�2day�1 with respect to water vapor

(measured according to ASTM F 372-78). Prior to encapsula-

tion, copper tape (3M) are placed over the busbars. The

modules are sandwiched between the barrier foil with the use

of UV curable adhesive DELO1 (DELO1
–Katibobond LP 655)

applied on the top and bottom surface of the modules. The

sandwiched structure is then manually run through the nip

pressure of a R2R machine to achieve a homogenous and thin

layer of the adhesive. Finally, the encapsulated module is

placed under a solar simulator with rich UV content for 5min,

Fig. 13. Storage stability of Gen-II modules investigated simultaneously in
Netherlands and Denmark.
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which has been found sufficient to cure the adhesive. The

cured adhesive has a net thickness of �10 mm.

5.2. The Test Set-Ups

5.2.1. India–Denmark Interlaboratory Test

In India, Gen-I modules were mounted on a makeshift

stage on a rooftop at 5° degree inclination facing south

(Bangalore, 13°040N, 77°360E, Elevation 897m). IV character-

istics were measured intermittently. Such a test is in

accordance with ISOS-O-2 framework. Tests were initiated

on 19.06.2012 and ended on 03.10.2013 (404 days; 9696 h). In

Denmark, the modules were mounted on a solar tracker and

connected to an automated system for continuous recording

of IV data every 10min directly under outdoor conditions.

The modules were intermittently measured under a sulfur

plasma lamp equipped solar simulator under 1 sun illumina-

tion (1000Wm–2; AM 1.5G). The test in Denmark is in

accordance with ISOS-O-3 protocol and were conducted in

Roskilde (55°410N, 12°60E; elevation 10m) from 20.06.2013 to

27.09.2013 (459 days; 11 019 h).

5.2.2. Netherlands–Denmark Interlaboratory Test

Gen-II modules were tested simultaneously in Netherlands

and Denmark starting October 03, 2012 until October 03, 2013

(365 days, 8760 h). In Netherlands, the modules were

mounted on a rooftop on a rack facing south (tilt: 30 °C,

azimuth: 170°, ventilated, Petten) at ECN (52°4703500N,

4°40049E; Elevation 1m). They were intermittently measured

under a calibrated WACOM Class AAA solar simulator

proving 1 sun illumination (1000 W m–2; AM 1.5G, 25 °C)

according to ISOS-O-1. In Denmark, the modules were placed

on a tracker and automatically measured under outdoor

illumination as well as intermittently measured indoors

according to ISOS-O-3 conditions under as described in the

previous section.

Gen-II modules were also evaluated for stability under

storage according to ISOS-D-1. The modules were placed in a

drawer and intermittently measured under a solar simulator

at 1 sun illumination (1000Wm–2, AM 1.5G, 60 °C). All

intermittent measurements made in Denmark were made

after an equilibration time of 5min, followed by measuring

three IV curves for each module. The reported values are

average of three values.

5.2.3. Characterization

Apart from the monitoring of IV characteristics, modules

were characterized for quality and post-analysis under an

optical micrsocope (Zeiss Axioscope) as well as current

imaging using laser beam induced current (LBIC) imaging.

More information on the LBIC set-up can be located

elsewhere.[39,40]
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