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a b s t r a c t

A round robin for the performance of roll-to-roll coated flexible large-area polymer solar-cell modules

involving 18 different laboratories in Northern America, Europe and Middle East is presented. The study

involved the performance measurement of the devices at one location (Risø DTU) followed by

transportation to a participating laboratory for performance measurement and return to the starting

location (Risø DTU) for re-measurement of the performance. It was found possible to package polymer

solar-cell modules using a flexible plastic barrier material in such a manner that degradation of the
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devices played a relatively small role in the experiment that has taken place over 4 months. The method

of transportation followed both air-mail and surface-mail paths.

& 2009 Elsevier B.V. All rights reserved.

1. Introduction

Polymer solar cells [1–3] are a relatively recent photovoltaic
(PV) technology that is believed to convincingly address the
problem of reducing manufacturing cost which as a result can be
expected to make a dramatic improvement in the cost factors for
PV-generated power. The main reason for this lies in the ability to
manufacture polymer solar cells under much more humble
conditions (low temperature, no vacuum) than traditional PV
technologies with a relatively small investment in capital
equipment. Low temperature, solution coating and fast processing
on flexible plastic substrates should enable a very low manufac-
turing cost which has not been fully confirmed. One study has
detailed the cost of processing and shown that low-cost
manufacturing of polymer solar cells is possible but materials
costs must be reduced significantly to reach ultimate cost goals of
20 cents per watt [4]. The power conversion efficiency has
demonstrated a consistent increase over the past 10 years and
currently in excess of 6% can be obtained [5] and the current NREL
certified record is 6.4% for a Konarka single junction polymer solar
cell. In order to be useful as a technology it should be possible to
prepare the devices using the high-speed methods with both
reasonable performance and stability [3]. Since each of the
properties required for successful implementation of the technol-
ogy has been demonstrated individually it may seem trivial to find
a materials combination and device geometry where these
properties are observed at the same time. However, it has proven
rather difficult to unify this into a single device. In the traditional
1st and 2nd generation photovoltaics it has been customary for
decades to share devices and perform studies known as round
robins (RR) or inter-laboratory studies (ILS) [6–13]. Within the
realm of polymer photovoltaics devices have rarely been shared
and few examples exist where devices have been deliberately
transported between laboratories [14,15]. The only well-docu-
mented examples include the certification of efficiency and
measurement of record devices at a reference laboratory (e.g.
NREL, AIST, Frauenhofer ISE) to support the claims of high
performance [5,16]. The main reason for this can be ascribed to
the relatively poor stability that polymer solar cells have exhibited
to date. Degradation can at worst be so rapid that transportation
would be impossible without complete degradation of the device
[1]. This has made it difficult to compare results between
laboratories and it has become customary not to think of sharing
cells and measurements. An additional problem that has arisen is
some inconsistencies in reported data that possibly could have
been avoided if it had been possible to get a second opinion from
one or more collegial laboratories. This has resulted in some
debate [17–20]. The RR (or ILS) has traditionally been employed to
serve the purpose of transporting the same reference devices and
calibration equipment such that a very high level of agreement on
measurement conditions and measured data is achieved. This was
excellently demonstrated in the 1980s and 1990s by many
laboratories [6–11]. RR and ILS can also be more humbly applied
to test whether it is at all possible to share devices for a given
technology.

In this study we show that it is possible to encapsulate flexible
polymer solar-cell devices in such a way that RR and ILS are
possible. We discuss some of the requirements to the polymer

solar-cell device that will need to be fulfilled before RR and ILS can
be performed with the high level of quality that is currently
customary within the field of 1st and 2nd generation photo-
voltaics.

2. Experimental

2.1. Device preparation and handling

The devices were prepared following the method described in
the literature except that full roll-to-roll processing was employed
in all steps such that also the final silver electrode was printed
using a roll-to-roll process [21]. Briefly, the device was prepared
starting from a commercially available 130-mm-thick PET sub-
strate with an overlayer of ITO having a nominal sheet resistivity
of 60O square�1. The desired ITO pattern was developed by screen
printing and UV curing an etch resist with the desired pattern
followed by etching, stripping, washing and drying. A zinc oxide
nanoparticle layer was then applied by a modified slot-die coating
procedure [22] followed by deposition of P3HT-PCBM and
PEDOT:PSS layers using the same method. The devices were
completed by screen-printing silver paste. The layered architec-
ture of the device was thus PET-ITO-ZnO-P3HT:PCBM-PEDOT:PSS-
Ag paste. Single cells as well as 2, 3 and 8 serially connected
devices were prepared. The modules with 8 serially connected
devices were employed in this study. The devices were labelled
according to the position they had on the roll. A photograph of the
typical device is shown from the backside in Fig. 1.

2.2. Device encapsulation

After drying a 25-mm-thick PET protective layer was laminated
on top of the active stack in the device. This layer served the
purpose of protecting the active layer during handling. The thin
PET had little barrier properties. The devices in this form were

Fig. 1. The modules employed in this study as seen from the back side. The module

comprises 8 serially connected devices.
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quite stable on storage in the dark under ambient conditions
(2075 1C and 3575% rh). The devices could be characterised in
this ‘‘unprotected’’ form and had an operational stability sufficient
for characterisation while the T80 was typically less than 1 h
(1000 W m�2, AM1.5G). In order to protect the devices, a
commercially available barrier material from Alcan Packaging
was employed. The barrier foil is based on PET and has a UV-filter
incorporated. The barrier performance was o0.01 cm3 m�2 bar�1

day�1 with respect to oxygen (measured according to ASTM D
3985-81) and 0.04 g m�2 day�1 with respect to water vapour
(measured according to ASTM F 372-78). The barrier foil thickness
was 55mm. To encapsulate devices a pressure-sensitive adhesive
was applied to the foil and then laminated first on the front side of
the module and then on the backside. Holes were punched in the
backside to allow for making contacts with the silver bus.
Electrical contacts to flexible circuits are problematic and rarely
suitable for multiple contacting and re-contacting. In this case
tinned copper strips were applied by direct soldering using a
soldering iron with a tip temperature of 410 1C using the minimal
amount of contact time possible. After soldering the contacts were
mechanically decoupled by application of Mylar tape.

Several groups experienced problems with these contacts and
a more reliable contacting scheme will have to be developed in
the future. A rim of approximately 1 cm was kept around the
edges of the device module that had dimensions of 25 cm�10.7
cm. The total module area was 267.5 cm2 and the nominal active
area as defined by the overlap between the PEDOT:PSS and ITO
electrode was 120 cm2. Immediately after encapsulation the
devices were consistently observed to drop significantly in
performance, though they would quickly recover and improve in
performance to a level better than before encapsulation. All
devices were then annealed under the solar simulator by scanning
I–V curves until a constant performance was obtained. This
typically took less than 2 h and sometimes as little as 15 min as
shown in Fig. 2. All devices exhibited this effect. After a constant
performance had been reached the devices were sent out to the
selected research groups. All devices were shipped using ordinary
mail in Europe and the Middle East and Courier service was used

in shipping (implying air freight) to Northern America. No
knowledge of the transport condition for each module is available.

2.3. Device measurements

The modules were sent to the many different laboratories
participating (Table 1) in this study and a list of rough guidelines
was provided on how it would be desirable to record
measurements on the devices:

(1) Placing the solar cell under the simulator for 1 min with open
circuit prior to measurements.

(2) Recording the temperature of the device during the measure-
ment.

(3) Recording the I–V curves from �1 V to +5 V in steps of 50 mV
at a speed of 10 ms per step. The I–V curve measurements
could be repeated to establish if the readings are consistent.

(4) Returning the cell for repetition of the measurements to
establish whether the transport has damaged the devices.

Due to the many different conditions employed for this study by
the many participants no specific detail is given beyond what is
stated in Tables 1 and 2. In relation to measurements carried out
in Israel a specific comment is given below due to its close match
to the AM1.5G spectrum (ASTM G173). In Sede Boqer (in the Negev
Desert, Israel, lat. 30.8N, lon. 34.8E, alt. 475 m), the outdoor I–V

measurements were performed on cloudless days, during
noontime, at normal incidence to the incoming solar-beam
radiation. The solar irradiance, measured with a calibrated
thermopile pyranometer (Eppley PSP), was found to remain
constant, during the test runs, to within approximately 70.3% at
levels that slightly exceeded 1000 W/ m–2 [14,15,23]. The study
was prompted by the fact that due to a fortunate coincidence of
atmospheric effects at this particular site, the noontime spectrum
on cloudless days is always extremely close [23,24] to the
standard AM 1.5G spectrum when compared to any solar
simulator. The closeness of the ambient spectra to that of AM
1.5G indicates that no significant spectral corrections need be
performed on the Sede Boker outdoor measurements. Because the
outdoor solar irradiance level in Sede Boker was not, in general,
precisely equal to 1000 W/ m–2, it was necessary to adjust the
measured values of short-circuit current, Isc, current at the
maximum power point, Impp, and maximum output electrical
power, Pout, to the standard test irradiance value. Previous studies
[14,15,23] give us confidence that no substantial errors would be
introduced into our results by linearly adjusting measurements
performed at, say, 1031 W/ m–2, to the standard 1000 W/ m–2 level
(Table 2). During the I–V-curve measurements, the cells had
ambient temperatures measured by a T-type thermocouple.

All devices were manufactured on 27 January 2009, laminated
and characterised on 19 February and shipped to all participants
on 20 February 2009. Some of the participating laboratories did
not have the possibility of illuminating the relatively large module
evenly and instead used the Sun as a source of light. This led to
some differences in the measured parameters due to relatively
large temperature differences. The devices show a significant
dependence on temperature and incident light intensity. The data
for all the cells are listed in Table 2. The solar simulation at Risø
DTU was carried out with a Steuernagel Solarkonstant KHS575 for
all characterisation (1000 W m�2, AM1.5G, 72 1C, 40% rh). The
AM1.5G reference spectrum was according to ASTM G173.
Accelerated lifetime measurements using hard UV-irradiation
were carried out with a Steuernagel Solarkonstant KHS1200
(1000 W m�2, no UV-filter, 72 1C, 40%rh). Distinct yellowing of the
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Fig. 2. The I–V behaviour before lamination (solid curve) and the very large

decrease in performance observed upon lamination followed by improvement

during continuous illumination (1000 W m�2, AM1.5G, 72 1C) for an 8 stripe

module (module no. CR 79 081).
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PET was observed after 1 week of illumination. Devices were
typically fully degraded in less than 1000 h.

3. Results and discussion

3.1. Background

The agreement between laboratories on results obtained for a
given subject of study is at the heart of our scientific and technical
understanding of that subject. In the context of photovoltaics this
was recognized very early in the fields of 1st and 2nd generation
solar cells where systematic studies have been carried out over
the years with careful documentation and dissemination of the
results. Standards have been set up for doing this in a consistent
manner and specialized procedures have been described. This
ranges from methods to package devices, methods of transporting
cells between laboratories to minimize risk of data loss in the

event that devices are lost and circulation of reference, calibration
and test devices [6–13]. In the context of polymer solar cells this
has been inherently more difficult due to problems of stability of
the devices during handling, storage and measurement [1].
Polymer solar cells for these reasons have been lagging signifi-
cantly behind their predecessors and so far few have undertaken
the sharing of devices and measurements [14,15,25] but as
stability has improved drastically over recent years the possibility
of doing this on a regular basis exists. The research community on
polymer solar cells will have to set up networks, protocols and
methods to facilitate this. However, all this does not have to be
done anew due to the massive body of existing work that was
built 20–30 years ago. There will necessarily be some adjustments
to the methodologies such that they fit the subject of polymer
solar cells and these have been addressed and are being currently
addressed through the international summits on OPV stability
(ISOS-1 and ISOS-2) [26]. In many ways it is a highly complex task
to define how the protocols and standards should be as these

Table 1
A map showing the participating laboratories and a table of their position (in WGS84 coordinates) and the dates of receipt and completion of the study.

Number Group leader (laboratory name) Country Lattitude and longitude Date of study Date completed Number of
days to
completion

1 Steven Holdcroft (SFU) Canada 491160N/1221550W 07 April 27 April 67

2 Barry C. Thompson (USC) United States 34110N/1181170W 05 May 15 May 85

3 David S. Ginley (NREL) United States 391440N/1051120W 30 March 12 June 113

4 W. Justin Youngblood (UNT) United States 331120N/97180W 12 May 02 June 103

5 John R. Reynolds (UFL) United States 291380N/821200W 29 March 27 April 67

6 Darin Laird (Plextronics) United States 401260N/791580W 11 March 26 March 36

7 Jenny Nelson (Imperial College) United Kingdom 511290N/01100E 16 March 25 March 34

8 Jan M. Kroon (ECN) Holland 521460N/4140E 13 March 15 April 55

9 Ren�e A.J. Janssen (TUE) Holland 511260N/51280E 08 April 29 May 99

10 Frederik C. Krebs (Risø DTU) Denmark 551690N/121100E 20 February (all) 09 June (all) 110

11 Olle Inganäs (LIU) Sweden 581230N/151340E 19 March 30 March 39

12 Monica Lira-Cantu (CIN2) Spain 411230N/21110E 26 February 04 May 74

13 St�ephane Guillerez (CEA/INES) France 451340N/51540E 27 February 05 March 14

14 Tom Aernouts (IMEC) Belgium 501510N/41400E 28 February 09 March 18

Laurence Lutsen (UHasselt) Belgium 501510N/41400E 02 April 15 April 55

15 Hans-Frieder Schleiermacher (ISE) Germany 471590N/71510E 04 June 09 June 110

16 Michael Grätzel (EPFL) Switzerland 461310N/61330E 10 March –a 19

17 Panagiotis Lianos (UPATRAS) Greece 381150N/211440E 12 March 25 March 34

18 Eugene A. Katz (BGU) Israel 311150N/341480E 19 April 13 May 83

The devices were characterised as Risø DTU on 19 February 2009 and sent out to the participating laboratories on 20 February 2009.

a The device was destroyed during damp heat test.
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depend highly on how the technology evolves, how the users
evolve and how the demands on the technology is going to evolve.
Polymer photovoltaics is at the brink of commercialisation in its
first forms and the need to address these questions is pertinent
while little is known of the final requirements. To demonstrate the
possibility and to describe how the sharing of devices can be
carried out this study was undertaken.

3.2. Choice of the method

There are several methods by which RR or ILS can be
performed and the preferred method when wishing to compare
how well the participating laboratories agree is to cycle the same
devices, reference devices and calibration equipment through all
the participating laboratories. This method requires that all

Table 2
Results from the round robin experiment on 8 stripe polymer solar cells modules with a PET-ITO-ZnO-P3HT:PCBM-PEDOT:PSS-Ag device geometry.

Laboratory
#

Module Recipient Incident
power
(W m�2)

Temperature
(1C)

At Risø DTU At recipient Back at Risø DTU

1 CR 79 097 Steven

Holdcroft

1100 Sun 44 0.86 (94.3, 3.07, 36%) 0.97 (98.0, 3.45, 38%) 1.06 (96.4, 3.26, 40%)

2 CR 79 093 Barry C.

Thompson

950 Sun 24 1.19 (102.8, 3.34, 41%) 0.82 (62.4, 3.40, 44%) 1.30 (106.79, 3.43, 42%)

990 Sun 21 – – 1.43 (110.47, 3.71, 41%)

3 CR 79 109 David S.

Ginley

1000

simulated

– 1.35 (97.0, 3.78, 44%) 1.12 (72.8, 4.0, 44%)a 1.30 (87.15, 3.83, 46%)

CR 79 092 Sean

Shaheen

1000

simulated

– 0.90 (101.9, 3.05, 35%) 0.74 (77.8, 3.1, 34%)a 1.20 (96.03, 3.41, 43%)

4 CR 79 089 W. Justin

Young-

blood

1000

simulated

– 0.75 (99.76, 2.84, 31%) 0.86 (114.5, 2.81, 32%)b 1.38 (105.86, 3.74 41%)

5 CR 79 090 John R.

Reynolds

970 Sun 26 0.96 (97.9, 3.16, 37%) 1.16 (104.8, 3.36, 38%) 1.18 (104.2, 3.33, 40%)

6 CR 79 154 Darin Laird 1000

simulated

47 1.33 (103.9, 3.69, 41%) 1.16 (100.6, 3.98, 35%) 1.48 (108.8, 3.81, 42%)

7 CR 79 158 Jenny

Nelson

1000 Sun 38–40 0.65 (79.07, 3.07, 32%) 1.06 (84.72, 3.76, 36%) 1.03 (86.6, 3.78, 38%)

8 CR 79 149 Jan M.

Kroon

1000

simulated

25 1.28 (94.1, 3.71, 44%) 1.21 (92.3, 4.0, 39.5%) 1.13 (86.8, 3.71, 42%)

9 CR 79 074 R.A.J.

Janssen

1000

simulatedc

– 1.27 (118.0, 3.5, 37%) 1.25 (97.3, 3.83, 40%) 1.38 (105.86, 3.74, 41%)

CR 79 091 – 1.13 (102.0, 3.31, 40%) 1.11 (91.2, 3.50, 42%) 1.07 (97.35, 3.31, 40%)

10 All Frederik C.

Krebs

1000

simulated

72 – – –

11 CR 79 088 Olle

Inganäs

1000 Sun 29 1.02 (94.7, 3.21, 40%) 0.97 (87.0, 3.45, 39%) 1.12 (99.8, 3.35, 40%)

12 CR 79 148 Monica

Lira-Cantu

1000

simulated

66–77 1.09 (95.08, 3.305, 41%) 1.46 (132.1, 3.59, 37%) 1.08 (99.62, 3.22, 40%)

13 CR 79 095 St�ephane

Guillerez

930 Sun 26 0.89 (99.42, 3.09, 34%) 0.73 (70.6, 3.04, 31.4%)d -e

CR 79 096 1000

simulated

32–35 0.93 (95.0, 3.18, 37%) 1.13 (169.2, 3.64, 30.5%) 1.03 (103.7, 3.32, 35%)f

14 CR 79 156 Tom

Aernouts

1000

simulated

25 1.14 (97.78, 3.556, 39%) 1.26 (102.0, 3.87, 38%) 1.15 (107.2, 3.52, 36%)

CR 79 094 Laurence

Lutsen

25 0.76 (94.98, 2.95, 32%) 0.99 (97.8, 3.50, 35%) 1.15 (104.7, 3.33, 39%)

15 CR 79 157 Hans-

Frieder

Schleier-

macher

1000

simula-

tedg,h

35 1.41 (106.98, 3.71, 42%) 0.27 (27.3, 3.2, 37.8%)g 0.36 (43.37, 2.75, 36%)

1001.9

flash

25 – 0.74 (81.7, 4.1, 26.8%) –

16 CR 79 111 Michael

Grätzel

1000

simulated

55 1.39 (100.2, 3.75, 44%) 1.35 (106.1, 3.67, 41.6%)g Destroyedi

17 CR 79 110 Panagiotis

Lianos

750 Sun – 1.51 (121.0, 3.79, 39%) 1.64 (90.4, 3.98, 41%) 1.30 (103.4, 3.81, 40%)

18 CR 79 098 Eugene A.

Katz

1031 Sunj 41 1.15 (102.18, 3.33, 40%) 1.46 (119.3, 3.61, 41%) 1.27 (109.14, 3.38, 41%)

The modules were sent to the recipients on 20 February. The data is quoted as PCE (%) (device current (mA), device voltage (V), fill factor (%)). The PCE is calculated for the

nominal active area of 120 cm2. The test conditions at Risø DTU were in all instances 1000 W m�2, AM1.5G, 72 1C, 40% rh.

a Illuminated area 251 cm2.
b Only 80 cm2 of the active area in the device was illuminated.
c A P3HT:PCBM reference device was used.
d 930 W m�2 Sun 28 February 2009.
e Cell kept for outdoor study.
f Contacts had to be cut and modified upon return.
g Illuminated area 10 cm�10 cm.
h Measured in a glovebox.
i Destroyed after 68 h 85 1C/100% rh, followed by 18 h in dry oven at 40 1C and 19 h of 17 mmHg vacuum.
j Current and PCE corrected to 1000 W m�2.
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participants adhere to a strict time plan as delays accumulate and
if the subjects are lost (during transport, due to failure or by
accidental destruction) the data are incomplete. This methodol-
ogy also requires that all the participants are established and
familiar with the particular solar cells as a subject (e.g. shape,
form, contacts, and behaviour). A simpler first approach is to have
individual cells cycle back and forth between one laboratory and
participating laboratories. In this method the failure of one of the
links does not affect the group. The limitation is that the accuracy
is an arbitrary relation between one single laboratory and the
participating laboratories. In this case the purpose was to test if it
was at all possible to send devices around and obtain meaningful
data upon return. For these reasons the simple method was
chosen as a first approach. Seen in hindsight this was the most
rational decision as the study took 41300 days in total (43
years). A cyclic study would thus have been almost impossible to
complete and it should be stressed that all participating
laboratories in a RR or ILS should first qualify and exhibit
reasonable readiness needed for the timescale of the experiment.

3.3. Choice of participating laboratories

Ideally representative laboratories from all countries should
enter a study of this kind. This has proven far from possible and as
is evident from Table 1 the participants are concentrated in North
America, Western Europe and the Middle East. It would have been
desirable to include participants from the southern hemisphere
and from Central and East Asia. In addition most of the
laboratories are situated at about the same latitude. It would also
have been desirable to include laboratories at the extreme North/
South and at the equator. The choice has thus been made on the

basis of those groups showing activity in the field where
communication has been fast and where there were no require-
ments for non-disclosure agreements or other legal agreements
that would hinder the possibility of disseminating the results. The
study was undertaken with the mindset that the knowledge
gained and gathered should be free to share and report in
whichever context the individual participant sees fit. The devices
were all provided free of charge and returned to the participants
for safe keeping and future reference.

3.4. Device performance

After encapsulation the devices were all illuminated and I–V

curves were recorded until a stable performance was obtained.
The performance for the devices exhibited a rather large spread
but for the purpose of the experiment this was not viewed as a
disadvantage as some laboratories would test the better perform-
ing devices and others would test devices of a lower performance.
When plotting all the data (Fig. 3) it is evident that there is a
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Fig. 3. Correlation of PCE, module current, module voltage and fill factor for all the devices employed in this round robin.

Table 3
Averages for the module parameters. The data is presented as average

values7standard deviation.

Parameter At Risø DTU At recipient Back at Risø DTU

PCE (%) 1.0970.24 1.0870.29 1.1670.23

Isc (mA) 99.9778.6 96.52727 97.51715

Voc (V) 3.3570.30 3.5670.33 3.4770.28

FF (%) 38.573.9 38.073.7 40.072.6
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significant spread in the data presented in Table 2 and this is clear
also from the averages presented in Table 3. No corrections were
made for the change in current due to different light intensities
employed in the 7 experiments carried out with natural sun light.
This leads to a higher spread in current and also in voltage and to a
lesser degree in power conversion efficiency (PCE) due to non-
linearity. When analyzing the data represented by this small set of
devices with a large spread in parameters (PCE, Isc, Voc and FF) due
to both variation in the devices and variation in the conditions of
testing by the different laboratories it is useful to start with
looking at the spread observed before and after measurement
with the recipient laboratory as this will reveal how reproducible
device performance is over time and how well data with any
degradation can be reproduced. In Table 3 it is evident that the
average values of all the parameters were roughly constant with a
small improvement in some parameters. The possibility that this
is due to poor calibration can be ruled out on the basis that the
experiment that shows the largest spread is the measurement of
all devices at the same time before sending them to the
participants (with recalibration between the measurement of
each module). Upon return the devices had generally improved in
performance and the spread was smaller. As can be seen from
Table 1 the measurements of the cells upon return were all
performed on different days and each measurement represents
calibration of the solar simulator. Several ways to present the data
was attempted and the best solution was found to be the
correlation plots presented in Fig. 3.

The data for the correlations are shown in Table 4 and reveal a
poor degree of correlation as expected. The FF and module voltage
showed the highest degree of correlation. Since the module
current is the parameter that is most sensitive to variations in
incident light this is likely to hold a large part of the explanation.
Generally the correlation between Risø DTU and the recipients
was higher than the correlation between data recorded before
transporting the modules and after return of the modules. A
consistent observation was that the modules seemed to improve
in performance during the study and the spread became less
pronounced. This is also evident from visual inspection of Fig. 3.
To rationalize the spread in the data and the increased

Table 4
Correlation coefficients for the data plotted in Fig. 3. The data are presented as the

value7one standard deviation.

Plot y(0) Slope R R2

PCE (%) Risø versus recipient 0.7370.30 0.3270.27 0.27 0.07

PCE (%) Risø versus Risø 1.1770.24 �0.0170.22 0.01 0.0001

Isc (mA) Risø versus recipient 152772 �0.5670.71 0.18 0.03

Isc (mA) Risø versus Risø 84740 0.1370.40 0.08 0.007

Voc (V) Risø versus recipient 0.9970.61 0.7670.18 0.69 0.48

Voc (V) Risø versus Risø 2.8470.71 0.1970.21 0.20 0.04

FF (%) Risø versus recipient 14.076.5 0.6270.17 0.65 0.41

FF (%) Risø versus Risø 3375.8 0.1870.15 0.27 0.07
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performance over time the dynamic nature of the devices can be
taken into account. The performance does change over time and
especially in the beginning as shown in Fig. 2. The devices were
annealed to constant performance upon sending them out for the
round robin, so the change over time that is assumed to be real is
difficult to rationalize in absolute terms.

It is however reasonable to ascribe it to slow changes that take
place under ambient conditions with relatively little incident light
(i.e. during transport, temperature/humidty/pressure cycling,
mechanical flexing and storage between measurements).

The devices seem quite stable towards handling except in the
case of the module CR 79 111 that was destroyed during a damp
heat test and module CR 79 157 that was subjected to the longest
storage period followed by measurements using firstly a flashed
light source that gave significantly lower performance than the
measurement at Risø DTU. Subsequent transfer to a glove box
(involving vacuum pumping cycles) significantly reduced the
performance that was observed. This was confirmed upon receipt
at Risø DTU. In order to establish if there is a general problem of
subjecting these modules to vacuum or a glovebox environment, a
module (CR 79 179) was measured and then transferred to a
glovebox (through 3 pumping cycles) and then transferred back
into the atmosphere followed by retesting. This showed a slight
improvement of the performance and this was confirmed by
repeating the experiment with an extra module (CR 79 202). In
addition we repeated the experiment for both modules and left
them in the glovebox for an additional 16 h and found that this did
not alter the performance significantly (a slight improvement was
observed). We thus conclude that the device failure in CR 79 157
was atypical (catastrophic). It has however been included in the
data analysis for completeness and represents the inevitable
outlier.

The typical lifetime performance is shown in Fig. 4 where the
module current is plotted as a function of time for two modules.
I–V-curves were recorded every 10 min and illumination was
carried out with a solar simulator for accelerated studies having a
high UV content. The devices improve over the first hour in

agreement with Fig. 2 and then reach stable operation. When
considering the experiments as carried out in the different
laboratories the analysis is not so straightforward due to the
many different experimental conditions. The main variables in the
experimental conditions were temperature and the light source
(Table 2). Temperatures in the range 25–77 1C were employed.
Seven laboratories employed real sun light, three laboratories
were unable to illuminate the full area of the modules and finally
some laboratories had incident intensities different from
1000 W m�2. The differences in incident intensity influence the
observed current which was only corrected for incident light
intensity in one instance. Thus in addition to temperature, the
linearity of the device with respect to incident power also has
some importance. In order to rationalise these findings a
representative module was evaluated with respect to both
linearity and temperature dependence.

The incident light intensity was controlled by keeping the light
source (Steuernagel KHS 1200) at constant power setting while
changing the source-to-device distance. This also enabled a good
degree of temperature control at the lower intensity settings. At
high incident light intensity the temperature did increase and the
linearity data shown in Fig. 5 thus include a temperature effect at
the higher light intensities. It is evident that devices of the type
employed in this study are subject to some variation with respect
to incident light intensity. Most notably the voltage changes non-
linearly with incident light intensity leading to a sharp increase in
performance at incident light intensities above 500 W m�2. The
current is quite linear with respect to the incident light intensity.
Some variation was observed at high incident light intensity that
correlates well with the change in device temperature. The
temperature dependence of the device performance was
investigated in a separate experiment keeping the incident light
intensity at a constant level of 1000 W m�2, AM1.5G. The devices
operate best in the temperature range 0–80 1C. The current is
linearly increasing from about 10–90 1C at a rate of about
25mA degree�1. Below 0 1C and towards the lower temperatures
the current drops quickly. The voltage has a maximum in the

-80

P
C

E
 (%

)

0.4

0.6

0.8

1.0

1.2

M
od

ul
e 

cu
rr

en
t (

m
A

)

40

50

60

70

80

90

100

M
od

ul
e 

vo
lta

ge
 (V

)

3.6

3.8

4.0

4.2

FF
 (%

)

28
30
32
34
36
38
40
42
44

Temperature (°C)

-60 -40 -20 0 20 40 60 80 100 -80

Temperature (°C)

-60 -40 -20 0 20 40 60 80 100

-80

Temperature (°C)

-60 -40 -20 0 20 40 60 80 100 -80

Temperature (°C)

-60 -40 -20 0 20 40 60 80 100

Fig. 6. Temperature dependence of the PCE, Isc, Voc and FF for a representative device (CR 79 081). The incident light intensity was 1000 W m�2, AM1.5G.

F.C. Krebs et al. / Solar Energy Materials & Solar Cells 93 (2009) 1968–1977 1975



Author's personal copy
ARTICLE IN PRESS

range �50 1C to �20 1C and then starts to drop linearly with
increasing temperature at a rate of �5.7 mV degree�1. Drop in
voltage and increase in current with temperature account for the
broad operational maximum over a large temperature interval.
With linearity and temperature dependence at hand, some of the
variation in the performance parameters reported by the different
participants can be rationalised. With these observations in mind
it is clear that the technology is ready for RR or ILS. Some
precautionary measures can however be identified and perhaps
some guidelines can be highlighted. It is clear that some standard
cell size is needed. This size has to be as large as possible to be
meaningfully touted as a solar cell module but naturally has to be
small enough for participants to illuminate it correctly. It seems
that a module size of 10 cm�10 cm would be sufficient for all
participants. The method of measurements has to be specified
further and especially the temperature should be well defined. It
is likely that either 25 or 70 1C are rational choices as these are
temperatures that can be practically reached with relative ease
under a solar simulator with forced air cooling (using ambient air)
or without cooling (heating due to illumination). Due to the
dynamic nature of these devices it is likely that a short-time
stability testing (e.g. o24 h) will be needed to ensure that the
device is stable in performance. It is also likely that the mode of
transportation (surface mail, air freight, etc.) might be influential
on the slight alterations in device performance. This could be due
to large humidity variations, large temperature variations,
pressure changes and mechanical flexing. To further illuminate
the observed improvement of the device performance over time it
would be useful to cycle the same device or group of devices
between laboratories in a traditional RR study where all
laboratories make observations on the same devices albeit at
different times. While this would have been the most desirable it
would not have been possible in the current study (Fig. 6).

4. Future points to address

To summarize, the results of this study have shown that it is
indeed feasible to carry out a RR or ILS using flexible large-area
polymer solar cells using commercially available barrier film
technology. Some issues that will need to be addressed in future
studies are:

� the influence that transport type has on the devices,
� the need for a standard size for a flexible cell,
� the development of reliable electrical contacts,
� more rigid guidelines for the measurement protocol (tempera-

ture, humidity, light, stabilisation period)
� rigid encapsulation should be considered as it possibly has an

advantage in terms of reproducibility,
� ensure that labs qualify and are ready to perform the

measurements,
� make sure that the dynamic behaviour of polymer solar cells

are accommodated in the protocol,
� the need for measuring the spectral response for the full

module.

5. Conclusions

Polymer solar cell modules comprising eight serially connected
stripes prepared by roll-to-roll coating methods were
encapsulated using a standard barrier technology. Device modules
were tested for performance in one laboratory (Risø DTU),

transported to another participating laboratory and after testing
the devices there were returned to the Risø DTU for re-testing.
Eighteen laboratories distributed in Northern America, Europe
and the Middle East participated in the study that took over 4
months. The evaluation of performance was achieved using both
simulated sunlight and real sunlight. The main purpose was to
demonstrate that it is possible with the current technology to
share devices and obtain consistent data even over long periods of
time. The enabling technology is the barrier material and the
encapsulation that gives the devices stability sufficient for studies
of this kind.

Acknowledgements

This work was supported by the Danish Strategic Research
Council (DSF 2104-05-0052 and 2104-07-0022). Keith Emery at
NREL is gratefully acknowledged for sharing his insights on round
robin and ILS methodologies. Work at Linköping University is
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