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ABSTRACT: This article describes how the SollianOeganic PhotoVoltaics (OPV) shared research Program
addresses efficiency, lifetime and production cdsts(near) future OPV applications. The balancetafse three
parameters depends of the envisaged applicatigratithe end, OPV should be able to compete somelith Si

PV in the future. Efficiency improvements are reedl by developing new materials, , by exploring aptimizing
new device structures and novel interconnectiohrtelogies. Lifetime improvements are realized bpgistabilized
device stacks and materials and by applying high feexible barriers. Production cost control is ddoy using a
home made Cost of Ownership tool which guides tde/éine use of low-cost materials and processes.
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1 INTRODUCTION

The growing interest in organic photovoltaics (OPV)
is caused by their promise for low cost energy
conversion. In order to have an impact on the power
generation market on the longer term, OPV should
combine high power conversion efficiency with low
production costs and long term stability.

The Solliance OPV shared research program, a joint
initiative of imec, ECN, Holst Centre and the Eingthn
University of Technology, together with its induatr
partners, offers a complete set of skills and teldgies
to enable fast and efficient technology transfefutoire
OPV manufacturers.

Depending on the end-application envisaged and the
estimated annual production for that application,
Solliance developed a Cost of Ownership combingt wi
a Life Cycle Analysis modeling tool to select th@sn
appropriate materials, device lay-outs and prodacti
processes.

Starting from molecular/materials engineering and
material choices, device and module optimizatiamd a
using different production scenario’s, it will bepéained
how the Solliance OPV Program is able to identifi a
actually demonstrate OPV manufacturing routes that
yield much better values for the final module e&iwy,
lifetime and projected production costs.

2 PREPARING THE MANUSCRIPT

OPV devices with high power conversion efficiencies
(PCE) can only be reached by a combination of novel
high performing materials and an optimum devicelsta
the latter consisting of the right layer thicknesder
optimal light capture in the photo-active layere thight
selective charge conductors at both sides of the
photoactive layer and the most optimal and finestlin
processing conditions. The Solliance OPV shared
research program focusses on the development and
testing of new high performing materials, the

development of improved interlayers, new devicegies
and novel interconnection technologies to achieigh h
active area coverage.

2.1 Single Junction solution processed OPV Cells

The OPV team of imec was able, within a
collaboration of Solvay and Polyera to reach aifoenit
PCE value of 8.3% for a single junction inverted\OP
cell design by using a novel p-type polymer semi-
conductor [1]. Novel interlayer processing basedtton
use of TiOx has allowed creating a very efficienterted
architecture in which parasitic optical absorptiosses
were strongly minimized. This architecture has e t
mean time proven to be widely applicable on a broad
range of active materials, polymers as well as enatpd
small molecules, and recently has enabled to cifoss
9% efficiency barrier (internal result).

2.2 Tandem solution processed OPV Cells

The OPV team of the Eindhoven University of
Technology was able to produce a 8.24% efficient
solution processed polymer tandem solar cell using
efficient small and wide bandgap polymer:fullerene
blends. For this, they synthesized a novel smaillbap
p-type polymeric semi-conductor based on a di-keto-
pyrrolo-pyrrole-oligothiophene copolymer (PMDPP3T).
They demonstrated [2] that a PMDPP3T:[60]PCBM layer
can be used to make a 8.24% efficient tandem batl t
employs PCDTBT:[70]PCBM [3] as the complementary
wide bandgap absorber (Figure 1).

2.3 Single Junction solution processed Modules

As steady increase in power conversion efficiencies
for individual (small) OPV cells is extremely impant
for future real life applications, fabrication ofigh
efficient larger area modules is the next step td&an
uptake of the manufacturing industry and the coressm
The OPV team of imec, together with Solvay and
Plextronics, was able to produce a certified 5,56ient
8-cell module with an aperture area of 25 cm2. This
module had only about 7.5 % active area loss byguai


brak
Tekstvak
          27th European Photovoltaic Solar Energy Conference and Exhibition, 24-28 September 2012, Frankfurt, Germany



27 European Photovoltaic Solar Energy Conference and Exhibition, 24-28 September 2012, Frankfurt, Germany

mechanical scribing process for the interconnestion
between the neighboring cells. Currently, laseibguy is
being evaluated to determine how these intercosrest
be made in an accurate way on an industrial sggle.

3 LIFETIME

Internal factors that could negatively effect the
(operational) lifetime of OPV devices and moduléds
e.g. intrinsic instability of materials, reactivepurities,
reactive interfaces, ... should of course all beigad as
much as possible. Today, external factors like
temperature, light and atmospheric ingredients (K&
H20O are considered as the main root cause faaora f
gradual degradation of OPV devices and modules. A
comprehensive review on this topic has been puddish
recently by N. Grossiord et al. [5]. In real lifleght can
of course not be omitted for operational reasong, b
partially filtered (e.g. UV) if needed for stabjliteasons.
Temperature variations are part of real life aslvaad
are also difficult to avoid, but differ substaniyal
depending on the targeted application in which OPVs
will be used. Air ingredients are always presenearth,
but by using appropriate barriers and encapsulation
materials and technologies, large part of thesehamair
ingredients can be excluded. These three maincaate
factors are almost always present simultaneousiyes
of these can sometimes activate or accelerate emotie,
making a systematic study of the occurring detation
mechanisms rather complicated. Generally it iselveli
that for long term outdoor stability (e.g. > 20 s®a
stable materials and device stacks will be neeodgether
with stable interconnection technologies and higll e
packaging materials and technologies. Apart froes¢h
three potential harmful ingredients, overall mecbain
stability for flexible devices, chemical stabiligf the
packaging material (e.g. animal secretions, salthi
neighborhood of sea shores, hail, ...), and otheil, w
also play important roles for future applications.

Two of the approaches of the Solliance OPV program
in order to come to stable OPV modules, will be
exemplified further.

3.1 Choice of low water sensitive materials

As mentioned above, a complete inhibition of water
ingress by using cost-affordable flexible packadimg>
20 years will be extremely difficult. Hence, eleetictive
materials and device stacks that are less vulnerabl
towards water will definitely also be needed.

The OPV team of imec discovered that the
PEDOT/PSS, a Hole Transport Layer or Electron
Blocking Layer (HTL/EBL often used in OPV devices,
caused a rather fast degradation of inverted ORNcelg
upon exposure to ambient air conditions. This abpbly
due to its hygroscopic nature. An alternative HTRIE
based on evaporated or solution processed MoOxesthow
a drastic slow-down of the degradation at atmospher
conditions. This indicates that by selecting appedp
electro-active materials, basic stability of OPWides
can already be improved substantially.

3.2 High end flexible barriers

Within Holst Centre a high end barrier and
encapsulation has been developed for flexible Qegan
Light Emitting Diodes (OLEDSs). As these deviceseaft
need a cathode with a quite low work function for

efficiency reasons, this cathode is extremely $eesio
water induced degradation. Hence, barriers witheex¢
low water vapor transition rates (WVTR) are needed
order to keep these OLEDs stable in time. For this
application, Holst Centre developed a transparemt a
flexible packaging stack and technology with a WVaiR
10-6 g/day.m2. Regular OPV devices with a composite
transparent electrode based on printed silver aimdeg
highly conductive PEDOT/PSS, a spin coated
P3HT:PCBM layer and an evaporated LiF/Alu top
electrode were produced on top of this flexibleriear
and subsequently encapsulated with the complementar
thin film encapsulation. A similar slow decreasetioé
PCE value of about 5% was observed when expos#d to
sun and 45°C during 1.000 hours with devices preduc
on glass and encapsulated with a metal lid comtgiwi
getter (Figure 2). This indicates that the thimfibarrier
and encapsulation developed at Holst Centre for @4, E
looks very promising for stabilizing OPV devicesves.

4. UP-SCALING, COST AND ENVIRONMENTAL
IMPACT OF THE MATERIALS AND
PROCESSES

4.1 Cost of Ownership Calculations

The OPV team of Holst Centre together with ECN,
developed a highly detailed Cost of Ownership (CoO)
tool in order to be able to calculate the cost rieit@ng
factors for a final OPV production plant with prefished
processes and a pre-defined production capacity. By
using this CoO tool for a hypothetical R2R fab for
solution processed OPV modules with an annual
production of 250 MWp, it could be concluded thae t
cost for OPV production is mainly (60%) determirad
the cost of the materials.

The most important material cost-drivers are Indium
Tin Oxide (ITO), the barrier and the silver. Hentast
years R&D focus was to find an alternative for the
expensive ITO on PET. This finally resulted in thee of
a printed silver grid and a printed highly condueti
PEDOT/PSS as a low-cost, transparent composite
electrode. Replacing the PET + barrier with a médg|
whilst keeping the thin film encapsulation unafett
also results in a major cost saving. Further, by a
hypothetical change from printed silver to printeghper,
work that is currently in progress, a third majast
saving can be obtained.

Applying only these three cost saving measures for
hypothetical starting cell efficiency of 12%, whioésults
in a 9.3% aperture module efficiency without appdyi
yet sophisticated interconnection techniques byt jus
printing the interconnects, can result in a overall
production cost of about 0,5 $/Wp (Figure 3).

Of course, much more can be undertaken to decrease
further the production cost of OPV modules: larger
production plants, higher efficient devices and oies,
looking for other lower cost materials and alsoyver
important, increasing the production yield. As avlo
production yield will result in the generation of a
substantial amount of scrap, which in turn is matle
expensive materials, the scrap costs can be reigity It
is calculated that even for typical industrial J&ab
individual process yields, the scrap cost can benash
as 1/3th of the overall cost.

Within the eco-system of Solliance, a dedicated
program on this important topic is currently rurmin
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Starting from (1) defect prevention by e.g. noveS&nd
R2R equipment design for low particle generation,
optimized working procedures and new cleaning
technologies, via (2) inspection and detection lgy the
development of novel inspection technologies aradsto
for extreme small particle detection, the developimaf
fast and high accurate layer thickness measurement
technigues and tools and creating fast feedbaghs|dar
automated correction in case drifts in the procass
occurring and finally (3) developing of repair ségies

in case an OPV module with fatal defects can bl
repaired by a (local) impact of e.g. a laser.

4.2 Environmental Impact of Production

The OPV team of ECN uses the commercial and
widely used software Simapro in conjunction witb it
integrated Ecoinvent 2.0 database to calculate the
environmental impact of the individual materialsdan
processes. It is found [6] that for sputtered aatigoned
ITO on PET, compared to a printed silver grid, the
embedded material energy is similar: ca 15 MJ/m2 fo
both options. The difference is in the embeddedgne
for the processing: ca 35 MJ/m2 for ITO versus 20
MJ/m2 for printed silver. Large part of the latmes
from the thermal sintering process, which takescsity
10 to 30 minutes. Flash sintering, a novel fasteating
approach, can bring this value much lower, as siges
now feasible within several seconds.

Needs to be said that for power-generating
applications, the embedded energy on the modui Isv
on the order of ~300-500 MJ/m2, which is by far the
lowest value compared to all other PV technologide
largest part comes from the encapsulation schertieawi
contribution of ~200-400 MJ/m2.

Anyway, thanks to these very low embedded energy
values, it is shown that the environmental profig
polymer-OPV is highly competitive with other thiiAf
PV technologies on a m2 basis as demonstrated by an
Energy Pay Back Time (EPBT) < 1 year for example
which is similar to the conclusions drawn earligr b
Krebs and Roes [7].However, when expressed on a Wp
basis or in the ultimately most relevant kWh bathiss
competitiveness is (partially) lost due to the lowe
module efficiency and lifetime expectancy. For pogy-
OPV to become an environmentally viable power-
generating PV technology these latter two pararseter
(module efficiency and lifetime) necessarily needbe
further improved. Regarding the transparent ITO
electrode, the replacement of this compound by
alternative electrode materials - which are noteldasn
indium - is desirable, primarily from the point afw of
indium scarcity. Such alternatives should idealty be
based on silver though, which is expected to fexzewn
critical supply/demand imbalances in the near andér
term future as well. Therefore, work in progresson-
going to replace printed silver by printed copper.

4.3 Low-Cost OPV Production Scenario

As a result of the above explained CoO calculations
and the LCA results, Holst Centre and ECN develaped
all-solution processed OPV device, with a low-cost
production potential and a low environmental impaict
is shown that these all-solution processed inverted
devices, consisting of six subsequently solutiacpssed
electro-active layers on glass (printed Ag/HC-
PEDOT/ZnO/P3HT:PCBM/PEDOT/printed Ag) have
equal PCE's compared to the standard lab devices

prepared on glass (ITO/PEDOT/P3HT:PCBM /Li/Al
(regular device structure) or
ITO/ZnO/P3HT:PCBM/PEDOT/Ag (inverted device
structure)) [8].

Once this all-solution processed device stack was
proven to be feasible and equal performing compéved
the reference cells, optimization of the composite
electrode was further elaborated. As this composite
electrode consists of a high conductive currenecthg
grid and a lower conducting transparent PEDOT/PSS
layer, two settings of the grid were needed to uréhér
optimized. First of all, the maximum distance bedwe
the grid lines, whether they consist of paralleies,
triangles, squares, polygonal structures, will be
determined by (1) the conductivity of the transpéare
electrode (the newest generation of PEDOT/PSS can
yield 200 Ohm/Sq with transparencies for the vesibl
light as high as 95%), (2) the actual IV charasteriof
the OPV device (efficiency, but mainly current at
maximum power point ), (3) the average expecteht lig
dose for a given application (outdoor versus inji@od
(4) the maximum accepted efficiency losses caused b
the resistivity in the PEDOT/PSS for a given apatlion.
Theoretical modeling and experimental verificatodrthe
modeling results, yields optimum grid distanceslobut
2 and 3 mm, for outdoor applications with average
currents flowing through the single cell devicesabbut
10 mA/cm2. These grid line distances can be rahsily
obtained by standard printing processes like irtkoje
screen printing.

If only a 5% area coverage over the conductive grid
is accepted, this would mean that the grid lineth&d
should not exceed 100 — 150 um. Although this shbel
feasible again by using ink jet or screen printiiags on
the edge concerning the speed of ink jet printitige (
smaller the printed features, the slower the printi
process) and on the edge of rotary screen printmhgre
the highest industrial resolutions obtained soda 80
um. Therefore, the partners of the Solliance OPV
program have dedicated activities on these new
challenges for printed OPV devices and modules:
printing of sub 100 um features at high speedsveitiu
high topology. The latter originates from the falat
high topologies will create lower sheet resistarioethe
current collecting grids, resulting in the possibilto
create larger individual cells with low resistariosses.
This in turn, with a given, preferably minimizedo(m
active) interconnection, will automatically yieldgher
efficient modules, as the total inactive area Wwécome
lower. Compared with ITO on PET foils with typical
values of 60 Ohm/Sqg and a transparency between 85%
and 90%, a conductive grid with 1 Ohm/Sq and aaserf
coverage of only 5% should have definitely its
advantages.

Unfortunately, this can only be reached by applying
conductive structures with high topologies, resgitin
incompatibility of the application (printing or ciirag) of
the subsequent electro-active layers, i.e. thespament
conductive PEDOT/PSS layer. To overcome this issue,
several embedding strategies were developed. Asudty
the conductive grid can be embedded either dirdatly
the barrier or in any embedding material, dependihg
the requirements of the final application.

Once a flat, but highly conductive grid can be
produced, the subsequent sub-micron thick electtivea
layers will need to be deposited on top of that. thés,
up-scalable non-contact deposition techniques aderu
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research at the Solliance partners: slot die cgagind
spray coating, with different patterning approachesl
ink jet printing with dedicated layer leveling dtrgies.
As top electrode, a coated metal layer for nonsjanent
applications can be used. Or alternatively, for isem
transparent applications or for applications/prdiduc
processes where the substrate is non-transpaggih, &
printed conductive grid in combination with highly
conductive PEDOT/PSS can be applied. As this grid i
now at the outermost position of the device stack,
embedding is not needed anymore.

This is still work in progress, but the latest lesare
very encouraging and allow ultimately printing goym
or shape of high efficient OPV modules, dedicated t
given application, at relevant production speedshwi
well-controlled layer qualites and high overall
production vyields. Figure 4 shows a prototype R2R
fabricated module using partially the above mermttn
production technologies.

5 APPLICATIONS

By using the all-printed OPV approach, variations i

the final OPV module layout are quasi infinite. Aioym

or shape can in principal be manufactured at lost, cs
well as any color (of course with some efficiency
sacrifycing) for all kind of aesthetical reasongsdsemi-
transparency can rather easily be addressed facaled
applications. Several real and visionary applicatio
examples will be addressed.

6 ILLUSTRATIONS
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Figure 1. (a) Measured and simulated IV-curves of the
regular tandem cell, (b) Measured and simulated cel
characteristics with a measured PCE of 8,24%, (c)
Photoactive materials used for the regular tandeth c
and (d) the corresponding EQE [2].
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Figure 2: Normalized MPP plotted in function of time of

2 cm x 2 cm cells with the same layer processing an
stacking (printed silver current collecting grid/
PEDOT:PSS/PAL/LIF/Al) but different encapsulation
methods: Blue curve: OPV device processed on top of
multi-layer barrier stack on PEN and “closed” Wit

thin film barrier encapsulation and Red curve: OPV
device processed on top of a glass substrate and
“closed” with an aluminum lid containing a gettand

an epoxy adhesive. [9].
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3 different cell efficiencies
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Figure 3: $/Wp calculations for different OPV device
designs and processes for three different initiell ¢
efficiencies.

Figure 4: Picture of a R2R produced prototype of a all-
solution based OPV module.

7. SUMMARY

In this proceeding article it is demonstrated ttnegt
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Solliance OPV Program offers a shared researchanog
on OPV covering all important items towards a near
future successful industrialization: starting fromaterials
design and synthesis, optimizing high efficient ides,
optimizing modules and implementing low-cost
production processes.
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