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Recently, the first commercial dye solar cell (DSC) products
based on the mesoscopic principle were successfully launched.
Introduction to the market has been accompanied by a strong
increase in patent applications in the field during the last four
years, which is a good indication of further commercialization
activity. Materials and cell concepts have been developed to
such extent that easy uptake by industrial manufacturers is
possible. The critical phase for broad market acceptance has
therefore been reached, which implies focusing on standardi-
zation-related research topics. In parallel the number of scien-
tific publications on DSC is growing further (>3500 since
2012), and the range of new or renewed fundamental topics is
broadening. A recent example is the introduction of the perov-
skite mesoscopic cell, for which an efficiency of 14.1% has

1. Introduction

1.1. Dye Solar Cell Technology

For 20 years, dye solar cell (DSC) technology has been the sub-
ject of much research and development and has received con-
stant funding through international, European, and national re-
search programs. The basic idea of DSCs being printable solar
cells in which an organic-based dye is used as the photoactive
compound has been very successfully verified. The highly in-
terdisciplinary research that has been necessary is also reflect-
ed in the huge number of publications and patents (Figure 1).

Solar cell efficiencies of 12% for single cells™ and 9.9% for
smaller modules™ have been reached in several laboratories,
and further enhancement is predicted with progress in materi-
als development. This has been shown with new material con-
cepts in which the dye molecules have been replaced by per-
ovskite nanocrystals, for which 14.1% efficiency was demon-
strated recently.”) Important benefits from the point of view of
commercialization are the low investment costs, which allow
for decentralized production, high sustainability, and a wide

[a] Dr. A. Hinsch, W. Veurman, H. Brandt, K. Flarup Jensen, Dr. S. Mastroianni
Fraunhofer ISE
Heidenhofstral3e 2
79110 Freiburg (Germany)
E-mail: andreas.hinsch@ise.fraunhofer.de

=

Dr. S. Mastroianni

Freiburg Materials Research Centre (FMF)
Stefan-Meier Str. 21

79104 Freiburg (Germany)

Wiley Online Library © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

been certified. Thus, a growing divergence between market in-
troduction and research could be the consequence. Herein, an
attempt is made to show that such an unwanted divergence
can be prevented, for example, by developing suitable refer-
ence-type cell and module concepts as well as manufacturing
routes. An in situ cell manufacturing concept that can be ap-
plied to mesoscopic-based solar cells in a broader sense is pro-
posed. As a guideline for future module concepts, recent re-
sults for large-area, glass-frit-sealed DSC modules from efficien-
cy studies (6.6% active-area efficiency) and outdoor analysis
are discussed. Electroluminescence measurements are intro-
duced as a quality tool. Another important point that is ad-
dressed is sustainability, which affects both market introduc-
tion and the direction of fundamental research.
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Figure 1. Yearly increase in DSC patent families worldwide, adopted from
ref. [9].

variety of product designs. Direct market competition with sili-
con solar cells is not seen at this stage.”

1.2. DSC Technology Activities

Basic research on DSC is continuously carried out for materials
optimization. The morphology of the nanocolloidal electrode
layers is controlled, metal-organic and highly absorbing organ-
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ic dyes are developed, and various routes are followed for the
transport of the photooxidized charges, such as molten-salt-
based redox electrolytes and solid-state organic or hybrid hole
conductors. In addition, various concepts for the cell setup are
studied, for example, glass—glass-™ and glass—-monolithic-based
concepts,” as well as flexible DSCs on metal” and plastic
foils.®! A lot of know-how has been built up in the characteri-
zation and understanding of both material and photoelectro-
chemical properties of DSC. Constant further development and
the integration of new concepts for materials and cells are
foreseen.

Applied research addresses the design and development of
DSC modules; several interconnection concepts are followed,
and sealing methods such as glass-frit sealing,"” polymer seal-
ing," and laser sealing” have been implemented. Depending
on the application, durability and accelerated aging tests such
as light soaking, temperature cycling, and mechanical testing
have been successfully established but still not developed to
the level of standardization."” Prototyping of DSCs, which is
done at institutes and companies, addresses and proves the
upscalability of DSC modules, as well as flexibility in custom-
ized and decorative module design. Also first approaches to-
wards system integration are undertaken.

For the commercial production of DSC, several pilot-plant
lines have been installed or are under construction. A first full
production line for flexible DSCs has been in operation since
2012. Specific production equipment is under constant devel-
opment, and automation and quality control are addressed.
Triggered by this development, several companies are increas-
ingly working on the scaleup and quality control of materials
for the key components of DSCs.

1.3. Market-Related DSC Activities

Due to the beneficial low-light performance of DSCs (>18%
has been shown under indoor-light conditions),l" the first at-
tractive market for DSC products is consumer electronics,
which goes together with the development of suitable elec-
tronics. A recent example is the successful introduction of flexi-
ble DSCs in the global lifestyle product market and a DSC-
powered charger for cell phones (Figure 2).

A particular aspect of DSCs is the possibility for decentral-
ized local production, which was realized in the early-stage
market introduction of DSC modules for home solar systems
and also for custom-made decorative DSC products. The
recent success in scaling up of DSC modules on glass and foils
demonstrates the suitability of DSC for the potentially very
large building-integrated photovoltaics (BIPV) market, although
a certification step is still required.

In particular, the combination with decorative architectural
glass seems attractive (Figure 3), since it can exploit the large
flexibility in transparency and colors of DSC devices for facade
applications. In this case, besides the initial electrical character-
istics of the device in terms of energy production, reliability of
the facade throughout the lifetime of the device is mandatory.
Electricity production and, more importantly, uniformity in the
aesthetics of single cells and arrays of modules are pivotal for

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. Two recent examples of commercially available DSC-powered
products: a flexible keyboard (top) and a battery charger for cell phones
(bottom).

Figure 3. Showroom for BIPV applications of large-area, glass-frit-sealed DSC
modules (meander type), as developed at Fraunhofer ISE (2012).

this kind of application, for which an expected lifetime of 20-
25 years should be achieved.

For certain types of roof elements a potential advantage of
DSC lies in their design flexibility. Because of the demand from
initial commercial DSC production, the market for DSC-specific
materials is growing, and this increases the engagement of
fine-chemical companies in the synthesis of nanomaterials,
dyes, electrolytes, and organic hole conductors. With the set-
ting up of DSC production, growing interest from machinery
manufacturers will also be seen. There will be a demand for
system integration for DSC from the electronics industry and
the building-construction sector.

1.4. Reviews on DSC Research

Several detailed reviews have been written on DSC research in
the past and the most recent are cited in the following.
A broad thematic review is given in ref. [15]. A review focusing
on the dye molecules and optimization of highly efficient DSCs
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is given in ref. [16]. In a further review!"”’ new-generation mate-
rials and cell concepts are presented.

1.5. Results from a Survey of the Scientific Literature

For this paper a literature survey has been performed by using
the Scopus database for peer-reviewed scientific literature on
DSCs and perovskite solar cells as a new mesoscopic con-
cept."® In the data range 1985 to present more than 11000
documents (i.e. articles, conference papers, reviews) have been
published on the topic of DSCs with a remarkable increasing
trend in the very recent years (7000 papers in the past three
years; see Figure 4a). Besides EPFL in Switzerland (388 publica-
tions, almost 3.5% of the total) and Uppsala University and
KTH in Sweden (333 publications), the institutes and research
groups that have made the largest contributions are located in
Taiwan, Japan, Korea, and China (Table 1). The impressive expo-
nential growth of publications on perovskite solar cells (Fig-
ure 4b) reflects the growing importance of this field in the last
two years.

By focusing on the 20 most-cited papers in the years 2012
and 2013 it is possible to gain insight into the latest, most rele-
vant research topics in the DSC field. This revealed that investi-
gations of the optical and electrochemical characteristics of
dyes for broadband absorption, increasing electron lifetime,
and anti-aggregation properties of dye molecules occupy
prominent positions.'? In this context, several studies have
a particular focus on porphyrin sensitizers. Secondly, TiO, with
morphologies ranging from 1D nanostructures (nanowires and
nanorod arrays) to 3D spheres (spherical aggregates, hollow
spheres, core-shell particles) is extensively explored for the
fabrication of photoanodes. A third area involves research on
iodine-free redox couples (i.e. cobalt complexes, disulfide/thio-
late) for achieving transparency
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Figure 4. Number of scientific publications published per year in the field of
DCSs (a) and perovskite solar cells (b). The values shown in the boxes are
the maxima reached in 2012 for DSCs and in September 2013 for perovskite
solar cells. Note that at the end of 2013 this value was 61. The literature
search was performed by using the keywords “dye solar cell” and “perov-
skite solar cell” in the Scopus database.

1.7. Development of Redox Electrolytes

Electrolytes containing the 17/l;” redox couple have been es-
tablished as a standard since many years, and good stability
data® have been reported for solvent-based and solvent-free
(i.e. molten-salt-based) electrolytes, in particular in combina-
tion with ruthenium bipyridine dyes.'”” In addition, the combi-
nation with, for example, metal-free organic dyes such as the
MK-type dyes has led to cells with long-term stability.”"!
In first-generation DSCs the distance between photoelectrode

and noncorrosive  properties.

Among these, new hole-trans- Table 1. Number of scientific publications published and relative percentage of the whole DSC literature from
port materials for solid-state 1985 (ca. 11000) produced by the leading 20 research institutes in the field. The literature search was per-
DSCs are also investigated. Final- formed by using the keyword “dye solar cell” in the Scopus database.

ly, different catalytic materials Institute Country Publications
are analyzed for better charge- - -

. . 1 Ecole Polytechnique Federale de Lausanne (EPFL) Switzerland 388  3.48%
transport - mechanisms, higher 2 National Taiwan University Taiwan 229  2.06%
performance, and economic 3 National Institute of Advanced Industrial Science and Technology (AIST)  Japan 188  1.69%
benefits. 4 Korea University Korea 170 1.53%

5 Uppsala Universitet Sweden 168  1.51%

6 The Royal Institute of Technology (KTH) Sweden 165 1.48%

1.6. Development of Dyes 7 Korea Institute of Science and Technology (KIST) Korea 163 1.46%

8 Dalian University of Technology (DUT) China 161 1.45%

Many different classes of dyes 9 National University of Singapore Singapore 156 1.40%

have been tested and thorough- 10 Imperial College London (ICL) UK 139 1.25%

L. N n Seoul National University Korea 138 1.24%

ly optimized for DSCs, a selection 12 Pusan National University Korea 136 1.22%

of which is listed in Table 2. 13 Huagiao University China 132 1.19%

It can be expected that further 14 Tsinghua University China 132 1.19%

modification of the dye molecu- 15 Institute of Plasma Physics Chinese Academy of Sciences China 131 1.18%

. R . 16 Chinese Academy of Sciences China 127 1.14%

lar structure in combination with 17 Kyoto University Japan 122 110%

DFT calculations of the HOMO 18  Hanyang University Korea 117  1.05%

and LUMO electronic states will 19 Wuhan University China 17 1.05%

lead to a further increases in 20 Monash University Australia 115 1.03%

. . 120] 72 Fraunhofer-Institut fur Solare Energiesysteme Germany 51 0.47 %
efficiency.
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Table 2. Examples of state-of-the-art efficiencies # achieved for different classes of dye molecules in DSC laboratory cells.

Color appearance in DSC Type of dye Laboratory 7 [%]®
red to dark brown standard ruthenium metal-organic dye EPFL 10.7
green to black wide-band ruthenium metal-organic dye Fujifilm, Sharp 11.92"
green to dark green organic zinc porphyrin dye EPFL 12.3%
blue to dark blue organic donor-acceptor dye (donor-chromophore-anchor strategy) Dongjin Semichem, EPFL 9.81%

[a] Measured with solvent-based electrolytes containing 17/I;~ or [Co(bpy);]**/** (bipy = 2,2"-bipyridine) as redox pair.

and counter electrode is rather large (typically 20 um). This
means that diffusion limitation of I;7 can occur for operation
under full-sun illumination. Therefore, the electrolyte must be
highly doped with 157, especially when more viscous molten-
salt electrolytes are used. A typical “dark concentration” in this
case is 0.1 M, which enhances electron recombination at the
photoelectrode at high illumination. At low light illumination,
this is not critical, because electrons trapped in states below
the conduction band of TiO, only undergo slow recombina-
tion. Furthermore, it is important to increase the UV stability of
these electrolytes by avoiding unwanted side reactions with
photocatalytically formed OH radicals. Therefore, the water
content of the electrolyte must be minimized.”®

More recently, much work has focused on the optimization
of highly soluble cobalt bipyridine and related redox com-
plexes with the aim of lowering the oxidation potential to-
wards the oxidized state of the dyes.”” This has led to DSCs
with photovoltages of up to 1V, which is 250 mV higher than
in the case of the I"/l;~ redox couple. The cobalt-based electro-
lytes are not compatible with ruthenium bipyridine dyes, be-
cause slow ligand exchange can be expected over time, but
they are very suitable in combination with organic dyes.

1.8. Development of Counter Electrodes

Although a large effort is reported in the DSC literature for the
effective replacement of transparent counter electrodes (CEs)
activated by platinum nanoparticles, the latter are still the
most widely used material for efficient and stable devices
based on I7/l;". Alternative catalysts have been also investigat-
ed as CEs in combination with new redox couples such as di-
sulfide/thiolate and Co,*/Co,",?*%® fo which platinum nano-
particles resulted in high charge-transfer resistance. Appropri-
ate substitute catalysts for 17/I;~ reduction were found to be
carbon materials (e.g. pure carbon black or mixtures thereof
with graphite, graphene, or carbon nanotubes),” conductive
organic polymers (e.g. polyaniline, PEDOT, PEDOT-TsO, or
PEDOT-PSS), polymer—carbon composites,” cobalt sulfide
(CoS), and, more recently, WO, ,, Fe;0,, mesoscopic vanadium
carbide, and others.” In particular, CEs in which vanadium
carbide is embedded in mesoporous carbon showed catalytic
activity similar to that of platinum nanoparticles.*!

1.9. Development of Photoactive Cathodes

Tandem solar cells fabricated by series/parallel connection of
two separate devices (standard tandem architecture)®” or dye-
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sensitizing both cell electrodes (integrated tandem architec-
ture)®” were investigated with the aim of increasing the overall
device efficiency. Among the integrated tandem configura-
tions, photoactive cathodes were proposed as a viable solu-
tion, and a maximum device efficiency of 2.4% was reached
with an NiO photocathode.®? Other p-type semiconductors
(CuSCN,2¥ CuO,*¥ and, more recently, delafossites such as
CuGa0,® and CuCr0,)®" were also used as scaffolds for pho-
toactive cathodes. Nevertheless, these materials did not per-
form better than NiO (and its doped form),®” which remains
the most investigated p-type metal oxide semiconductor.*®
Current issues for these materials are the position of the va-
lence band (VB), which limits the open-circuit voltage V., and
the low hole mobility, which results in high charge-recombina-
tion rates and limits the thickness of the photocathode.

1.10. Development of Solid Organic Hole Conductors

With the aim of replacing the electrolyte in DSCs by an easily
oxidizable solid hole conductor, several transparent organic
p-type conductors have been studied (i.e. PEDOT?? P3HT""
and spiro-OMeTAD).*" The most successful example is spiro-
OMeTAD, which is also commercially available. This concept
works best in combination with highly absorbing organic dyes
of the donor-acceptor type, because the distance for diffusion
of the electron hole to the back contact can be minimized to
less than 5 pum in this case. Recently, p doping with Co" com-
plexes has also been demonstrated, and a maximum efficiency
of 7.2% has been reached.”?

1.11. Development of Inorganic Hole Conductors

Transparent inorganic materials have also been investigated
for use as p-type conductors in DSCs.*® Among these materials
we can highlight Cul™ which reached efficiencies up to
4.7%, and CuSCN,"*® which gave a maximum efficiency of
3.4%.1"9 Most of these p-type conductors have a tendency to
form crystals, which leads to decreased regeneration of the
oxidized dye molecules because of the large interfacial dis-
tance. Therefore, additives are often used to prevent crystalli-
zation.””? On the contrary, enhancing of the p-type conductivi-
ty by, for example, replacing Cu™ with triethylammonium has
been shown. !

Recently the inorganic perovskite CsSnl; has been success-
fully introduced as a p-type conductor in N719-sensitized solar
cells. Surprisingly, this material with a 1.3 eV bandgap also con-
tributed substantially to light sensitization. By doping CsSnl;

ChemPhysChem 0000, 00, 1-13
These are not the final page numbers! 27


www.chemphyschem.org

PHYS

with 5% of SnF,, a device efficiency of 10% has been report-
ed,”® which can also be regarded as a first working example of
a lead-free perovskite device. The p-type conductor CuSCN has
also been applied in perovskite devices in order to fabricate
fully inorganic solar cells with the aim of improving the device
stability."”

1.12. Development of Organic-Inorganic Perovskites as
New Types of Absorbers

Since the recent discovery™ that the dye in DSCs can be re-
placed efficiently with metal-organic halide perovskite crystals,
it became obvious that these soluble materials have very inter-
esting properties for the realization of low-cost solar cells.
In contrast to the molecular-dye sensitization concept, a high
perovskite volume ratio of 50:50 relative to the mesoscopic
TiO, is used. A certified cell efficiency of 14.1% was reached in
2013%" and has triggered major research interest and started
discussions on the underlying principles and the potential for
improving the efficiency. An important finding is that, as the
perovskite currently under study is a strong light absorber
with an energy gap of 1.5 eV, the electrode spacing can be
smaller than 0.5 um and the p-selective contact at the back
side can be achieved with an even thinner layer of less than
50 nm (see Table 3). The very narrow energy difference be-

Table 3. Summary of parameters for a recent mesoscopic perovskite cell
made from the material CH;NH;Pbl;.""
Cell performance I, [ImAcm™?] Vo [V] FF 1 [%]
20.0 1.0 0.73 15
Egp®leV]l  VB[eV] (CBleV] Layer™
perovskite CH;NH,Pbl; 1.5 —54 -39 0.4 um
mesoporous TiO, 3.2 —-7.2 —4.0 0.4 um
dense TiO,, “n contact” 3.2 - - <30 nm
spiro-OMeTAD, “p contact” - - —5.2 <50 nm
[a] Bandgap. [b] TiO, as a 50:50 host for the perovskite.

tween the conduction band of the perovskite and that of
TiO,*? should favor unwanted back-reactions, which, however,
are seemingly not at all crucial in this case. It is therefore still
not obvious whether a high inner surface contact to an elec-
tron-selective material like TiO, is beneficial or not. It can be
predicted that classical-type thin-film solar cells with pure per-
ovskite absorber material®® will also attract increasing research
interest, although the mesoscopic concept of filling a porous
metal oxide layer with perovskites from solution has without
doubt practical advantages.

1.13. Evaluation of Development Trends

In addition to the above discussion on efficiency developments
for mesoporous devices, here a short evaluation of the current
development of DSC technology with respect to stability and
device concepts is given. Although stability is an important

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

topic for introduction to the market and cells with long-term
stability have been demonstrated,”¥ only a small fraction of
the scientific publications has focused on this field up to now.
Moreover, results that are still controversial at first sight are re-
ported. An example is the question whether water plays a sta-
bilizing® or destabilizing role® in the thermal stability of de-
vices. This was well clarified for stability testing in the presence
of UV light, whereby water was shown to markedly accelerate
cell degradation.”” It can therefore be imagined that concepts
like electrochemical pretreatment of the cell during manufac-
turing will lead to further stabilization of the device. An exam-
ple is the electrochemical drying of ionic liquids.”® On the
other hand, it has also been shown that modification of the
dye molecule by using a double-bond-edged Ru dye in combi-
nation with simple ionic liquid could lead to an important im-
provement in stability of a cell that withstood a 120°C stress
test for 480 h.**! For comparison purposes among different re-
search groups, a complete device certification test is missing,
since degradation stress tests are nowadays performed under
different conditions of temperature, light intensity, uncontrol-
led humidity, working point of the cell (i.e. V,, short-circuit cur-
rent [, maximum power point P..). These different proce-
dures do not give straightforward comparable investigations
and contribute to the increase in controversial results. Exam-
ples of applying such tests to DSCs have been reported.'*5"
Further points regarding the long-term stability of DSCs and
that are in urgent need of development are the understanding
of the importance of material purity for cell fabrication, the in-
trinsic evaluation of the material stability in the cell without
considering the sealing effect, and the definition of a proper
and comprehensive sealing procedure.

Many different device concepts have been developed up to
now both for glass—glass cells and flexible substrates. As a gen-
eral design rule, both long-term stability and manufacturability
must be taken into account already at the research level. For
effective cell development, module-related topics must be con-
sidered in the initial stage.® Two important topics are the
minimization of the electrode distance for optimized charge
transport, for example, in monolithic DSCs,® and properly
sealed interconnections among cells to avoid electrophoresis
due to the diffusion gradients of ions and protons under con-
stant illumination.””’ Apart from choosing the right sealing pro-
cedure,"*%? also modeling of the charge transport in a realistic
cell is needed for better understanding of gradient-induced in-
stabilities.®

Experimental Section
Details of Module Manufacturing at Fraunhofer ISE

The Fraunhofer ISE 60x100 cm?* modules®™ and the small 10x
10 cm? modules are manufactured with industry-relevant proce-
dures and machines. Pilkington TEC-8, which is a 3.2 mm float
glass coated with fluorine doped tin oxide (FTO), is used as sub-
strate for the front and back electrodes. The glass substrates are
cut mechanically to the proper size, and the filling holes at the
back electrodes are drilled by laser, as is the structure in the trans-
parent conductive oxide (TCO) layer in order to electrically insulate
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the cells. After these preparation steps, the substrates are washed
mechanically with demineralized water. Then all of the layers, in-
cluding the glass-frit sealant and the ultrathin platinum back-elec-
trode layer, are screen printed. Between each printing step, the
layers are dried in a low-pressure step to remove bubbles followed
by convection drying. The glass-frit sealant is a lead- and bismuth-
free paste based on a ZnO-SiO,—AlLO; composition (Proll KG,
Germany).

For the catalytic back electrode a nanocolloidal platinum paste is
used (3D-nano, Poland). Furthermore, for the TiO, layer and the
silver contacts, commercially available pastes were purchased
(Dyesol DSL 18 NR-T, Ferro lead-free silver paste). To burn out the
organics from the printed pastes, the front and back electrodes are
then sintered in an infrared oven. After the sintering step, the front
and back electrodes are carefully positioned on top of each other
and sealed tightly in a second furnace step at around 600 °C. For
both steps common batch-size glass-fusing ovens are used, which
heat the substrates by IR radiation from the top along with a thin
graphite foil as an underlayer. No mechanical stress is applied
during fusing. Figure 5 shows the temperature profiles for fusing
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Figure 5. Glass-fusing temperature profiles for 100x60 cm (a) and
10x 10 cm? (b) modules and sintering of the plates prior to fusing (c).

and sintering. The temperatures between 520 and 565 °C are relat-
ed to the melting point of the glass frit. The fusing of the plates
takes place well above the softening temperature of the TCO glass
between 630 and 670°C. The heat treatment below 520°C is in-
tended to achieve homogenous and stress-free heating and cool-
ing of the glass. These T profiles are not optimized for industrial
production.

When the oven steps are completed, the modules are colored
through the filling holes. For applying the dye and the electrolyte,
a customized, in-house development is used.”’ The filling device
(Figure 6) consists of chemically inert tubing and valves made from
Teflon. During the coloration process, the dye solution is pressed
through the module by applying a constant gas pressure of 3 bar
on the liquid reservoir. For the drying process nitrogen gas is
purged through at a similar pressure. The electrolyte is first de-
gassed by ultrasonication and then pressed into the module at 60—
80°C with a syringe pump. After filling and cooling, the holes are
cleaned and sealed with a small piece of 0.3 mm thick glass.
A high-power UV LED is used to cure the glue (Threebond).

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Customized, in-house-developed filling device to supply dye and
electrolyte in an inert system to scaled-up DSC modules.

As a last step the electrical connections are soldered to the silver
grid of the front and back electrodes by using an ultrasonic solder-
ing device.

Preparing the Specialized 60x 100 cm? Modules

A batch of 60 substrates of TCO glasses (30 front and 30 back elec-
trodes) was prepared and screen-printed in an application labora-
tory. Afterwards all glasses were sintered, and the front and back
electrodes were melted to each other in an IR oven. The fused
modules have a plate distance of approximately 50 um. Two mod-
ules from this batch were then prepared: one with a TiO, layer
thickness of 12 um for high-efficiency experiments (A) and one
with a TiO, layer thickness of 8 um for long-term outdoor measure-
ments (B).

Module A was colored with 2.0 mm C101 dye® dissolved in pure
DMSO. After the dying process acetonitrile was rinsed through the
cells to remove residual dye solution. Then electrolyte was
pumped into the module (0.6Mm 1-methyl-3-propylimidazolium
iodide, 25 mm I, 60 mm guanidine thiocyanate, and 0.3 m N-butyl-
benzimidazole in acetonitrile).

For module B a pure solution of 0.3 mm N719 dye in ethanol was
used. After coloring, the module was dried by purging with nitro-
gen and then filled with a highly viscous, solvent-free electrolyte
based on ionic liquids (Merck). With these materials a lower effi-
ciency of approximately 2.5% on the active area resulted. The
module was heated to 65°C during the hole-sealing process to
prevent later problems with thermal expansion. Afterwards, the fin-
ished module was glued to a UV-blocking hardened glass with
a two-compound silicone epoxy (Wacker). By using a standard
spacer frame the module was then totally encapsulated with
a back glass, leaving out only the electrical contacts. The module
was finally mounted on the roof of Fraunhofer ISE and equipped
with a thermocouple for monitoring the temperature of the
module.

Outdoor Tests

Outdoor tests on 60x 100 cm? DSC modules were performed at
Fraunhofer ISE in Summer 2013. The tilt angle of the module (45°)
was set as the optimum for the summer season and for the lati-
tude of Freiburg. The azimuth of the outdoor test stand on which
the module was mounted was south. The module was operated
continuously at the maximum power point (MPP) by means of
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a suitable MPP tracker. Electrical and meteorological data were col-
lected every 5 min.

Measurement of Electroluminescence, Cell Absorbance, and
Photoluminescence

Electroluminescence imaging was performed on a 2.5 cm? cell and
on a 100 cm? module. The module was forward-biased in the dark
till a current equivalent to the /. under 1 sun illumination was
reached. The current in this case was 0.42 A and the applied volt-
age was 1.59V, 0.8 V per cell. The exposure time was 60 s. A silicon
CCD detector with a long-pass filter with cutoff at 650 nm was
used to detect the signal. The photoanode was directed towards
the camera. Photoluminescence measurements were carried out
under Ar laser excitation (A=514.5 nm, E=2.41eV) by using an
Andor Shamrock 303i spectrometer equipped with an Si CCD
cooled to —95°C. The spectra were corrected for the spectral re-
sponse of the instrument.®™ Absorbance spectra were obtained on
a Varian Cary 5000 UV/Vis spectrophotometer.

2. Results and Discussion
2.1. Glass-Frit-Sealed DSC Modules

Recently, we demonstrated scale-up of dye-sensitized solar
cells to large-area DSC modules prepared by glass-frit technol-
ogy.”) The modules were developed by using a meander and
integrated series connection and reached a size of 6000 cm?
In this work, prototypes were now produced in a more stable
industrial environment. A batch of 60 substrates was screen-
printed. Optimized screen-printing and drying processes were
applied, as well as improved handling of the chemistry. With
the aim of demonstrating high efficiency, a combination of
C101 dye and an acetonitrile-based electrolyte was applied.
An active-area efficiency of 6.6% and a total-area efficiency of
3.2% under 1 sun illumination (class B constant illumination at
a module temperature of 45°C) was reached (module A).
Figure 7 shows the performance of such a module. These
values could relatively easily be improved in the near future.
The non-active area of 46% in these module prototypes is still

45
40 :—l"—-—-—-_..\'_‘.\
] ~.
3.5 \\
S 3.0 4
2 o] [=40A(167mA/cm®) \
2 | |V,=9.0V (750 mV/cell) \
"1 [FF=53% \
07 Ninodute 3.2% \
0.5 Nactive area =6.6% \

w+——v ——v—r—+——+——r——1——r—

0 1 2 3 4 5 6 7 8 9
Voltage / V

Figure 7. Current-voltage characteristics for a large, highly efficient
6000 cm? module.
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too high. In a next step, achieving 20% non-active area by
printing of thinner glass-frit lines is a realistic goal. Moreover,
the series resistance caused by the contacts and the catalytic
function of the back electrode limit the fill factor (FF). Assum-
ing an FF of 70%, the active-area efficiency would then be
8.8%. If this could be combined with a non-active area of
20%, a module efficiency of 7% would be within reach.

2.2. Monitoring Outdoor Module Stability

Continuous outdoor monitoring was performed on the 100x
60 cm? module B. The trend of the maximum power point P,
at 1000 Wm™ of irradiation on the module plane is shown in
Figure 8 over the first 100 days of exposure. The P, values

Outdoor exposure days
0 10 20 30 40 50 60 70 80 90 100

Pmax at 1000 W/m*/ W
Pmax at 1000 W/m*/ W

Figure 8. Trend of P,,,, at 1000 Wm™2 of irradiation on the module plane
over 100 days of outdoor exposure (Summer season). The line connecting
the P, points is a guide to the eye. The inset shows the 100x 60 cm?
module mounted on the ISE rooftop stand (tilt=45 °C, azimuth South).

were obtained through polynomial fitting of the P, versus ir-
radiance curve for sunny days and extracting the value at
1000 Wm™ The influence of meteorological parameters such
as module temperature, wind speed, and the angle of inci-
dence of the solar rays was not taken into account.”® However,
only a small deviation in these parameters can be expected,
since the measurements were performed during the same
season, and thus the behavior of the module can be consid-
ered to be reliable and close to reality. After a small increase in
P...x of 1.5% over the first ten days or so of outdoor exposure,
a small constant decrease was observed, after which apparent
stabilization was reached in the final period. The P, decay
after 100 days was less than 11 %.

To better analyze the outdoor behavior of the module, Fig-
ure 9a shows a plot of P, versus irradiation on the module
plane after 5days of module exposure (June 22) and after
100 days (September 25). Interestingly, the P, deviation be-
tween the two trends up to 400 Wm™ remains rather small.
The reasons for the 11% decrease in P,,, at 1000 Wm~™2 after
100 days can be analyzed through Figure 9b, in which voltage
V...x and current /..., at P, are plotted. After 100 days V.., de-
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Figure 9. a) P, and b) V..., and I, at P,., plotted versus irradiation on the
module plane after 5 days of outdoor module exposure (June 22) and after
100 days (September 25). The variations in P, Vi and |, show the de-
crease in electrical performance that occurred in 100 d. Solid lines in a) and
b) show polynomial and linear fittings performed for P, and V,,.,,
respectively.

creased by 9%, but /..., dropped by only 3%, which indicates
a negligible decrease in /. Hence, the decrease in V,. with
time, along with a possible increase in series resistances, plays
the main role in the loss of module performance.’®*"

2.3. Electroluminescence as a New Quality Tool for DSCs

Electroluminescence (EL) is a well-known and fast inspection
tool for silicon PV technologies to study shunts, non-active
areas, and effects of serial resistances. Since the works by
Trupke, Wiirfel et al. in 1999 and 2000,%” only recently was EL
systematically investigated on laboratory-scale DSCs as a spatial
characterization technique for analyzing aging effects.”® In this
section we give evidence that this technique can profitably be
applied to large-area modules as well.

The EL signal results from radiative recombination of elec-
trons from the LUMO with the holes present in the HOMO of
the dye, and it is generated under sufficiently high forward
bias. Under these conditions, electrons are injected at the pho-
toanode from the TCO to the TiO, conduction band (CB) and
from here to the LUMO of the dye, generating an excited state
in the sensitizer. To give rise to radiative recombinations (and
thus to the EL signal), dye oxidation by the oxidizing I;™ ions in

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the electrolyte must occur at the HOMO level. Therefore, it can
be hypothesized that the intensity of the electroluminescence
signal is a function of the amount and type of active dye mole-
cules adsorbed on the TiO, and the local current density in the
cell, which also depends on electron recombination at the
TiO,/electrolyte interface and on the I;~ concentration, as well
as being a measure of the quasi-Fermi-level splitting, since EL
generation involves electron injection from the density of
states of the TiO, CB into the LUMOQ.®¥7>¢

To investigate the influence of the amount of dye molecules
on the EL signal in a large-area cell, a 5 cm-long glass-sealed
DSC was fabricated with a dye-flushing time of 180s (Fig-
ure 10a). The non-uniformity of the dye coverage can be clear-
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Figure 10. a) Photograph of a complete 5 cm-long DSC fabricated with

a dye-flushing time of 180 s. The color gradient in the cell clearly shows that
the dye filling hole is on the left side of the cell. b) EL imaging of the same
cell. ¢) Absorbance peak at 528 nm and EL intensity profile scanned across
the length of the cell. Lines connecting symbols of the absorbance are
guides to the eye. d) PL intensity measured on five spots at regular intervals
on the same cell. Dashed lines crossing a) and b) correspond to the cell
areas where EL, absorbance, and PL were measured.

ly observed in the photograph of the cell. The EL image in Fig-
ure 10b strongly matches the distribution of dye molecules in
the cell, with a significant contribution close to the sensitizer
filling hole and a gradual decrease towards the second hole.
A more accurate picture is given by the EL intensity profile
scanned across the length L of the cell (Figure 10c), which
shows an initial dominant peak and the consequent absence
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of signal for L =30 mm. In the same plot the absorbance
peaks measured at 528 nm for three different L values are also
shown. At L=25 mm (center of the cell) the absorbance peak
has only a very small contribution of the dye spectrum, where-
as at L=47.5 mm it is due exclusively to the glass/TCO, the Pt,
and the absorption tail of the electrolyte.

With the aim of gaining more insight, Figure 10d shows
photoluminescence (PL) spectra recorded at five different L
values. In the areas where relatively large amounts of dye mol-
ecules are present (L~2.5 mm) the dye emission peak is cen-
tered at 760 nm, whereas for larger L an additional PL signal
appears at shorter wavelengths. For isolated molecules the dye
emission peak has been ascribed to a phosphorescence signal
stemming from radiative relaxations between the first excited
triplet state of the dye and its ground state (the HOMO).**7”
Nevertheless, in our case weakly adsorbed dye molecules
should not be present, since the TiO, surface is only partially
covered with dye because of the very short flushing time. For
larger L values the dye peak decreases and an additional PL
signal appears at shorter wavelengths. This probably arises
from a fluorescence contribution of the electrolyte, which is
quenched by the presence of the dye. This fluorescence can, in
fact, be observed for L=37 mm and L=47.5 mm, where no
dye molecules are present on the TiO, surface.

The trend in the absorption at 528 nm, the PL intensity at
760 nm, and the EL signal profile confirms that the observed
electroluminescence originates from the dye molecules.
Although further analysis is necessary, a combination of PL and
EL imaging should also be regarded as a further possible tech-
nique for analyzing spatial variations in DSCs.

The information acquired through the above analysis can be
applied to a 10x10cm? DSC module. Figure 11 shows the
image of the EL intensity map. The homogeneity of the lumi-
nescence indicates that the TiO, layer does not show manufac-
turing irregularities or poor adhesion to the TCO electrode.
Some areas show a gradual decrease in signal intensity caused
by an inhomogeneous coloring process. Also, areas that are
not covered by the electrolyte owing to insufficient filling with

electrolyte can be seen clearly.
I 13000
2000
1000
0

Figure 11. EL image of a 100 cm? module showing a mostly homogenous
coloration. The circle indicates non-active areas due to insufficient electro-
lyte filling.

cell1_1k59V_Ok42A_60000ms
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2.4. Homogenous Minimization of Electrode Distance in
Glass-Frit-Sealed Modules

Since interest in perovskite-cell technology is strongly growing,
it is necessary to research how to scale up the cell in an eco-
nomical way. We investigated using the standard glass-frit DSC
setup for this purpose. Due to the ultrathin carrier layers of the
active materials in the perovskite cell, it is a necessary first step
to minimize the electrode distance of the glass-frit setup and
to equip it with a range of process-supporting optimizations.
A batch of experimental plates (7.5% 10 cm) was screen-print-
ed, sintered, and fused to investigate the possible minimiza-
tion of the distance between the counter and working electro-
des. Therefore, the glass-frit paste and the TiO, paste were di-
luted by a factor of ten and the temperature profiles of the IR
oven were optimized similarly to those shown in Figure 5.
As an intermediate result, the distance was reproducibly mini-
mized to 2 pm, as shown by scanning electron microscopy
(Figure 12).

ATV, 5 VAN

ISE 5.0kV 7.7mm x22.0k SE(M)

Figure 12. SEM cross-section image of a glass-frit-sealed cell with minimized
layer thickness showing the spacing between the TCO electrodes (1.8 um).
This spacing was homogenously measured throughout the cell width

(6 mm). The mesoporous TiO, (0.6 um) and TCO (0.7 um) layers are visible.

3. Conclusion
3.1. DSC Research and Technology

Recently, the first commercial DSC products based on the
mesoscopic principle were successfully launched. Market intro-
duction was accompanied by a strong increase in patent appli-
cations in this field during the last four years, which is a good
indication of further commercialization activities. Materials and
cell concepts have been developed to such an extent that
easy uptake by industrial manufacturers is possible. The critical
phase for broad market acceptance has therefore been
reached, which suggests focusing on standardization-related
research topics such as electroluminescence. In parallel, the
number of scientific publications on DSC is growing further
(>3500 since 2012) and the range of new or renewed funda-
mental topics is broadening. A recent example is the introduc-
tion of the perovskite mesoscopic cell, for which an efficiency
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of 14.1% has been certified. Thus, a growing divergence be-
tween market introduction and research could be the
consequence.

3.2. In Situ Manufacturing Concept for Mesoscopic Solar
Cells

With the aim of preventing growing divergence between
market introduction and broadening of scientific concepts, we
have proposed an in situ cell-manufacturing concept that can
be applied to mesoscopic-based solar cells in a wider sense.
On the basis of our previous experience with glass-frit-sealed
DSCs, a procedure is proposed wherein the screen-printed
mesoscopic carrier layers are sequentially flushed with dis-
solved active materials through a specifically arranged groove
into the glass-frit-sealed cell. The groove transports the solu-
tions along the cell lengths, whereas the porous layers pull lig-
uids by capillary forces into the cell width. By varying the po-
rosities and particle sizes in the layer structure the dissolved
active materials (absorber and p-type conductor) are guided to
their destinations in a self-organizing process (see Figure 13

TCO ,grooves*

Tco n-type
MXOY

Figure 13. Generalized in situ cell concept for the scaleup of sealed meso-
scopic solar cells as proposed by the authors in 2013. The mesoscopic inor-
ganic layers 1-3 have different porosities and particle sizes; this allows in
situ sequential wet-chemical deposition of the active materials through ca-
pillary forces. Filling and drying is facilitated through grooves in the glass.

for the insitu cell concept). Subsequent thermal treatments
and pressure/vacuum operations support this procedure. The
encapsulation and in situ formation of the PV-active materials
are in this case combined in a cost-effective and sustainable
process (Figure 14).

3.3. Sustainability

Important factors to judge the sustainability of photovoltaic
modules are the carbon footprint and the availability of materi-
als. A detailed life-cycle assessment requires in-depth investiga-
tion and must be accounted for in further optimization. In the
framework of this paper, only a brief calculation of the carbon
footprint can be made. Following the above-described manu-
facturing process, more than 99.5% of the module material
consists of recyclable glass and no additional lamination foils
are required. By assuming a factor of 1.5 of additional energy

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Mechanical treatment of TCO glass:
’ cutting, laser structuring (isolation, grooves, holes), washing

2 Screen printing / drying:
: mesoscopic layers, glass frit sealant, interconnects

l

3 Sintering / Positioning / Sealing by Fusing:
. in a combined oven process at temperatures up-to 600°C

l

4 In-situ formation of active and contact layers:
: sequential filling / drying steps

5 Sealing of holes and external electrical contacts:
' using soldering technology

Figure 14. Basic production steps, developed by Fraunhofer ISE, which are
related to the manufacturing of glass-frit-sealed DSCs or mesoscopic solar
cell modules in the thematically broader sense. The encapsulation and

in situ formation of the PV active layers are combined in a cost-effective and
sustainable process.

consumption for the sintering and fusing steps, the energy
balance is comparable to that of the production of flat glass.
Thus, a very low carbon footprint number of 16 g of CO, per
photovoltaically generated kilowatt hour results,”" assuming
a PV module efficiency of 12-14% (single junction), which is
a realistic mid-term target after the recent progress in dye and
especially perovskite development, as well as an operating
time of 25 years.

The amount of active materials in DSC is low, although for
the first-generation materials (0.1 gm~ Ru, 0.02gm™ Pt, and
1-3 gm™ 1,) availability for larger production volumes may be
limited. The next-generation materials such as metal-free or-
ganic dyes, cobalt-complex redox electrolytes (0.5 g Co/m?), or-
ganic hole conductors, and non-precious-metal organohalide
perovskites (< 0.2 gm~ of Pb, Sn, Bi, Fe, etc. and 0.3 gm™2 |,)
will have virtually no limitations of availability. For cobalt and
lead the environmental impact (critical concentration in soils is
approximately 0.1 gkg™" soil for both metals) must also be
taken into account if modules are broken and eventually leach-
ed out by rain. In comparison, the values for these metals are
still a factor of 100 less critical than that of cadmium.
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ARTICLES

In situ cell concept: A review of the
state of the art of dye solar cells (DSCs)
evidences a broadening range of new
and fundamental topics, such as novel
organic dyes and perovskites. An in situ
cell-manufacturing concept (see picture)
that can be applied to mesoscopic-
based solar cells in general is proposed.
Recent results from studies on large-
area, glass-frit-sealed DSC modules are
reported.
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