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Advanced Materials for
iInnovative solar cell technologies

Part I: Fundamentals, historical development

and market potentials

Summary

To achieve the 2050 climate targets set out in
the Paris Agreement, novel “emerging photo-
voltaics” (EPVs) that enable flexible, ultra-thin
and, above all, lightweight photovoltaic (PV)
modules will be used alongside classic silicon-
based technologies. Innovative materials, so-
called “advanced materials”, open up new ap-
plication areas and possibilities. Such novel
PV systems are based on, for example, per-
ovskite semiconductors, quantum dots, organ-
ic polymers or dyes, all of which can be pro-
duced easily and cost-effectively. Besides tra-
ditional power generation in the form of ground-
mounted and roofmounted systems, they open
up new fields of application such as e.g. port-
able small devices, building-integrated power
generation on facades or window surfaces, or
in the transport industry. However, before wide-
spread commercial use is possible, some re-
search and development work is still neces-
sary, especially where increased efficiency
and service life are concerned. Since the PV
market is currently almost exclusively supplied
by silicon-based technologies, and because
EPVs do not hold a significant market share,
itis not possible to derive future market trends
from previous or current ones. Instead, they
must be estimated on the basis of existing
market segments into which the technology
can potentially penetrate. It is necessary to
differentiate between application areas where
power generation is the main focus and those
where local energy supply by PV is the goal,
but where the solar cells must fulfil additional
functions. As a result, the benefit of EPVs does
not lie exclusively in electricity generation per
se, but in the possibilities opened up by a tar-
geted local power supply, not taking into ac-
count electricity grids.

* Corresponding author

Introduction

Renewable energy sources, including photovol-
taics (PV), are expected to replace fossil fuels in
the future. To achieve the 2050 climate targets
set out in the Paris Agreement, which also pro-
vide for climate-neutral electricity generation, re-
newable energy technologies, including the PV
markets, must grow very quickly. For Austria, po-
tentials of approx. 26.7 gigawatts (1.6 GW are
currently installed) have been identified,! of which
at least approx. 11 GW should be achieved by
2030.2 To achieve this goal, novel “emerging pho-
tovoltaics” (EPVs) can and should be used along-
side classic, silicon-based and relatively heavy
solar panels, enabling the use of flexible, ul-
tra-thin and, above all, lightweight PV modules.
Innovative materials (“advanced materials” or
AdMs ) are used and open up new fields of appli-
cation because of their new and improved prop-
erties. At the same time, their use can contribute
to making applications and manufacturing pro-
cesses more environmentally friendly. EPVs are
based, for example, on perovskite semiconduc-
tors, quantum dots, organic polymers or dyes. In
addition to traditional power generation in the
form of groundmounted and roofmounted sys-
tems, EPVs have great market potential as they
open up new fields of application such as e.g.
the energy supply of portable small devices such
as the “Internet of Things”3, buildingintegrated
power generation on facades or window surfac-
es, or power generation in the agricultural sec-
tor through integration into glass or plastic green-
houses. This dossier (part |) provides an over-
view of the technical background and historical
development of such innovative solar cell tech-
nologies as well as their future market potentials.
In part Il of the dossier, the AdMs used will be
analysed in terms of their environmental friend-
liness and sustainability, whilst also presenting
their significance in a circular economy.

Fundamentals and
historical development

Solar cells convert light into electrical energy. In
so doing, light particles (photons) are absorbed
by a semiconductor structure and converted in-
to electrical charge pairs. Solar cells with a sin-
gle light-absorbing layer can achieve efficiencies
of up to 30% under laboratory conditions. So-
called stacked solar cells (also called tandem or
multi-junction solar cells) with several absorber
layers of different materials can even convert al-
most 50% of the incident sunlight into electrical
energy (Figure 1, violet area). After the absorp-
tion of light by the absorber layer, the photon en-
ergy is briefly stored in the form of a chemical
potential. Ultimately, electrical energy is released
via an external consumer, e.g. the public elec-
tricity grid.

After the discovery of the photovoltaic effect by
Alexander Becquerel in 1839 and the production
of the first photovoltaic element based on the
semiconductor material selenium by William G.
Adams and R.E. Day in 1877, it took almost 80
years until the first efficient solar cell could be
produced. In 1953, the first crystalline silicon
solar cells with an efficiency of about 4% were
produced at Bell Laboratories in New Jersey by
Daryl Chapin, Calvin Fuller, and Gerald Pearson.
A few years later, efficiencies above 10% could
be achieved. The first PV modules were used in
space travel. Since the mid-1980s, efficiencies
of approx. 27% have been achieved (Figure 1,
blue area). Because of the initially very high costs
of crystalline silicon technology, alternative sem-
iconductor materials were sought before long.
For this purpose, polycrystalline silicon was in-
vestigated on the one hand because it is easier
and cheaper to produce; on the other hand, var-
ious thin-film solar cells were developed. These
use very thin absorber layers and thus very small
quantities of materials. Consequently, thin-film
modules made of amorphous silicon4, cadmium
telluride or so-called chalcopyrite have been de-
veloped and commercialised in recent decades.
Chalcopyrite consists of e.g. copper, indium, gal-
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Figure 1: National Renewable Energy Laboratory (NREL) — Historical development of conversion efficiencies of the most powerful solar cells in research.®

lium, and selenium, and is also known as CIGS.
Many of these technologies have been able to
achieve efficiencies above 20% in recent years
(Figure 1, green areas). Because of the enor-
mous reduction in costs for crystalline and poly-
crystalline silicon technologies in recent years,
thin-film technologies currently play a subordi-
nate role on the world market despite all the pro-
gress made: currently, their share of the global
market is less than 5%°5, whereas in 2010 they
still held a market share of over 15%.

Novel photovoltaic
technologies

As well as these thin-film technologies, there are
novel (“emerging”) PV technologies (EPVs) which
use newly developed semiconductor materials
and where alternative component concepts are
being realised. Perovskite solar cells, organic so-
lar cells, quantum dot solar cells, and dye-sen-
sitized cells have been particularly successful in
recent years (Figure 1, red areas). These compo-
nents have very similar architectures (Figure 2)
and are being extensively researched at present.

The various EPVs are characterised by the pos-
sibility of simple manufacturing processes and
low costs. Printing and coating processes, very
thin light-absorbing layers, and the use of inex-
pensive materials make the various technologies
seem attractive. However, none of the “emerg-

ing” solar cells are technically fully mature. For
widespread use, improvements in particular still
need to be realised in terms of efficiency, their
stability, and manufacturing processes.

Organic solar cells

The first organic solar cell was patented by Melvin
Calvin and David Richard Kearns in 1959.8 In
their experiments, they attempted to engineer
a solar cell that resembled the reaction centre
of photosynthesis. However, unlike the natural
model of photosynthesis, this had a very low ef-
ficiency (< 1%), which led to the idea not being
pursued for a long time. In 1986, Ching W. Tang

Organic Semiconductor Blend

published an article on the development of an or-
ganic solar cell with an efficiency of 1%.° His pat-
ent on these organic solar cells from the KODAK
laboratories, however, already dated back to
1977.19 In 1992, Niyazi Serdar Sarigiftci discov-
ered the light-induced charge transfer between
an organic semiconductor and fullerene mole-
cules.” Thanks to the use of these materials, so-
lar cells with an efficiency of approx. 2% could
be produced. That same year, these so-called
“bulk heterojunction solar cells” were patented
by Sarigiftci and Heeger as an invention.'2 This
work resulted in intensive efforts to further im-
prove the efficiency of organic solar cells. Fol-
lowing the synthesis of a variety of new organic
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semiconductors, it is now possible to produce
components with an efficiency of up to 18% (Fig-
ure 1, @ Organic (solar) cells). Organic solar
cells are characterised by particularly simple
manufacturing processes and low material con-
sumption. Layers of a few 100 nanometres can
be produced costeffectively using very simple
processes (printing or deposition from the gas
phase onto a surface). The typical structure of
an organic solar cell is shown in Figure 3 a). In
comparison, Figure 3 b) illustrates the structure
of a quantum dot cell, and Figure 3 c) a perovs-
kite solar cell.

Organic solar cells are typically built onto trans-
parent plastic or glass substrates, which feature
an electrode that is also transparent. This elec-
trode uses conductive oxides such as indium tin
oxide, doped tin or zinc oxide, but also conduc-
tive polymers such as doped poly(3,4-ethylene-
dioxythiophene). The transport layers 1 and 2
consist of different oxides or organic materials
and establish the electrical connection to the
light-absorbing semiconductor layer (coloured
areas in Figure 3). For the semiconductor layer,
different organic semiconductors are combined.
Aluminium is vapourdeposited as the counter
electrode. The components must be hermetical-
ly encapsulated to protect them from environ-
mental influences such as ingress of oxygen or
water or water vapour. For this purpose, the so-
lar cells are embedded between two barrier lay-
ers consisting e.g. of silicon dioxide.

At present, organic solar cells do not yet play a
maijor role on the global market, despite efforts
to commercialise this technology for some time.
Numerous research institutes and universities
are working on optimising the technology, devel-

a)

Transport Layer 2

Transport Layer 1

Trans. Electrode

Substrate

Figure 3: Typical layer structure: a) organic solar cell, b) quantum dot solar cell, c) perovskite solar cell.3

oping the first prototypes. Right now, primarily
lightweight and flexible products are being de-
veloped; moreover, lots of research is being un-
dertaken to make both electrodes transparent.
The resulting semitransparent photovoltaic ele-
ments could be used in facades and windows
amongst other things. In general, organic PV
modules are, however, particularly suitable for
portable applications.

For successful commercialisation of organic pho-
tovoltaics, a number of problems still need to be
solved. On the one hand, significant differences
still exist between the efficiencies of cells (ap-
prox. 18%) and small modules (approx. 12%) un-
der laboratory conditions when compared with
the first products on the market (5-7%). This
shows that basic research and industrial devel-
opment are still relatively strongly decoupled from
each other. On the other hand, organic photovol-
taic development is still hampered by the limited
service life of the components. It is true that a
product service life of several years is already
possible today, which is quite sufficient for appli-
cations in electronic consumer products, Howev-
er, to meet the demands placed on conventional
PV modules (at least 20-25 years), the expected
service life is still insufficient. Here, too, it is evi-
dent that basic research and industrial develop-
ment must be much more closely interlinked to
fully exploit the potential of organic photovoltaics.

The dye-sensitized cell

The sensitisation of photochemically active ma-
terials with the help of integrated dyes has been
known for a very long time; the process was first
used in a photoelectrochemical cell by James
Moser in 1887. In his doctoral thesis from 1968,

Transport Layer 1

Trans. Electrode

‘ Substrate

Helmut Tributsch presented the dye-sensitized
electrode of titanium oxide (TiO,) as a solar cell.'*
Despite some efforts, the first efficient solar cell
was not produced until 1991 by Brian O’'Regan
and Michael Gratzel’S, and has since then also
become known as the “Gratzel cell”. Individual dye
molecules were deposited on a nanoporous tita-
nium dioxide layer, with a liquid electrolyte con-
necting the two electrodes whilst being respon-
sible for the charge transport (Figure 4). A typical
Gratzel cell consists of a glass substrate, a fluo-
rine-doped tin oxide layer, a partially porous tita-
nium dioxide layer that is coated with dye mole-
cules, an electrolyte, and an electrode. The manu-
facturing process is very simple and cost-effective.

The first Gratzel cell demonstrated an efficiency
of approx. 7%, which could be increased to 13%
over the years (Figure 1, O Dye-sensitized cell).
This makes the dye-sensitized cell the PV tech-
nology with the lowest efficiency. For a long time,
attempts were made to substitute the liquid elec-
trolyte in the cell structure with a solid transport
layer to improve both service life and efficiency.
Only by using perovskite semiconductors, which
replace the dye and the electrolyte, could effi-
ciencies be increased significantly (see section
on perovskite solar cells).

In recent years, some attempts have been made
to use dye-sensitized cells in various applica-
tions, e.g. at the SwissTech Convention Centerin
Lausanne or at the Science Tower in Graz where
parts of the facade were designed with semitrans-
parent dye-sensitized cells (Figure 5). The use
of different dyes and the modules’ high transpar-
ency allow for an aesthetic design of large glass
surfaces. The efficiency of these modules in re-
lation to power generation is, however, limited to

c)

Transport Layer 2

~ 150 nm

Transport Layer 1

Trans. Electrode

Substrate
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just a few percent. In total, only a small number
of dye-based solar modules were built and in-
stalled. With the advent of perovskite solar cells,
as described in more detail below, research ac-
tivities regarding dye cell technology decreased.

Perovskite solar cells

Perovskites are minerals with a characteristic
crystal structure ABX3, where Aand B (Pb2*) are
cations and X negatively charged halogen ions.
They were named after the Russian politician
and mineralogist Lev Alekseyevich von Perovski
(1792-1856). In perovskite solar cells, semicon-
ducting, lead-containing perovskite materials are
used as light-absorbing layers, which also have
this crystal structure. However, the first experi-
ments with solar cells based on this technology
were only carried out in 2009 by Tsutomu Miya-
saka and his team at the University of Yokoha-
ma (Japan). The light-absorbing layer of this dye-
sensitized cell was replaced by a thin methylam-
monium lead iodide layer. The first experiments
resulted in an efficiency of approx. 4%. In the last
10 years, efficiency could be increased to >25%.
Changes in the layer structure and the develop-
ment of improved perovskite absorbers led to this
impressive development (Figure 1, © Perovskite
cells).

Figure 3 c) shows the typical structure of a perovs-
kite solar cell. The layer structure is similar to that
of organic solar cells or dye-sensitized cells; by
now, it is possible to produce mechanically flex-
ible, very thin, and foil-like perovskite solar cells
(Figure 6). The production of perovskite solar cells
follows similar processes to those of organic so-
lar cells. Their mechanical properties and low
weight also resemble those of organic solar cells.

The commercialisation of perovskite solar cells
is currently being pursued with great intensity.
On the one hand, modules for portable and smart

Figure 4:
Structure of a ]
dye-sensitized/Grétzel
solar cell. 16 Transparente Electrode —
Light
Dye - /
Glass —
Figure 5:
Semitransparent *
“Grétzel facade” at the Nanoporous Electrolyte ~ Counter
SwissTech Convention Tio, Electrode

Center in Lausanne.'”

products as well as components for highly effi-  still need to be solved. For example, little is yet
cient stack cells are being developed. For suc- known about the actual service life of perovskite
cessful commercialisation, a number of problems  solar cells. There are initial indications that those

Figure 6: Flexible perovskite solar cell.’® Size of scale bar: image on the left 1 cm, in the middle 10 cm, on the right 2 cm.
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cells in the prototypes investigated so far are like-
ly to have a long service life, but this still needs
to be verified under real conditions. Furthermore,
there is still very little information available on
perovskite solar cells under real production con-
ditions. One of the keys to the success of this
technology will be whether the “record-breaking
efficiencies” of cells produced in the laboratory
can also be achieved in mass production. Many
experts also consider the use of water-soluble
lead salts (e.g. methylammonium lead iodide) as
problematic because of the possible impact lead
has on the environment and health (see part Il
of the dossier). Despite great efforts, it has not
yet been possible to develop a lead-free perovs-
kite absorber with similar properties or efficien-
cy. As aresult, research is currently focussed on
finding particularly good sealing methods for
these solar cells to prevent the release of lead.
Nevertheless, even then a residual risk remains,
for instance in the event of a fire. Moreover, suit-
able concepts for waste management must be
developed to prevent the release of lead-contain-
ing materials from these cells into the environ-
ment, and to improve recyclability.

Quantum dot solar cells

Quantum dot solar cells are based on the con-
cept that the optical and electrical properties of
semiconductor materials can be changed by re-
ducing the size of the crystals into the nanome-
tre range. As a result, semiconductors that are
normally unsuitable for this application (e.g. lead
sulphide or cadmium selenide) can also be used
in photovoltaics. The first quantum dot solar cells

were certified in 2010 with an efficiency of ap-
prox. 2% (Figure 1, & Quantum dot cells). In the
following years, it was possible to increase effi-
ciency to approx. 10% by using sulphide quan-
tum dots. More recently, perovskite nanoparti-
cles made from lead iodide have been used in
quantum dot solar cells, achieving efficiencies of
up to 18%.

Figure 3 b) shows the typical structure of a quan-
tum dot solar cell. The layer structure is similar
to that of organic solar cells. The manufacturing
methods and corresponding benefits are also
very similar. At present, the markets show no ma-
jor tendencies to commercialise the quantum dot
solar cell. Moreover, there are only few reliable
data on the service life of the components that
make up quantum dot solar cells. In addition, the
use of quantum dots seems problematic for many
reasons, particularly where material components
containing lead or cadmium are concerned.

EPVs and their
market potentials

As already outlined in the introduction, the sili-
con solar cell has become the dominant cell in
conventional PV panels globally over the past
decades. Despite the many changes that have
been made to this solar cell, there are some ar-
eas in which EPVs could be used to a greater
extent in the future. Factors such as e.g. con-
struction, weight, material flexibility or aesthetic
design will, however, be decisive for their aplica-
tion. Low manufacturing costs can also play a

decisive role in the medium term. The use of low-
cost conventional printing processes for mass
production will also be crucial. EPVs are attract-
ing widespead interest in research and industry,
but so far only a few commercial products are
available on the market. As the photovoltaic mar-
ket is dominated by the classic silicon module, it
is hardly possible to deduce how the market will
develop in the future. Previous “market trends”
in small niches have had no significance so far.
Instead, trends must be estimated on the basis
of existing market segments into which the tech-
nology can potentially penetrate.

Since efficiencies of cell technologies can differ
drastically between the laboratory and industrial
production conditions (see Figure 1), the market
potential can primarily be deduced by areas that
have potential for development. As part of the re-
search project “SolarCircle”1® ,a rough estimate
was given for the market potential in Austria.

Figure 7 shows a selection of possible EPV ap-
plication areas listed by greatest anticipated po-
tential. A distinction must be made between are-
as of application where power generation (as a
substitute for other energy sources) is the main
focus, and those areas where energy is needed
locally but the amount required is limited, or
where solar cells have to fulfil additional func-
tions.

Where general power generation is concerned,
classic large-scale ground-mounted or roof-
mounted PV systems (nowadays also more of-
ten on building facades) have become the norm.

Building sector Agriculture Transport sector Internet of Things
" Pastures, fields, Flooring/ || Consumer Traditional
—| Roofs ™1  farmland —| integration into — ground-
the ground Clothing & mounted PV
Polytunnels and Smart Home sports textiles
—| Facades — plastic ; i & Indoor PV _—
seenhaiEEs — Noise barriers ndoor . Land fill sites
 —
] al Digitalisation in [] Wenssbles
indows 5> —| Street canopies |_| industry, trade, | Floating PV
greenhouses B - g
sectors Outdoor &
= camping
Parking lot || Further areas of
canopies application
a Bags &
Vehicle suitcases
B integration
Further
— applications in
transport sector

Figure 7: Selection of possible areas of application

for EPVs.20
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In such settings, yielding the highest possible
amount of energy is important. Large, efficient
modules covering different surfaces can be used,
with the classic silicon solar cell being suitable
for such applications. However, there are special
circumstances in the building sector where the
use of such modules is not an option?3, e.g. where
listed buildings are concerned (Griinderzeit (1840-
1914) houses with a footprint of approx. 20 km?in
Austria)?1, or because of structural requirements
(exceeding e.g. the maximum load-bearing ca-
pacity; affects approx. 100 km? roof surface of
existing commercial or industrial buildings in Aus-
tria)22. In such cases, it is possible to use either
individually designed modules and integrate
these into the roof area, or use lightweight PV
films that can be rolled out. Such products, based
on silicon and thin-film technologies, already ex-
ist, but EPVs could play a greater role in the fu-
ture. EPVs could also be used in the design of
facades and windows of modern buildings.24

In the agricultural sector, integrating EPVs e.g.
into glass and plastic greenhouses is conceiva-
ble as there are around 6 km? of commercial glass
and plastic greenhouses in Austria.25 Special so-
lar greenhouses are already being tested.26
EPVs are particularly suitable for these applica-
tions because of the low weight and flexible de-
sign options. Moreover, semitransparent and per-
fectly colour-coordinated PV glasses might have
a positive impact on the yield. Research on match-
ing glasses to specfic needs of plants is already
in progress.27

In the transport industry, the expected possible
uses are particularly diverse: solar cells integrat-
ed into the ground are very costly and have rare-
ly been used to date, yet it is not uncommon to
see classic solar cells on noise barriers, traffic
lights or parking machines. They are also used
for canopies in parking areas which have great
potential because of the available surface area.28
Moreover, integrating EPVs specifically into ve-

Conclusion

hicles could be a relevant field of application
since colour design, weight, and the possibility
of using printing processes play a major role in
this area.2® The cells can either be integrated di-
rectly into the surface of the vehicle or yield ad-
ditional electricity when integrated into the inte-
rior of the vehicle in the form of tailor-made “in-
door solar cells”. Buses30 and trains in particular
have great market potential for EPVs because of
their large external surfaces.

The “Internet of Things” (loT) and digitalisation
applications are considered another large area
of interest for EPV use, with digitalisation appli-
cations increasingly finding their way into the pri-
vate, commercial, and public sectors. EPVs (per-
haps in combination with small storage units) can
be used for safe and efficient power supply of
networks, portable devices, and distributed sen-
sors3! — not only outdoors, but also indoors. The
latter feature in particular allows for quick and
costeffective retrofitting of production facilities as
well as existing buildings. Equipped with adapt-
ed, relevant sensor technology, this can be done
without the need for rewiring power cables or reg-
ular battery changes. For 2023, a global indoor
PV market with a volume of around 850 million
USD has been forecast.32 In 2022, the loT mar-
ket is expected to have around 50 billion devic-
es in circulation globally.33

Another potential market segment for EPVs is
the outdoor and camping industry. Even in this
industry, loT devices are selling fast, e.g. smart-
watches and wearables which already feature
solar glasses.3* Energy self-sufficient camping
equipment with integrated or optional PV mod-
ules could also be successfully launched on the
market. In future, EPVs could play a greater role
in this field, for example in the form of e-tex-
tiles35-36 that are sewn into tents, clothing, back-
packs, etc. However, durability and reliability of
the EPVs will be key for successful application.

The development of novel, flexible, and lightweight solar cells (EPVs) on the basis of “advanced
materials” has made great progress in recent years. Although there are still some barriers for
widespread commercialisation, these have the potential to open up niches in the traditional
PV market in the future and thus contribute to renewable electricity generation. Because of
their versatility, they are particularly suitable for use in the loT and digitalisation sector. Today,
they are already used in small portable electronic devices and in the building sector. In the fu-
ture, they could become a building block for resilient energy and infrastructure systems. Tech-
nologically mature EPVs could therefore play a role in all areas of life in the future. The bene-
fit of EPVs does not always lie in the electricity generation per se, but in the possibilities opened
up by a targeted local power supply independent of grids.
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