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Introduction
Calcium titanate Perovskite (ABX3) is a class of 
semiconductors discovered in the middle of the 
19th century and named after Russian mineralogist 
Lev Perovski.[1] This ABX3 crystal structure was  
first studied as a PV absorber material in 2009 by 
Tsutomu Miyasaka et al., by mixing lead bromide 
and methylammonium bromide and obtaining 
an instant crystallization through a spin coating 
process. This first PSC generated a 3.8 % Power 
Conversion Efficiency (PCE), and was based on a 
mesoporous TiO2 anode.[2] At that time, the device 
would not last more than a few seconds since the 
electrolyte dissolved the perovskite crystals quasi 
instantly. Later helped by Oxford University, the 
recipe was tuned with the addition of an organic 
hole conductor material into the device that 
conferred  enhanced stability and efficiencies 
at around 10%.[3]  Later came the discovery that 
perovskite is not only a light absorber but also as 
an electron and hole conductor itself changing the 
vision of the research community. [4]

PSC typically consists of a conducting glass (or 
polymer) deposition, an electron extraction layer 
typically TiO2 or SnO2, then comes the essential 
active-perovskite material and on top  a hole 
transporting material and electrodes usually gold, 
terminate the stack (The inverted configuration 

being also an option). [5, 6] One of the core 
quality of the Perovskite is the tuneability of its 
bandgap from 1.15 to 3.06 eV depending on the 
interchange and mix of different “A” cations such 
as rubidium (Rb) cesium (Cs), methylammonium 
(MA) or formamidinium (FA) as well as the 
associated metals “M” or halides “X”: The tuning 
options are endless. Large bandgaps perovskite 
materials are used for non-PV applications such as 
photodetectors, LED, sensing and X-ray detection, 
when photovoltaic requires a typical 1,2 to 1,4 eV. [7]

PSC’s are being developed as both single 
junction, and multiple layers of perovskite (multiple 
junctions) [8]  as well as transparent solar cells and 
the promising tandem configuration such as c-Si/
perovskite and CIGS/perovskite.[9]  At a later stage, 
the potential of concentrated perovskite could be a 
path towards higher efficiencies.

The interest of the research community literally 
skyrocketed in the past 10 years and laboratories 
worldwide were racing for the highest conversion 
efficiency which in early 2019 reached an 
astonishing 24.2% in a single-junction architecture. 
Further, the combination of semi-transparent /
Perovskite layers on top of other PV materials, 
already resulted in a 28% c-Si/Pk, a 25.6% CIGS/Pk 
and a 25% Pk/Pk tandem efficiency, all above record 
cell efficiencies of the bottom PV cell. [10]

Scaling-up to larger areas
Whilst laboratory scale PSC’s are the size of a coin 
and are breaking efficiencies records,  one of the 
challenges remains in up-scaling to larger areas. 
Device architecture as well as the choice of the 
sandwiching contacting materials (hole transport 
layer and electron transport layer - ETL and HTL 
respectively) play a major role for upscaling to 
modules and panels. Highly efficient Perovskite Solar 
Modules (PSMs) or mini-modules in the direct n-i-p 
structure are reported in the literature with a PCE 
of 16% on 10cm2 and 12.6% on 50cm2. Besides the 
intrinsic losses due to size effects, it must be clear 
that the process transfer from single solar cells to 
large area arrays of devices is not trivial and since it 
is about controlling the nucleation and growth of 
perovskite grains/crystals uniformly on a large area. 
Important to mention here that most of the record 
devices were made with solvent quenching which is 
not scalable. Intrinsically low cost, versatile chemical 
methods for industrial scale production which fully 
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avoid solvent residues and collateral effects are yet 
to be developed. In parallel to chemical methods, 
physical approaches are being explored, since they 
would intrinsically guarantee low-contaminant level, 
almost zero waste and high production throughput 
for reproducible and reliable processes. In addition, 
physical processing steps would be more likely 
integrated in established flow-charts for production 
of inorganic solar cells or in view of possible business 
conversion of existing semiconductor industries to 
perovskite solar cell manufacturing.

In this aspect, automatic processes combining 
superior material deposition control and high 
throughput are to be successfully applied for getting 
the expected low cost PSMs. Therefore, significant 
efforts have been spent to boost up large-area 
methodologies such as: ink-jet, screen-printing, 
spray-pyrolysis and doctor-blade coating or roll to 
roll printing in combination with ultrasonic spray 
coating or vapor deposition. It is fair to admit that 
many of these deposition methods have already been 
developed and tested more generally for thin film PV.

It is however acknowledged largely that 
Perovskite-based PV is very promising in terms 
of cost efficiency:  The advantages of perovskites 
PV with respect to silicon PV stands on their easy 
and low cost synthesis, cheap precursors, low-
temperature solution processing and possibly high 
throughput manufacturing and the cells are also 
displaying rather high efficiencies, great low light 
performance, as well as low weight (ideal on foils). 
This theoretical cost advantage is essential for its 
future success but equally important will be the 
long term stability of its performance to guaranty 
the best LCoE.

Current levers for improving stability
As mentioned above, the Perovskite material is 
largely tunable and the choices over its composition 
of the cations mix, its surface morphology and 

crystal growth and orientation have been a major 
focus over the past decade. Different compositions 
of the material influence many factors such 
as ion migration, charge carrier diffusion and 
recombination, defect density, hysteresis behaviors, 
FF (fill factor), Voc (open circuit Voltage. These all 
influence the efficiency and stability and require 
thorough compositional engineering of materials. 

As a main concern, hybrid perovskites degrade 
into their precursor materials when humidity, 
temperature and light act on their perovskite 
structure.  Humidity tends to penetrate into 
the lattice either forming new water-based 
structures or directly reacting with the organic 
cations. Light acts as a catalyst for the interaction 
between environmental oxygen and the 
perovskite, while relatively high temperatures 
(above 50-60 ° C for CH3NH3PbI3) give rise 
to a slow material degradation through the 
evaporation of volatile organic species. In all 
cases, the perovskite transforms into a yellowish 
inorganic material lead iodide, which is photo-
inactive.  Moreover, the softness of the inorganic 
lattice is prone to the migration of ions that can 
move under the influence of an external electric 
field. Finally, the interfaces of the perovskite 
with its neighboring materials can be centers of 
carrier recombination, i.e., areas where electrons 
and holes recombine prior to their capture by the 
electrodes. Strategies like the encapsulation of 
the solar cells and the creation of a protecting 
environment can mitigate most issues related to 
the impact of water or oxygen. The engineering of 
more robust perovskite interfaces involving two-
dimensional perovskites will help to reduce carrier 
recombination, while the mixing of organic 
and inorganic cations (e.g. formamidinium, 
methylammonium, cesium, rubidium, iodine 
and bromide) will greatly improve the intrinsic 
robustness of the perovskite lattice while 

Different colored mini-modules for BIPV applications provided by Dr. Yi Zhang 
from EPFL Sion: 
Perovskite solar cells with compositional engineering of halides: The left mini-module contains pure 
iodide perovskite [MA0.1FA0.9PbI2.7Br0.3], the purple module perovskite composition is [FAPbIBr2], the 
red module composition is [MA0.2FA0.8PbI0.8Br2.2] and the right side yellow mini-module consists 
of [MAPbBr3]. The module composed of seven-strip cells connected in series and was scribed using 
CO2 laser. For fabrication of solar modules, 6.5 cm × 7 cm FTO substrates were patterned by a laser 
with a power of 85 W and a scribing width of 150 μm. Thanks to Dr. Yi Zhang and Dr. Keith Brooks for 
providing the modules.
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maintaining solar cell efficiencies high. Last 
but not least, great efforts have to be put on 
improving solar cell device architectures.[11]

Perovskite integration into the device 
architecture raises some specifics on the coupling 
between materials of differing natures. The device 
architecture has been conveniently moving form 
n-i-p to p-i-n structure, that does not simply imply 
an inversion of the sequence of the electron (n) 
vs. the hole transporting layer (p). The choice 
is mainly pushed by the need of avoiding the 
commercial spiro-OMeTAD as hole transporting 
material (p-type) that not only increases the 
cost of production but primarily can introduce 
deterioration of the interface with the perovskite 
layer under operating conditions.[12] Alternative 
HTL materials are under the spotlight including 
organic, [13] inorganic [14] and carbon-based [15] 
layers. In addition, p-i-n architectures are more 
suitable to be combined in tandem with Silicon-
solar cells currently perovskite and silicon solar 
cells have been demonstrated to work in tandem, 
both in 2-terminals 82T) or 4-terminals (4T) 
stacked configuration [16]. Oxford-PV in the UK 
in collaboration with the Fraunhofer Institute 
in Germany recently (01-2019) claimed an overall 
efficiency as high as 28% over 1cm2 Si-Perovskite 
tandem solar cells, certified by NREL [17]; 
concomitantly in the literature, an efficiency of 
25.2% is reported by Sahli et al., for two terminal 

multiple-cations-anions lead-perovskite and c-Si 
heterojunction solar cells. Monolithic tandem 
Silicon-Perovskite cells are expected to even get up 
to 46% theoretical efficiency using a tailored top 
perovskite solar cell at Eg~1.75 eV [17b];. 

Heterogeneous material’s coupling with 
perovskite in a sandwiched stacking can introduce 
non-radiative recombination pathways or charge 
trapping with impact on Voc (open circuit Voltage) 
and Jsc (short current density)[18] further enhanced 
during operation under temperature, time and 
electric field. Interfaces are indeed relevant [1 ] and 
this opens the field for further development of ETL 
and HTL materials.

Beyond the design of the perovskite layer and 
the HTL, considered as pivotal aspects towards 
industrialization of PSC, other parts of the stack are 
under scrutiny of the scientific community:
• In the search for low cost back contact 

electrodes material alternatives to gold are 
being considered including low cost-metallic 
conductive layers or even promising polymers-
based or even carbon-based materials.

•  Investigating new substrates to replace lab 
standards FTO or ITO which would combine 
transparency, conductivity low processing 
temperature and low costs, without lowering 
the FF values of the entire cells (i.e. carbon 
graphene, polystyrenes sulfonate). Flexibles 
substrates also have a promising future.

IMM CNR 
At the Institute for Microelectronics and Microsystems 
of the National Research Council of Italy (CNR-
IMM), in Catania, the Perovskite’s team, A.Alberti, 
I.Deretzis, E.Smecca, G.Mannino, C.Bongiorno and A.La 
Magna, work for the in depth comprehension of the 
relationship between structure and performances of 
hybrid Perovskite materials. They have been primarily 
focusing on the lattice structure and phase transition 
with their cross-linked experimental and theoretical 
point-of-view [NATURE COMMUNICATIONS 2019 
10:2196, 1-11 ]25, with the intent of rationalizing 
the sources of intrinsic and induced instability of 
perovskites and related interfaces. Accelerated stress 
test are performed in their laboratory under real life 
conditions, including temperature, light, humidity 
and environmental species, to highlight viable paths 
that mitigate defect formation and evolution in 
adverse conditions [Rivista del Nuovo Cimento, 2019, 
42, 301-366]26. The CNR-IMM team recently unveiled 
advantages in using nitrogen inside PSCs to activate 
self-healing and defect mitigation during operation 
with benefits on the device durability [Advanced 
Energy Materials, 2019, 9, 1803450]24 
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Environmental challenges for today 
and tomorrow research: presence of 
lead and its mitigation.
A number of studies have performed life cycle 
assessments (LCA) at laboratory or pre-industrial 
processes and since the expected lifetime are 
still unknown, it is still difficult to get to some 
clear conclusions. However, thanks to the usage 
of abundant synthetic components (avoiding 
mining or heavy purification process), a very low 
material usage and a low processing temperature, 
Perovskite PVs have very strong arguments to 
become one of the most environmental friendly 
technology holding very high performances 
in terms of CO2/kWh g compare with other 
technologies as well as a very good Energy Payback 
Time (EPBT) or Energy Return on Investment 
(ERoI).

In spite of the above arguments, PSC are 
not free of environmental impacts and most 

commonly used PSC contains lead for which 
health and environmental risks are well known. 
While the substitution or reduction of lead is 
an active area of research, as of now no suitable 
alternative has been found. As the lead content 
in consumer products is limited to 0.1% in any 
homogeneous layer, PSMs are in conformity with 
the RoHS directive 5,12 and meanwhile, properly 
encapsulated modules introduce very low risk of 
leakage and the usage of self-healing encapsulants 
and/or other containment concepts will further 
mitigate potential leakage rate.

The entire Perovskite community is dedicated 
to work on the reduction of any environmental 
impacts this new class of material would carry, 
however today already a detailed study has shown 
that the avoided impacts on eco-toxicity through 
the use of PSC were significantly outweighing the 
additional impacts. 

PSC, ideally positioned for BIPV, by Dr. Dávid Forgács Director of Knowledge 
Management at SAULE Technologies:
Modern urban areas offer limited horizontal surfaces where traditional PV modules could be utilised. 
With buildings growing ever higher, the ratio of the facade / window areas compared to the rooftops 
are becoming larger. This trend supports the idea of harnessing the vertical surfaces for solar power 
generation. The available illumination, however, will have a different nature - often being indirect and 
scattered light. Crystalline silicon based PV does not perform well in such conditions. Additionally, 
one of the main reasons for the low cost of the c-Si technology is the high degree of standardisation. 
In BIPV, custom solutions are required, that match the expectations of architects and designers both 
in aesthetics as well as in functionality as building materials. Halide perovskites have excellent light 
harvesting properties, enabling them to perform well even in low-light conditions. This - combined 
with the possibility of depositing such materials in a custom fashion via various printing techniques - 
suggests that perovskites will find a strong use-case in BIPV applications.
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Oxford-PV DE & UK  Leader in perovskite research and biggest IPR holder, OX-PV is focusing in Si-Pk tandem cells with 
an industrial scale perovskite pilot line in DE

Saule Technologies  PL  Advanced ink jet printing technology company focusing on BIPV application i.e flexible, lightweight, 
semi-transparent, single junction solar modules with PCE 10%.

Solaronix CH  Carbon electrode based perovskite cells / modules, 2D/3D perovskites, low temperature cells on DMD 
foils, upscaling and industrialization.

Solaytech Bv NL  The company develops, delivers and services machines for mass production atomic layer deposition 
(ALD) on solar cells worldwide.

Valais Perovskite Solar CH  Molecular Engineering of Sensitizers for Dye-Sensitized Solar Cells and Organic Light-Emitting 
Diodes, PSC design, RD&I of charge transporting materials, Photophysics and Photochemistry of 
Molecular Assemblies

Agfa-Gevaert Group BE  Long established leader in Offset Solutions, digital Print & Chemicals and imaging solutions, the 
company has launched a program on PSC focusing on slot-die deposition and doctor-blade coating. 
The company has a strong expertise in many related areas such as back-plane solar cells, conductive 
flexible substrates, conductive inks, expertise in manufacturing infrastructure for inorganic 
halides structured microcrystalline materials, in dispersion technology, in physical/chemical 
characterization, and specialty coating.

Cicci Research IT  Company established in 2016 based on 8 years of characterization and process automation in the 
field of hybrid and organic devices within the Center for Hybrid and Organic Solar Energy of the 
University of Rome “Tor Vergata”

Smit Thermal Solutions BV NL  Designs and manufactures thermal process solutions for high-volume manufacturing for the solar 
and battery industries. SMIT’s core competences are includes deposition processes using thermal 
evaporation, (PE) CVD and ALD for both rigid and flexible substrates.

Power Roll Ltd. UK  Developing disruptive solar pv and energy storage technologies based on a unique and patented 
architecture.

Wavelabs  DE  Leader in LED-based solar simulators for silicon and perovskite solar cells.

Solibro Research AB SE  Solibro develops, manufactures and sells solar panels and turn-key fabs for manufacturing of solar 
panels. Solibro Research AB (SRAB) –the origin of Solibro family companies- is located in Uppsala 
Sweden and was established in 2003 as a spin-off from Uppsala University. SRAB is committed 
to execute research on development of CIGS and Perovskite-CIGS tandem solar cells from small 
laboratory cells to modules. 

ARMOR ABL  FR   Organic photovoltaic (OPV) large scale R2R manufacturing & commercialization/ lab-scale R&D/ 
Material, formulation & Process optimization/ R2R Coating, laminating and integration processes 
Ageing and lifetime assessment Perovskite PV R&D and scale-up with R2R processes. 

Other examples of Perovskite active companies worldwide: Swift Solar in USA, Tandem PV in USA, Greatcells solar in Australia, Sekisui / Panasonic 
/ Toshiba in Japan, Fujifilm in Japan, Microquanta Semiconductor in CN, Wonder Solar in CN, GCL Nano in CN, Ruitai Material in CN, Xiamen 
Weihua Solar Co., Ltd. in CN, Front Materials in TW, Frontier Energy Solution KR, Energy Material Corp USA, Heliatek in DE, Hunt Energy 
Enterprises, Dyenamo, Peccell Technologies Inc In JP, Tosoh Corporation in JP. Lightyear in NL.

Perovskite business developments : a map of what’s going on around PCS worldwide 
EPKI members:

Introducing EPKI mission and future 
challenges for this initiative
European Universities, Research Institutes and 
industry players involved in the development of 
perovskite technologies have agreed to the creation 
of a collaborative platform: the EPKI for European 
Perovskite Initiative. This group animated by 
consultant Louis HUBER and Ronn ANDRIESSEN 
Director at Solliance, is dedicated to gathering all 
significant parties working in this field with the 
objectives of raising the awareness on perovskite-
based PV at European and on national levels, to 
facilitate joint-research programs and synergies 
among universities, institutes and companies. 

We consider Perovskite to be a great chance 
for European industry to relaunch production 
investments and to re-conquer market shares in the 
worldwide booming PV industry. Betting on new 
generation PV technology will allow a new type 
of PV products combining low cost, high level of 
customization and aesthetics. 

The first edition of EPKI whitepaper has been 
released in September 2019 conveying a common 
vision of its members, as of today 61 from 18 
countries. It is available for download on www.
epki.eu

.
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