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1. Introduction

The goal of an energy transition to fight climate change and its
dramatic consequences on the environment are among the big-
gest challenges of the 21st century. With the European Green
Deal, the EU aims at creating new strategies for a green and

sustainable growth to reach a climate neu-
trality by 2050 (�55% CO2 emissions com-
pared with 1990, expected by 2030). To this
end, the employment of fossil fuels, i.e., in
the form of coal, oil, and gas, needs to be
drastically reduced until replacement with
new alternative and sustainable energy
resources. Renewable energy sources are
the most promising candidates because
of their virtually endless availability, which
could largely meet the global energy
demand, with theoretically no impact on
climate, environment, and human health.[1]

Moreover, they might have an economic
advantage, because they can be produced
at a competitive price, usually lower than
fossil fuel-based generation, and have the
potential to create millions of new jobs in
the energy sector.

As a possible solution, solar energy is a valid and promising
alternative among renewables. Sun is a star, and its light is abun-
dant (�90 PW received on the earth’s surface, almost four orders
of magnitude higher than our annual energy consumption,
�17 TW), inexhaustible (the sun will last for more than four bil-
lion years), and fairly well distributed over the planet. Solar
energy, however, is not useful unless it is converted into final
usable energy forms, such as heat and electricity. While conver-
sion of solar energy into heat is relatively simple, the efficient
conversion into electricity constitutes an important scientific
and technological challenge. The rational development of photo-
voltaic (PV) technologies led to great improvements; however,
new challenges are expected to arise if PV is to be massively
deployed in our society. This depends on our capacity of con-
structing efficient, stable, scalable, cheap, versatile, adaptable,
easily processable, and ecologically friendly PV devices based
on abundant, accessible, and nontoxic elements/materials.
Over the years, many different materials were used and devel-
oped for PV applications with the result of a wide range of tech-
nologies present nowadays. They can be classified in three
generations depending on the maturity of the technology and
different nature of the active materials used.[2]

The first generation comprises commercially available
systems and is typically associated with silicon. Silicon is one
of the most abundant materials in the earth’s crust and is suitable
for PV applications because of its semiconducting properties and
low bandgap of 1.1 eV. The derived technology (over 60 years old)
uses wafers of silicon in crystalline (c-Si), single-crystalline
(sc-Si), or multicrystalline (mc-Si) states with the first two
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The development of efficient, reliable, and clean energy sources is one of the
global priorities for enabling a sustainable transition toward a green society and
economy. The third-generation solar cells, such as organic solar cells (OSCs) and
perovskite solar cells (PSCs), are among the most promising platforms for the
generation of electrical power from sunlight for a wide range of applications.
However, the widespread diffusion of emerging photovoltaics technologies is
hampered by issues occurring in the translation of laboratory-scale R&D efforts to
real settings. Herein, starting from a thorough survey of latest research on OSC
and PSC technologies, critical factors related to fabrication and operation of solar
cells, especially in terms of materials properties/requirements and beyond
metrics built on efficiency only, are analyzed. On this basis, OSCs and PSCs are
compared in terms of their potential in real application scenarios, also
highlighting their peculiarities in view of their future large-scale utilization.
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typically consisting of rigid structures, whereas the latter is often
mechanically flexible. The use of abundant and nontoxic elements,
even though some components (e.g., connections and back sheets)
still contain potentially dangerous elements/materials,[3] in
conjunction with the remarkable energy conversion efficiency
and lifetime of the resulting devices, explains why silicon-based
PV technologies are dominating the market. The number of loca-
tions where PV electricity is competitive with conventional tech-
nologies (e.g., coal or nuclear) is constantly increasing, and its
portion of electricity production in some industrialized
countries has become remarkable.[1]

The second generation of PV accounts for technologies in
early market deployment. It consists of thin-film devices based
on inorganic semiconductors, such as amorphous (a-Si) and
micromorph (μc-Si) silicon, cadmium telluride (CdTe),
copper–indium–selenide (CIS), and copper–indium–gallium–
diselenide (CIGS). Compared with the first generation, the
use of thin films has several advantages, such as: 1) use of less
material(s); 2) wider range of deposition methods for large-scale
production; 3) relatively lower costs (related to materials and
processing); and 4) specific characteristics (lightness, flexibility,
semitransparency, etc.) enabling new application/integration
possibilities. However, this generation suffers from issues
of durability (a-Si), materials availability (In and Ga),[4] and
toxicity (Cd).[5]

The third generation of solar cells includes emerging PV
technologies at the pre-commercial stage, which still require
further improvements/developments on specific aspects for real
applications.

The last decades have witnessed a tremendous increase of the
research efforts toward the development of the solar cells based
on organic and hybrid (organic–inorganic) materials.[6] The tech-
nologies applied to these novel kinds of PV systems rely largely
on solution-processed methods, which are particularly useful
for processing organic and macromolecular systems and
nanoparticles.[7] Alternatively, organic/hybrid (insoluble) small
molecules and/or oligomers can be processed by thermal
evaporation under vacuum conditions.[8,9] At Heliatek GmbH,
roll-to-roll (R2R) evaporated multilayer stacks of 10–20 nm films
of organic molecules exhibited great performances, steadily gain-
ing traction in architectural markets.[10]

Clearly, the possibility of using a solution-based method to
fabricate solar cell modules results in a number of advantages
over traditional, solid-state manufacturing techniques, in terms,
for example, of large-scale production or energy-related issues, as
discussed in detail later.[11]

Recent works demonstrated that most efficient systems for the
development of novel PVs are based on either the organic solar
cell (OSC) or perovskite solar cell (PSC) technologies. The pecu-
liarities of these technologies suggest a huge potential in a wide
range of fields, from large-scale energy production to special
and/or unconventional applications.[12]

The active component of OSCs is usually a blend of purely
organic materials, such as small molecules or polymers. In con-
trast, PSCs involve the use of a hybrid system, commonly a
hybrid organic–inorganic lead or tin halide perovskite as the
light-harvesting active layer.[13]

In this review, we focus the attention on these two emerging
PV technologies, which offer a significant potential for new

applications and markets where their advantages and specific
properties are fully valued. We report an overview on both tech-
nologies starting from their fundamentals, materials, and cur-
rent state of the art and provide a discussion and comparison
on the status and key aspects for real setting applications. The
overall power conversion efficiency (PCE) of solar cells, defined
as the portion of energy of the incoming sunlight that is con-
verted into electrical power, is typically considered as the crucial
performance figure of PV technologies. However, the real uptake
of novel solar cell technologies is grounded by a complex inter-
play of a manifold of factors that should finally fulfill the main
requirements to make OSCs and PSCs transferable from the lab-
oratory research to the industrial context.

The comparative review that we propose aims to provide an
overall picture on these emerging technologies to identify com-
mon aspects, distinguishing features, different key hurdles to be
overcome, and potentially complementary applications. In light
of this, OSCs and PSCs cannot be considered competitors but
alternative complementary solutions for distinct conventional
and unconventional application fields, thus strongly contributing
to the supply of clean energy for a more sustainable future.

2. Organic and Perovskite-Based Solar Cells

2.1. Organic Solar Cells

2.1.1. Fundamentals

OSCs, because of their remarkable merits and unique properties,
still represent one of the most investigated emerging PV technol-
ogies that could offer new and complementary opportunities and
application areas compared with conventional PV technologies.
Unlike other PV technologies, OSCs are based on photoactive
π-conjugated organic molecules (or polymers) in which the pres-
ence of alternating C─C and C═C bonds creates a π-electron
delocalization along the molecular backbone responsible for
the resulting semiconducting properties.[14] The chemical nature
and the structural tunability of these materials, in combination
with a relatively simple device architecture, offer to this technol-
ogy a series of specific advantages and opportunities, summa-
rized in the following, that motivate the huge interest and
continuous research efforts.[15]

Scalability at Low Cost: Solution-processable, environmentally
stable, and relatively cheap organic semiconductors open the way
to fast-printing techniques for the massive production of low-cost
solar modules. Highly automated and R2R processing methods
carried out under ambient conditions confer the further advan-
tage of an economically sustainable production of OSCs with low
material consumption.

Form Factor: Devices can be produced into many forms on
flexible and lightweight supports. Solar panels can be rolled
up, adapted on curved surfaces and/or on existing systems
(e.g., building, objects, portable chargers, etc.) adding new
functionalities.

Aesthetics and Transparency: The aspect of OSCs can be
designed as a function to their final application or needs.
As the main properties of organic materials can be tuned on
purpose (via organic chemistry), the resulting OSCs can also
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satisfy aesthetic requirements as color tunability, shape, and
semitransparency or total transparency to meet specific applica-
tions (greenhouse, curtains, windows, decorations, etc.).

Harvesting Factor: OSCs provide an effective PV response at
relatively low light illumination conditions. They offer, because
of the high absorption coefficient of organic semiconductors,
the capability to efficiently respond at the low light intensities
(e.g., diffused or indirect light) and, almost indifferently, to
different sunlight angles of incidence. This is a remarkable
benefit not only because OSCs can provide a more constant
power generation over the entire daily cycle (outdoor applica-
tions) but also because it allows unconventional indoor applica-
tions (windows blinds, windows, objects, portable chargers, etc.).
Furthermore, the characteristic narrowed absorption of organic
compounds (and its tailoring at specific wavelengths) can be
exploited for additional applications such as the recycling of
the light generated by light emitting diode (LED) lamps.[16]

Environmental Profile: Organic compounds can be easily
processed by solution, contain abundant, and nontoxic elements,
and allow easy recycling of precious embedded materials, if
necessary.[17] OSCs have demonstrated an excellent sustainability
profile in terms of energy pay-back time (EPBT) and carbon
footprint.[18] In particular, the use of mild conditions (both dur-
ing material synthesis and device fabrication) and the further
development of environmentally friendly processes represent a
step forward in terms of sustainability and environmental impact
of this technology.

Despite these remarkable advantages, OSCs still suffer signif-
icant limitations in terms of PCE on large scale (modules) and
device stability, in particular, under harsh operating conditions,
mainly related to thermal- and light-induced degradation.[19]

Nevertheless, the goal of the organic photovoltaic technology
is not to reach or exceed the level of performance of more con-
solidated technologies, but it is to enable the fabrication of new
devices that can provide smart solutions especially in application
areas traditionally difficult for conventional PV systems. This rep-
resents a clear example on how different solar technologies can
be complementary in terms of applications, thus exploiting the
capability to convert light into energy in different but synergic
ways.

The story of OSCs starts almost three decades ago and was
characterized by important breakthroughs and “evolutive steps”
that boosted this technology toward the current state of the art.[15]

The first PV devices were based on a single organic layer sand-
wiched between two electrodes having different work functions
(WFs). The cells exhibited very low photovoltages with a PCE
<0.1%.[20] This was mainly due to the fact that organic materials,
upon photoexcitation, generate tightly bound electron–hole pairs
(Frenkel excitons) with a limited lifetime and a short diffusion
length (<10 nm). Due to the low dielectric constant of organics
(typically 2–4), these excitons require a much higher energy than
the thermal energy (kT) to dissociate. For this reason, only exci-
tons generated close to the electrode were able to dissociate,
whereas all others generated in the bulk were lost through
quenching processes.

To partially solve the problems of single-layer solar cells,
Tang[21] introduced, in 1979, the bilayer structure creating a pla-
nar heterojunction (PHJ) between two materials with different
electron affinity (electron acceptor, A) and ionization potential

(electron donor, D). The frontier orbital energy offset at the
D/A interface, larger than the exciton binding energy, was the
key driving force for exciton dissociation: the electron was hosted
by the acceptor (higher electron affinity), whereas the hole was
hosted by the donor (lower ionization potential). The internal
electric field (generated by the different WF of the electrodes)
drives the free charges through the relative phases (reducing
bimolecular recombination) toward the respective electrodes.
However, the efficiency of bilayer devices was still limited by
a low charges generation rate, mainly due to: 1) the limited exci-
ton diffusion length in the D and A phases (<10 nm) and 2) the
relatively low D/A heterojunction interfacial area available for
excitons dissociation into separated charges, leading to recombi-
nation of the majority of excitons generated far from the D/A
interface. Even though thinner layers would compensate the
short diffusion length of excitons, the resulting losses in terms
of optical absorption and, hence, exciton generation would not
solve the problem.

A revolutionary breakthrough in organic PVs came in the
mid-1990s with the introduction of the 3D heterojunction or bulk
heterojunction (BHJ).[22,23] This concept was introduced to
address the limited exciton diffusion length of organic semicon-
ductors, which was the main limiting factor of single-layer and
PHJ solar cells. In a BHJ system, donor and acceptor materials
are mixed together to form a bicontinuous interpenetrating
network with large D:A interfacial areas and a phase segregation
on the order of few tens of nanometers, allowing an efficient exci-
ton diffusion and dissociation, thus yielding a significant
improvement in terms of PCE. Being the scale of the blend com-
parable to the exciton diffusion length, the exciton quenching is
drastically limited, because in the proximity of each photogener-
ated exciton, there is an interface with the acceptor able to favor
exciton dissociation, even for relatively thicker active layers
(>100 nm). Hence, charge generation takes place in a 3D D:A
interface homogeneously distributed within the active layer.
Provided that bicontinuous pathways (n-type and p-type) exist
in each material from the interface to the respective electrodes,
the photon-to-electron conversion efficiency is dramatically
increased. Since then, the BHJ structure became the standard
approach for OSCs.

In parallel, the efficient photoinduced electron transfer from a
conjugated polymer to fullerene (C60) discovered by Morita
et al.[24] and Sariciftci et al.[25] started the era of fullerene deriv-
atives as new acceptor materials, in combination first with poly(2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV)
and poly(3-hexylthiophene-2,5-diyl (P3HT), and then with a huge
variety of donors. Indeed, the great electron delocalization prop-
erties of fullerenes, which results in a suitable electron affinity,
the great electron mobility, and the possibility to obtain fullerene
derivatives soluble in organic solvents ([6,6]-phenyl C61 (or C71)
butyric acid methyl ester [PCBM]), make PCBM as one of the
most suitable and used n-type materials for BHJ devices.
Polymer-fullerene systems dominated the field of high-efficiency
OSCs for the last decades even though the recent introduction of
nonfullerene derivatives, as discussed later, represents a new
promising frontier offering more stable and efficient devices,
highlighting the possibility of further remarkable progress.

A typical devices structure of a BHJ solar cell is reported in
Figure 1A. It consists in a multilayer stack based on: a glass
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substrate (rigid or flexible) covered with a transparent conductive
oxide (TCO; e.g., indium-tin-oxide [ITO]) acting as electrode, a
carrier selective layer (interlayer [IL]), a D:A (BHJ) blend, a
second carrier selective layer (IL), and a top electrode (usually
a metal, thermally sublimated).

This device can adopt a standard or inverted configuration,
depending on the “direction” of photogenerated electrons
and holes. The difference arises from the choice of proper
IL/electrodes and subsequent polarization. In a standard
(inverted) configuration, the bottom electrode, ITO, acts as
anode (cathode), whereas the top contact acts as cathode (anode).
Each electrode is properly combined with selective IL (hole-
transporting layer (HTL) and electron-transporting layer (ETL)
for anode and cathode, respectively) to optimize the charge
extraction/collection, as discussed in the next section.
Compared with standard structures, inverted cells not only offer
identical performances but also exhibit enhanced stability/life-
time due to the use of high WF metals (Ag, Au, Cu, etc.), more
stable against oxidation, as top anode.[26]

A single-junction architecture, despite the great progresses
and results, is intrinsically limited in performances by two main
energy loss pathways: 1) transmission losses, when photons with
energy lower than the bandgap pass through the blend without
absorption, and 2) thermalization losses, when photons with
higher energy than the bandgap are absorbed generating a highly
excited state, which relaxes into a lower excited state by releasing
the surplus energy as heat. These losses can be alleviated with two
(or more) absorber materials or layers. Two promising
approaches are the use of more complex ternary or tandem struc-
tures (both standard or inverted), where two different donormate-
rials with complementary absorption spectra (in combination
with an acceptor) are mixed together in a single-layer device (ter-
nary: D1:D2:A)[27] or used as two individual active blends (D1:A
and D2:A) of subcells connected in an multijunction configura-
tion (tandem, see Figure 1C).[28] In particular, a wide bandgap
blend is typically used in the bottom cell (to reduce thermalization
losses), whereas a low bandgap layer is used in the top cell
(to reduce transmission losses). The two subcells are electrically
connected by an interconnecting layer (ICL), which is one of the
critical issues of solution-processable tandem cells, because it
should simultaneously fulfill several specific requirements (ease
of processability, robustness, stability, transparency, energy

alignment, high conductivity, etc.).[29] Regardless of the device
architecture, the fundamental physical processes within a BHJ
blend/device, allowing the conversion of photons to electric
charges, are schematically represented in Figure 1B. Interested
readers can find detailed information on dedicated review
articles.[30,31]

The conversion mechanism is based on five consecutive steps,
briefly described hereafter.

1) Light irradiation and photon absorption: The first process
occurring in a solar cell is the incidence of the sun light on
the device, allowing photons to reach the BHJ blend.
However, before reaching the active compounds, the sunlight
passes through other materials/layers, which must ensure an
optimal transparency (avoiding reflection and/or scattering
effects). Upon reaching the active layer, an efficient photon
absorption process can occur, depending on: 1) the overlap
between the BHJ absorption spectrum (in particular, that of
the donor being the material with lower bandgap) and the
spectral solar emission and 2) the absorption intensity at each
wavelength, ruled by the Lambert–Beer law, where the
absorbance linearly depends on the optical density of the film
(correlated with the molar extinction coefficient, the mass density
of the layer, and the orientation of absorbing molecules) and on
its thickness. Note that, a good balance between film thickness
and its charge transport capability should be considered to opti-
mize the device performance.

2) Exciton generation: The generation of an electron–hole pair,
by photoexcitation of an organic material, results in an excited
but neutral state with a limited and finite lifetime; this state is
termed exciton (Frenkel exciton) and consists of a strongly bound
and localized electron–hole pair (binding energy around
0.3–1 eV), as a consequence of the weak intermolecular interac-
tions and low dielectric constant typical of organic molecules.[30]

The system can deactivate again to the ground state S0, radiatively
(fluorescence) or thermally (internal conversion), or via triplet
states (T ) (intersystem crossing and vibrational conversion).

3) Exciton diffusion: This is typically an energy transfer pro-
cesses, which can occur through two different ways: Förster (long
range) or Dexter (between adjacent molecules) transfers can take
place between an excited molecule (considered as excitation
donor) and a molecule that receives the excitation.[30]

This quasiparticle diffuses inside each material phase as long

Figure 1. A) Device structure of a single-junction OSC, B) schematic representation of the working mechanism within a BHJ device, and C) device
structure of a tandem solar cell.
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as recombination or splitting processes do not take place.
The recombination or splitting pathways strictly depend on
the balance between the nanoscale dimension of the D:A phase
separation and the exciton diffusion length.

4) Exciton dissociation: If the exciton diffusion length is suffi-
cient to meet an internal field (D:A interface), hole and electron
separation can occur. Indeed, if the energy difference between
the ionization potential of the donor (D) and the electron affinity
of the acceptor (A) is larger than the exciton binding energy,
exciton dissociation is energetically favorable. However, the dis-
sociation step passes through an additional intermediate state
called charge transfer (CT) state where the two “charges” are
localized in two different phases but are still “bound” by their
mutual Coulomb attraction. An additional force, typically
imposed by the different WFs of the electrodes, is needed to split
the charges. Note that, tightly bound CT states may also represent
a possible loss channel because of geminate recombination
(transition from the CT state to the ground state).

5) Charge transport: Once the charges are generated, holes can
diffuse in the p-type material, whereas electrons can move in the
n-type phase. In disordered organic semiconductor thin films,
charge transport occurs via hopping of charge carriers between
transport sites within the density of states. The internal built-in
electric field within the device drives the generated-free charge
toward their respective electrodes. The selection of D:A materials
and, in particular, the nanoscale morphology of the BHJ blend
play a crucial role for the charge transport. Indeed, molecular
packing (intermolecular distances), D:A domain dimensions,
length, and continuity of the domain paths are determining
factors not only to optimize the charge mobility but also to avoid
charge recombination, one of the main loss channels for state-of-
the-art solar cells.[32]

The last step of the PV process consists in the charge collection
at the electrodes (in contact with an external circuit). The main
requirements are: 1) the choice of materials with suitable conduc-
tivity as electrodes (e.g., metal and conductive polymers) and
2) the need for “ohmic” contacts at the active layer/electrode
interfaces. Often, the use of ILs with suitable energy levels is
adopted to improve the ohmic contacts, thus avoiding charges
accumulation and, furthermore, improving the charge selectivity
through the suppression of bimolecular recombination at low
electric fields (see the next section).

2.1.2. State of the Art

To date, the continuous development and fine optimization of
innovative active and functional materials, device structure, proc-
essing conditions, and the understanding of film morphology
and device physics led to the state-of-the-art polymer solar cells
with PCEs (on laboratory scale) up to 18%,[33] significantly reduc-
ing the gap with other emerging PV technologies. As mentioned
earlier, despite the promising results and the increasing trend in
terms of PCE after the introduction of new emerging materials,
this technology still requires further efforts for real applications,
mainly focused on device upscaling and lifetime/stability. This
might allow to fully exploit the huge potential of OSCs to spread
into a wide range of end-use areas with a significant market pen-
etration, not only limited to niche applications and/or smart inte-
grations where other technologies cannot be used.

It is generally accepted that a mature PV technology reaches
60–80% of the laboratory record PCE.[34] This difference is com-
monly defined as scaling gap and includes, in particular, for
OSCs, additional aspects such as the simplification of the
donor/acceptor chemical structures (with a reduced number
of synthetic steps, high yields, amount, and toxicity of solvents)
and compatibility of the module fabrication procedure with
industrial standards. To this end, it is of crucial importance to
investigate the challenges associated with the process issues
for large-area OSCmanufacturing and their impact on the result-
ing module performance.

Several recent studies and results, highlighting the perfor-
mance evolution of organic “mini-modules” (>1 cm2), are briefly
reported. Two representative examples of organic solar modules
are reported in Figure 2.

In 2016, Hong et al.[35] reported a certified PCE of
7.5% for an organic mini-module (4.15 cm2) based on poly
[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b 0]dithiophene-
2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-car-
boxylate-2-6-diyl)] (PC71BM and PTB7-Th). In 2018, Zhang
et al.[36] demonstrated a remarkable PCE of 8.6% (uncertified),
with a fill factor (FF) of 65%, for a nonfullerene acceptor
(NFA)-containing module (3.48 cm2) based on five cells con-
nected in series. In 2015, Mori et al.[37] showed an organic pho-
tovoltaic (OPV) module with PCE¼ 9.7% (26 cm2), claiming
scalability to even larger modules.

Figure 2. Images of OSC modules fabricated either by blade coating on rigid glass A) 30 cm� 20 cm, or by printing on mechanically flexible plastic sub-
strates B) 20 cm� 20 cm. A) Adapted with permission.[39] Copyright 2020, Elsevier. B) Adapted with permission.[295] SUNFLOWER, EU project n. 287594.
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Recently, Facchetti and co-workers[38] reported a (relatively)
large-area module (a total dimension of �81 cm2 and an active
area of �30 cm2) with a record PCE of 10.4% (10.1% certified)
using a nonfullerene-based blend processed from unchlorinated
solvents. Moreover, compared with analogous laboratory-scale
devices (a PCE of �13%) the presented module exhibited only
a�20% cell-to-module loss (scaling gap), representing an impor-
tant step forward in the development of large-scale OPV mod-
ules. In 2020, Tsai et al. reported a blade-coated organic-based
module series-connected (30 cm� 20 cm) with an active area
of 216 cm2 and a PCE of 9.5% with a VOC of 13.5 V (reported
in Figure 2A).[39]

Concerning device stability, another key point for a large com-
mercialization, a huge number of studies investigate the possible
degradation mechanisms occurring in OSCs. However, the vol-
ume of research undertaken to better understand this process is
still smaller than that oriented to the further enhancement of
device PCE. Typical degradation pathways include, for instance,
photochemical reactions of organic components (e.g., within the
BHJ blend), the oxidation/delamination of electrodes, intrinsic/
interfacial instability of ILs, and possible failure of device encap-
sulation. This represents only a small part of the complex and
interlinked phenomena responsible for device degradation.
A detailed discussion on this topic can be found in several com-
prehensive reviews.[19,40] Interestingly, Brabec and co-workers
proved an NFA-based OSC with predicted lifetime approaching
ten years.[41] More recently, Forrest and co-workers demonstrated
an extremely stable evaporated single-junction OSC with a pre-
dicted lifetime of up to 9.3 years.[42] These results, even if carried
out in indoor conditions, show that the OSCs based on nonful-
lerene materials are very promising in terms of stability.

Despite the great advantages and remarkable merits of
OSCs, they still cannot reach the level, in terms of costs/benefits,
of the more consolidated silicon technology, which, having a
similar cost of acquisition, offers greater performance both in
terms of efficiency and lifetime. Nevertheless, it is clear within
the research community that the application potential of
OSCs could be fully deployed upon further investigation and
optimization of the current drawbacks and limitations. This
indeed might explain why several companies are commercializ-
ing organic PV products/solar panels (e.g., infinityPV, ARMOR/
OPVIUS, Eight19, Solarmer Energy, Sunew, Heliatek, etc.),
and numerous researchers still dedicate lot of efforts to
fundamental studies regarding degradation mechanisms,
performance optimization, and scale-up processes, continuously
enhancing the state of the art and generating a precious
know-how to enable the deployment of the full application poten-
tial of OSCs.

2.2. Perovskite Solar Cells

2.2.1. Fundamentals

Hybrid metal halide PSCs experienced an extremely rapid devel-
opment that, in a few years, brought these devices to compete in
conversion efficiency with single-crystal Si solar cells. The high
efficiency (up to 25.5%)[43] together with the low temperature and
relatively low cost processes required for the fabrication of PSCs
attracted the interest of many research groups worldwide.

ABX3 represents the general formula of perovskites: in hybrid
perovskites, investigated in solar cells, A is the cation (methylam-
monium CH3NH3, formamidinium (FA) HC(NH2)2, or cesium),
B is a divalent metal (Pb, is the one that, to date, gives higher
performances), and X is a halide ion (I, Cl, and Br).

The physical properties of hybrid perovskites make this class
of materials striking for many optoelectronic devices, not only for
solar cells, but also for high-performance LEDs.[44]

The main distinguishing characteristics of hybrid perovskites
are: 1) low electron and hole effective masses[45]; 2) high carrier
mobility of both electron and holes (13–15 cm2 V�1 s�1);[46]

3) long carrier lifetime (on the order of tenths of μs);[47] 4) high
charge carrier diffusion length (>μm)[46]; 5) ambipolar behavior
with good charge carrier separation; 6) tunable direct bandgap
(1.47–2 eV);[48] 7) large absorption coefficient (1.5� 105 cm�1);[48]

8) high dielectric constant (60 at low frequency);[49,50] and 9) low
exciton binding energy (few meV).[45]

While the large absorption coefficient of perovskites ensures
the possibility to work with thin active films, low exciton binding
energy, high dielectric constant, high mobility, long lifetime,
diffusion length of charge carriers, and ambipolar behavior of
perovskites are the essential ingredients for an efficient genera-
tion, transport, and collection of photogenerated carriers at the
electrodes of the solar cells. The tunability of the direct bandgap
allows both to obtain relatively large VOC and to select the best
optical absorption range for application in tandem cells configu-
ration. The possibility to build hybrid perovskites by changing or
mixing different elements is one of the key aspects that make this
class of materials particularly relevant both for improving the
light-to-electricity conversion efficiency and for increasing the
lifetime of PV devices by tuning their physical and chemical
properties.

The ambipolar behavior of hybrid perovskites represents the
principal distinguishing characteristic of this system, and the
dynamics of charge carriers in PSCs is one of the key factors that
determine their high performances. To date, a unified interpre-
tation of the possible dominating mechanisms ruling the charge
carrier dynamics in PSCs is still missing, and we, therefore,
recall here some of the proposed models.

The large spin–orbit coupling associated with the presence of
heavy metals (e.g., Pb) brings the electronic levels to Rashba–
Dresselhaus splitting of band edges and, as a consequence, to
a reduced charge recombination.[51,52]

Frost suggested that the long lifetime of photogenerated car-
riers could be associated with the presence of ferroelectric phase
at operating temperatures related to efficient charge separation
due to strong lattice polarization such as in ferroelectric phase.[53]

To date, evidences of ferroelectric phases in hybrid metal halides
perovskites have been observed only well below the room
temperature.[54] Two types of mechanisms related to electron–
phonon coupling have been proposed to determine the charge
dynamics in hybrid perovskites: a Fröhlich type polar interaction
where electrons are coupled to the electric field generated by the
polarization of the lattice[55] and the interaction of photogener-
ated carriers predominantly with acoustic phonons (deformation
potential).[56] Several mechanisms associated with the presence
of polarons in hybrid perovskites have been proposed to explain
the charge transport properties in these materials.[53,57–63]

In highly polarizable materials, it is common to consider the
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presence of quasiparticles such as polarons formed by the charge
carriers and the local deformation of the lattice around the carrier
itself. In the case of large polarons in hybrid perovskites, the
repulsion between opposite charges is calculated to be stronger
than the Coulomb attraction, leading to the reduction of the
recombination process.[64] Also, ab initio calculation has shown
the confinement of electrons and holes in spatially separated
domains, accounting for the low recombination of photogener-
ated carriers.[65] Hybrid perovskite films are grown by wet
deposition processes (spin coating, slot-die coating, and screen
printing) or thermal evaporation. Spin coating, either in a single
step or two steps, followed by a relatively low temperature anneal-
ing (�100 �C) is the more diffuse deposition technique for
hybrid perovskite films, for its ease of use and low cost. In sin-
gle-step processes, all precursors are dissolved together in a sin-
gle solution,[66] to drip onto the substrate and spinned (quality of
the deposited films can be improved by anti-solvent meth-
ods).[67,68] In the two-step sequential deposition method, the
metal halide (e.g., PbI2) film is first deposited by spin coating,
and then, a second solution containing the organic cation such
as CH3NH3I (MAI)[69] is deposited to favor an interdiffusion
growth process.[70]

Hybrid perovskite films have also been deposited using a
dual-source thermal evaporation,[71] leading to films with better
control in thickness and with less pinholes than those deposited
by solution techniques. However, the relatively higher complex-
ity of the method limits its use. Sequential layer-by-layer vapor
deposition or combined wet/vapor deposition is an additional
option for hybrid perovskite film deposition (for more details,
see the previous study[72]).

Hybrid perovskites have been initially introduced as a dye in
the quantum dot-sensitized solar cells.[73] The further step was to
infiltrate the mesoporous TiO2 layer filling the empty spaces (not

only decorating the surface of the transparent semiconductor)
with the CH3NH3PbI3 (MAPbI) hybrid perovskite[66] exploiting
the capability of this material not only to photogenerate charge
carriers, but also to efficiently transport both positive and nega-
tive charges. This was the beginning of a rapid conversion effi-
ciency improvement that, in a few years, brought this class of
materials to be the most intriguing and attractive one in the
PV technologies scenario. The architecture of this kind of cells
(Figure 3) is the following: a compact layer of TiO2 on top of the
photoanode (fluorine doped tin oxide [FTO]), together with the
mesoporous TiO2 layer, acts as a hole blocking layer and collects
the electrons; the hybrid perovskite is deposited to fill the pores of
the mesoporous structure and is covered with an electron block-
ing layer (usually doped spiro-2,2 0,7,7 0-tetrakis[N,N-di(4-methox-
yphenyl)amino]-9,9 0-spirobifluorene [OMeTAD]) letting holes to
reach the electrode (evaporated or painted as final element of the
cell). The presence of a mesoporous component requires anneal-
ing temperatures on the order of 450 �C, restricting drastically
the number of suitable substrates. The introduction of planar
configurations[74] opened the possibility to use different photoan-
odes (light, flexible, etc.) as well as to use inverse (n-i-p) configu-
ration with respect to the standard p-i-n one (Figure 3).

2.2.2. State of the Art

The possibility to tune the composition of the perovskite together
with the selection of proper interface materials as well as the
introduction of physicochemical treatments for reducing point
and extended structural defects brought both the efficiency
and the stability of PSCs to a continuous increase.

The highest certified conversion efficiency of a perovskite-
based solar cell, reported by the National Renewable Energy
Laboratory (NREL, which keeps track of the advances of certified

Figure 3. Schematics of various perovskite-based solar cell architectures. a) mesoscopic n-i-p with semiconductor metal oxide; b) mesoscopic n-i-p with
insulating metal oxide scaffold; c) planar n-i-p; d) planar p-i-n (inverted); e) ETL-free; f ) HTM-free; g) HTM-free carbon electrode. Adapted with permis-
sion.[291] Copyright 2019, American Chemical Society.
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results in PVs), is 25.5% obtained by the Korean research center
Ulsan National Institute of Science and Technology.[43]

The Helmholtz–Zentrum of Berlin (HZB) brought the conver-
sion efficiency record of perovskite-silicon tandem solar cells to
29.15%.[75] In view of the compatibility of the deposition process-
ing of perovskite devices with conventional 156mm� 156mm
silicon bottom solar cells, coupled to the high conversion
efficiency and the stability, PSC-Si tandem cells are considered
to be the perovskite-based PV cells, which are closest to
commercialization.[76,77]

As far as modules are concerned, it is noteworthy to highlight
the result of Panasonic that reached 16.09% conversion effi-
ciency in a 30 cm� 30 cm single-junction module using a hybrid
perovskite active layer deposited by inkjet coating technology
(Figure 4).[78]

High efficiency and relatively long-term stability in PSCs have
been obtained following different strategies: improving the
deposition conditions;[79] introducing an organic ionic solid addi-
tive into the perovskite active layer;[76] and efficiently encapsulat-
ing devices. At the moment, a one-year outdoor test on graphene
encapsulated PSC panels is carried out in Crete within the EU’s
Graphene Flagship program. A marketable solar cell will need a
lifetime larger than 20 years, which, in a laboratory scale, corre-
sponds to a PCE decrease smaller than 10% after 1000 h of accel-
erating aging test. Even more aggressive accelerating aging tests
—corresponding to 50 years of testing—working at 85 �C under
5 sun illumination have been proposed for better evaluation of
the stability/degradation conditions of the devices.[80]

However, stability reported in scientific literature is evaluated
in the timescale of hours (300–10 000 h) that means—according
to equivalent aging time of the experimental condition used—
from few days up to few years.

Indeed, the most limiting factor of PSCs is the instability of
the system. Relative humidity, heat, and UV light exposure
induce the activation of degradation processes of the perovskite-
based solar cells mostly acting on the perovskite itself.[80]

To overcome this problem, many strategies are used: substi-
tution (or partial substitution) of methylammonium (MA) with
the larger organic cation FA,[81,82] and/or inorganic, such as

Cs;[83] introducing 2D/3D perovskite junctions and removing
the HTL[84] use of stable undoped hole conducting materials
for preventing dopant migration toward the interface;[85] and pas-
sivation of the surface, grain boundaries, and point defects.[86]

Another limiting factor for perovskite-based solar cell
commercialization is related to the instability of the solution
precursors that makes the morphology of the perovskite film
and, consequently, the devices performances, strongly depen-
dent on solution aging.[87]

3. Materials

Active and functional materials are the key enablers of next-
generation PV technologies.[88] As it will be shown in the follow-
ing, the properties of individual materials used for the fabrication
of solar cells determine crucially the potential of OSCs and PSCs
in real setting applications.[89–91] Essentially, all materials
properties, from the molecular scale to the macroscale, are inter-
twined with the complex phenomena underlying the working
mechanism of solar cells.[92,93] The PCE is strongly affected,
among other factors, by the type and quality of photoactive mate-
rials used: the right choice of materials can bring us closer to the
thermodynamic performance limit. Other functional materials
(ILs, charge transport, blocking, and injection/collection layers)
need specifically tailored properties to fulfill some strict require-
ments for sustaining the overall performance figures.[94,95]

However, the development and fabrication of novel materials
are usually complex, costly, and time-consuming. The complexity
of the relationship between structure and functionality in
working environments hinders the rational design of new mate-
rials for PVs. Moreover, materials with excellent properties at the
laboratory scale or in the fabrication of prototypes can result
completely inadequate for large-scale production of solar cell
modules in terms of fabrication cost, efficiency, availability of
raw materials, stability, toxicity, and several other aspects.[96,97]

The connection between materials properties and their potential
in the development of OSCs and PSCsmust carefully be assessed
to improve the technologies beyond trial-and-error approaches.
The development and engineering of novel materials for PVs

Figure 4. A) The Panasonic perovskite-based solar panel with the world’s highest energy conversion efficiency. Adapted with permission.[78] Copyright
2020, New Energy and Industrial Technology Development Organization (NEDO). B) Flexible PSC panel produced by Saule Technologies. Adapted with
permission.[296] Copyright 2020, Saule Technologies.
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applications, together with device engineering, are, therefore,
considered as the most crucial aspects for the advancement in
solar cell technologies.[98–100] In the following section, the main
features of materials for OSCs and PSCs, in terms of their func-
tion, properties and performance, and in the context of scale-up
applications, are discussed.

3.1. Photoactive Materials

3.1.1. Organic Photoactive Materials

Organic semiconductors are carbon-based π-conjugated mole-
cules or polymers. The possibility to “easily” synthesize and
manipulate their chemical structure is the real added value of
these materials, offering the great advantage to finely tune the
resulting properties to meet specific requirements and/or
constrains for fabrication of innovative optoelectronic devices.
Indeed, when key structural requirements are met, these mate-
rials and the resulting devices are able to simultaneously exhibit
unique properties with optimal performance. However, a funda-
mental understanding of the delicate structure–property relation-
ship as well as the strategic synthetic routes are of extreme
importance to generate improved materials, justifying the
extended research efforts over the last decades.[101]

Many different requirements need to be simultaneously
fulfilled by organic semiconductors for their application in
OSCs. Indeed, besides very important energetic constrains for
device application, these materials should simultaneously
provide: good environmental stability, broad optical absorption
(suitable bandgap), high absorption coefficient, proper solubility
in different solvents, high charge mobility, thermal/light stabil-
ity, and good film-forming capability.

To fulfill all these requirements, a huge library of electron
donor materials (polymers and/or small molecules), because
of their easier chemistry and much higher degree of freedom
in terms of new design/functionalization compared with
PCBM (acceptor), have been prepared and characterized during
the last decades. The development of donor polymers has gone
through several phases of research.

Three early classes of polymers should be mentioned, being
the workhorses for several years and still representing effective
benchmark materials: 1) PPV derivatives, such as MEH-PPV and
poly(2-methoxy-5-(3 0,7 0-dimethyloctyloxy)-1,4-phenylenevinylene)
(MDMO-PPV); 2) poly(thiophene) derivatives (e.g., P3HT); and
3) polyfluorene (PF) derivatives such as poly([2,7-(9,9 0-dihexyl-
fluorene)]-alt-[4,7-di(thiophen-2-yl)benzo[c][1, 2, 5]thiadiazole])
(PFDTBT).

In 1995, Heeger and co-workers[22] reported the first BHJ
device based on MEH-PPV and PC61BM as donor and acceptor
materials, respectively. To further enhance the polymer
processability and the resulting BHJ nanoscale morphology,
the alkyl side chains of MEH-PPV were replaced with longer ones
(MDMO-PPV) that, without altering the electronic properties of
the polymer backbone, led to BHJ solar cells with PCEs�3%.[102]

To pursue higher efficiency, the research focus quickly shifted
to soluble polythiophenes, especially regioregular P3HT, based
on the repeating substituted thiophene units, which initially
showed device PCEs of �3% in BHJ solar cells.[103,104]

Nevertheless, the interest for this polymer mainly arose from

its relatively low bandgap (1.9 eV) and high aggregation tendency
(semicrystalline character) at the solid state, thus rapidly becom-
ing the most investigated and popular material for OSCs in the
2000s. Moreover, morphological optimization of P3HT-based
blends led to BHJ devices with PCEs up to �5%, thus attracting
worldwide interests in OSCs.[105] With the introduction of NFAs,
the P3HT:NFA-based devices have recently reached PCEs up to
9.5%.[106] To date, P3HT is still one of the benchmark materials
for numerous studies, helping to unravel structure–property rela-
tionships and device engineering methods for other high-perfor-
mance polymers.

The third major class of donor polymers for OSCs is
represented by PFs.[107] The most common PF derivatives con-
tain fluorene and benzothiadiazole (BT) moieties, opportunely
functionalized, as repeating units in the polymer backbone. In
2003, Andersson and co-workers[108] first reported the PFDTBT
polymer composed of fluorine and dithienyl-BT (DTBT) moieties
with a bandgap of 1.9 eV and a highest occupied molecular
orbital (HOMO) of�5.7 eV. Though VOC was high (1.04 V), solar
cells prepared from PFDTBT:PC61BM showed a PCE of 2.2%,
mainly limited by the low current generated. Later, through
an alkyl chain modification of PFDTBT and device processing
optimization, the resulting polymer PF10TBT led to BHJ solar
cells with a PCE of 4.2%, with an almost doubled photocurrent
compared with PFDTBT.[109]

Although PPV, polythiophene, and PF derivatives played a sig-
nificant role in the development of OSCs, one major limitation
concerns the partial absorption of incident photons by the active
blend due to a narrow bandwidth of its absorption spectrum.
One of the most common methods to enhance the spectral
absorption of a semiconductor is the reduction of its bandgap
by molecular engineering.[110]

The state-of-the-art polymer semiconductors for OSCs are
donor–acceptor (D–A) conjugated copolymers, which consist of at
least two alternating moieties along their backbone: an electron-
rich donor (D) and an electron-deficient acceptor (A). Unlike
homopolymers, with only one moiety such as P3HT, the D–A
copolymers offer the great advantage of flexible tuning of the energy
bandgap and energy levels. Specifically, the resulting HOMO
and lowest unoccupied molecular orbital (LUMO) energy levels
are largely determined by theHOMO energy of the donor unit and
the LUMO energy of the acceptor unit, respectively, whereas the
bandgap is mainly related to the strength of the electron-pushing
(and withdrawing) abilities of the donor (and acceptor).[111]

This effective approach allowed the design and synthesis of a
huge library of semiconducting copolymers (large, medium, and
low bandgap) with enhanced performance based on a wide num-
ber and variety of electron-rich and -deficient building blocks.
Consistently with the goal of this review, we will provide a
brief overview just on some of the most representative
building blocks/monomers for efficient donor copolymers.
Comprehensive reviews on this topic can be found elsewhere.[112]

BT and DFBT Units: BT and its derivatives are largely used as
electron-withdrawing building block for the synthesis of polymer
for PV applications.[113] The first copolymers, poly[2,6-(4,4-bis-(2-
ethylhexyl)-4H-cyclopenta [2,1-b;3,4-b 0]dithiophene)-alt-4,7(2,1,3-
benzothiadiazole)] (PCPDTBT), were based on the combination
of BT with the electron-rich cyclopenta[2,1-b;3,4-b]dithiophene
(CPDT).[114] Optimized devices afforded PCEs up to 5.5%.[115]
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A fine structural tuning on the CPDT unit was carried out, in
particular, replacing the carbon atom on the cyclopentane portion
with Si or Ge.[116,117] Interestingly, the presence of heteroatoms
did not modify the bandgap of the polymers, but led to more
ordered domains within the BHJ yielding optimal device perfor-
mance without the use of solvent additives as in the case of the
analogous carbon-based structure (PCPDTBT).

A further modification on the cyclopentane ring of the CPDT
unit was carried out by adding an oxygen atom, thus creating an
asymmetric moiety, dithieno[3,2-b:2,3-d]pyran (DTP). The com-
bination of a DTP unit with the fluorinated BT (difluorobenzo-
thiadiazole [DFBT]) generated the efficient low bandgap polymer
poly[2,7-(5,5-bis-(3,7-dimethyl octyl)-5H-dithieno[3,2-b:2 0,3 0-d]
pyran)-alt-4,7-(5,6-difluoro-2,1,3-benzothiadiazole)] (PDTP-DFBT).
BHJ solar cells based on PDTP-DFBT afforded PCEs up to
8%, showing the high VOC and JSC values.[118]

DFBT was also combined with differently functionalized
thiophene units to form a series of polymers. Among them,
the polymer PffBT4T-2OD in combination with PC71BM,
through specific high-temperature processing conditions, led
to a single-junction solar cell with a PCE of 10.8% and an FF
of 77%.[119]

DPP Units: The diketopyrrolopyrrole (DPP) unit has a well
conjugated structure with strong π–π interactions and
electron-withdrawing effects, largely used for preparation of low-
bandgap D–A polymers. The potential of soluble DPP molecules
and polymers has been explored with remarkable results in
OSCs.[120] One of the first polymers containing a DPP and three
thiophene rings unit was poly{2,2 0-[(2,5-bis(2-hexyldecyl)-3,6-
dioxo-2,3,5,6-tetrahydropyrrolo[3,4-c ]pyrrole-1,4-diyl)dithiophene]-
5,5 0-diyl-alt-thiophen-2,5-diyl} (bandgap of 1.3 eV), able to harvest
a light of up to 930 nm and yield BHJ devices with PCEs of
�6%.[121] Combining DPP with thienyl-substituted benzodithio-
phene (BDTT), to form poly(2,6 0-4,8-di(5-ethylhexylthienyl)benzo
[1,2-b;3,4-b]dithiophene-alt-5,5 0-dibutyloctyl-3,6-bis(5-thiophen-2-yl)
pyrrolo[3,4-c]pyrrole-1,4-dione) (PBDTT-DPP), it was possible to
reach PCEs greater than 6%.[122]

By additional structural modifications on PBDTT-DPP, replac-
ing the carbon atom on the thiophene spacers with selenium was
possible to prepare PBDTT-a Se-based derivative, which, in com-
bination with PCBM, led to solar cells with PCEs of 7.2%.[123]

Other notable DPP polymers in recent years include poly-
mers-based DDP linked to thieno[3,4-b]thiophene (TT) units.
As a result, a series of DPP and TT based polymers, also includ-
ing the presence of heteroatoms in their structures, led to BHJ
devices with PCEs approaching 9% and impressive JSCs up to
23.5 mA cm�2.[124]

TT Units: In 2009, TT units were introduced as a strong
acceptor building block for preparation of efficient donors.[125,126]

TT units were combined with the differently functionalized
benzo[1,2-b:4,5-b]dithiophene (BDT) moieties, giving a series
of copolymers with the bandgaps of �1.6 eV.[127] A great success
was achieved in 2010 with a solar cell based on the copolymer
PTB7, based on the combination between a fluorinated TT unit
and an alkoxy-substituted BDT. As a result, the PTB7:PC71BM-
based OSCs exhibited a record PCE of 7.4%. PTB7 was further
optimized by side chain tuning; indeed, by replacing alkoxy side
chains on the BDT unit with thienyl-based side chains, the anal-
ogous PTB7-Th polymer (also known as PCE10) was prepared.

Substantial improvements on PTB-based polymers were subse-
quently made through interfacial layer engineering. In particular,
the use of a conjugated polyelectrolyte as a solution-processed
buffer layer (on the top of the BHJ blend) in an inverted device
structure led to the PCE improvements from 7.4% to 9.2% for
PTB7-based cells[128] and to 10% for those based on PTB7-Th
(or PCE10):PC71BM.[129]

Isoindigo (II) Units: Another family of low bandgap polymer
is based on the isoindigo unit.[130] II is a strong electron-
withdrawing building block due to the presence of two adjacent
and conjugated lactam rings also creating intramolecular inter-
actions able to planarize the structure, thus favoring interchain
π–π stacking. Isoindigo-based materials, first reported by
Reynolds and co-workers,[131] have quickly become popular for
organic electronics because of their ease of synthesis. In 2011
Wang et al. reported a new low bandgap polymer (poly(N,N 0-
bis(2-hexyldecyl)isoindigo-6,6 0-diyl-alt-thiophene-2,5-diyl)-1) with
alternating thiophene and isoindigo units. A PCE of 3.0% and
a high open-circuit voltage of 0.89 V were realized in polymer
solar cells, which demonstrated the potential of this class of
polymers. Later, they also reported a series of copolymers based
on the combination of II and quinoxaline (Qx) units.[132]

By a fine-tuning of the molecular structure, it was possible to pre-
pare BHJ devices with PCEs of >6% and a VOC of 0.93 V.[133]

Two novel conjugated polymers based on BDT and isoindigo
units linked with a TT unit as a π-bridge were designed and
synthesized, yielding PCE up to 8% when implemented in
BHJ solar cells.[134]

Best performing Materials: Benzodithiophenedione (BDD)-Based
Units: A nonclassical electron-withdrawing unit, benzo[1,2-c:4,5-
c 0]dithiophene-4,8-dione,[135] has recently emerged in the field of
organic PVs due to its peculiarities, such as planar molecular
structure, low-lying HOMO level, several substitution sites for
functionalization, and a good self-assembly capability.
Compared with the device performance evolution of other
donors, BDD-based polymer showed a rapid progress in few
years, passing from the first PCE of 4.5% reported for in 2012
up to 16% in 2019[136] and 17% in 2020.[137] Remarkably, this
rapid evolution in terms of PCEs is concomitant with the
parallel development of the NFAs that have been combined with
BDD-based polymers to reach the last impressive results.

In parallel, a promising series of wide bandgap copolymers
based on fused-ring acceptor units were prepared by Ding and
co-workers.[138,139] These fused building blocks have strong
electron-withdrawing character and extended molecular planes,
affording systems with improved π–π stacking, charge mobilities,
and low-lying HOMO levels, likely enhancing VOC, JSC, and FF of
the corresponding BHJ cells. As a result, the polymer D16
(Figure 5), based on a fused-ring thiolactone unit (5H-dithieno
[3,2-b:2 0,3 0-d]thiopyran-5-one), delivered a PCE of 16.72% when
blended with Y6 as an acceptor material.[140] Recently, a more
efficient copolymer donor D18 (Figure 5) using a modified
fused-ring unit (dithienobenzothiadiazole [DTBT]) was
reported.[33] The D18:Y6-based solar cell showed an impressive
PCE of 18.22% (certified 17.6%), which is actually the highest
efficiency reported for OSCs.

Electron-Acceptor Materials: Since 1995, fullerene derivatives
(in particular, the soluble PCBM) have been the most used
and studied acceptors in OSCs.[141] They provide optimal
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isotropic electron-transporting properties and nanoscale
morphologies of the BHJ blend due to the good miscibility with
almost all donor polymers.[142] However, despite these advan-
tages, fullerenes exhibit significant limitations, such as poor
light-absorption properties, limited energy-level tunability, and
morphological and/or photochemical instability of correspond-
ing BHJ blends.[40,143]

To further push up the performance of OSCs, tremendous
efforts have been directed to overcome these limitations,
introducing new class of acceptor materials (polymers and small
molecules) defined as NFAs.

At the beginning, NFA-OSCs showed limited success in
achieving similar PCEs to fullerene-based devices. However,
recent breakthroughs and results quickly revitalized NFA-OSCs,
in particular, with the development of small molecular acceptors
(SMAs).[144,145]

Among NFAs, perylenediimides (PDI) have been one of the
first class of materials widely used and investigated in BHJ solar
cells because of their good electron mobilities and propensity to
self-organization.[146,147] Through fine structural modifications/
functionalizations and optimized processing conditions,
PDI-based OSCs led to PCEs up to 11%.[148] In parallel, new clas-
ses of acceptors with alternative molecular structures were
designed and tested. It was found that the molecular structures
containing electron-donating (D) and electron-accepting (A)
fused rings as building blocks (analogously to the strategy used
for donor polymers) were particularly efficient in BHJ devices.
For instance, the A–D–A architecture was adopted to design
3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,
11-tetrakris(4-hexylphenyl)-dithieno[2,3-d:2 0,3 0-d 0]-s-indaceno[1,
2-b:5,6-b 0]dithiophene and 2,2 0-((2Z,2 0Z)-((4,4,9,9-tetrahexyl-4,
9-dihydro-s-indaceno[1,2-b:5,6-b 0]dithiophene-2,7-diyl)bis(methany-
lylidene))bis(3-oxo-2,3-dihydro-1Hindene-2,1-diylidene))dimalo-
nonitrile derivatives, which have strong visible–near-infrared
(NIR) light-harvesting capability and good electron mobility,
delivering higher JSC and PCEs than those of fullerene-based
OSCs.[149] To further improve light harvesting (lower bandgap),
Ding and co-workers[150] developed stronger A–D–A NFAs using
more electron-donating (CO-bridged) fused rings, which through
a proper device and processing conditions optimization led to the
device efficiencies greater than 14% (ternary solar cell).[151]

The great potential of low bandgap NFAs was confirmed by
Yuan et al.,[152] who prepared a highly efficient low bandgap
acceptor, Y6 (A-DAD-A structure), which is actually one of the

best performing NFAs in OSCs (PCE up to 18% in combination
with donor D18, Figure 5).

3.1.2. Perovskite Photoactive Materials

Due to its low cost and abundant raw material elements, perov-
skite materials are considered to be one of the new generation of
PV power generation active materials with great development
potential. The generalized perovskite material refers to the mate-
rial with the simple structure of ABX3, and its basic structure is
shown in Figure 6. The B-site atom coordinates with the adjacent
six X atoms to form a BX6 octahedron, which is extended in a 3D
frame structure; A-site atoms occupy the gap formed by the octa-
hedral common vertices and form an AX12 dodecahedron with
the nearest X atoms.[153] In 2009, Miyasaka and co-workers
applied CH3NH3PbX3 (X¼ Br or I) to dye-sensitized solar cells
for the first time and achieved a photoelectric conversion effi-
ciency of 3.8%.[154] After more than ten years of development,
the certification efficiency of PSCs has reached 25.2%, which
is comparable to traditional polysilicon and thin-film solar
cells.[155] An obvious feature of perovskite is the adjustable com-
position in its A, B, and X sites. Each site can contain single or
mixed ions, as long as the size of the ions meets the Goldschmidt
tolerance factor.[156] The combination of various perovskite

Figure 6. Crystal structure of ABX3. Reproduced with permission.[292]

Copyright 2015, Springer Nature.

Figure 5. Chemical structures of D16, D18 (donors), and Y6 (NFA). Reproduced with permission.[33] Copyright 2020, Elsevier.
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components corresponds to perovskite materials with different
photoelectric properties. Researchers have conducted a lot of
research to adjust the perovskite components to improve the effi-
ciency and stability of the PSCs.

Methylammonium-based perovskite MAPbI3 is the first
hybrid perovskite compound investigated as an efficient active
layer in this class of solar cells, and still most of the investigations
appearing in the scientific literature focus on this material.
The high conversion efficiencies reached using MAPbI3 are neg-
atively balanced by the presence of a heavy metal such as Pb and
especially by the poor stability of the system with respect to tem-
perature, humidity, and UV light exposure. The main research
efforts in selecting suitable active materials are devoted to finding
stable variants of single hybrid perovskite (substitution of the
organic cation (A-site) with other organic molecules and/or
inorganic cations; partial substitution of iodine (X-site) with
other halide anions).

The A-site ion mainly plays a role of lattice charge compensa-
tion. The size of the A-site ion will cause the expansion or con-
traction of the crystal lattice, which will affect the bond length of
metal ions and halogen ions, and then affect the bandgap of the
material.[157,158] Substitution of MA (ionic radius: 2.70 Å) with a
slightly larger cation such as HC(NH2)2 (FA, ionic radius: 2.79 Å)
without altering the crystalline structure has shown a better sta-
bility of perovskites.[159] Compared with MAPbI3 (1.55 eV), the
bandgap of FAPbI3 (1.48 eV) is more suitable, which allows
greater potential in delivering higher PCEs.[159] However, the
photoactive black phase (α-phase) of FAPbI3 is thermodynami-
cally unstable at room temperature. An FA MA mixed perovskite
system (FAMA) with a more stable α-phase becomes an excellent
alternative in high performance and more stable PSCs.[160,161]

Moreover, Cs has a smaller ionic radius (1.81 Å) than MA and
FA, which serves as the effective “phase stabilizer” of the α-phase
of FA-based perovskites.[51] In 2016, based on the widely used
FAMA system MA0.17FA0.83Pb(I0.83Br0.17)3, the effect of incorpo-
ration in A-site was systematically investigated by Saliba et al.[162]

In recent years, inorganic PSCs have attracted more and more
attention due to superior thermal stability and photoelectric
performance.[163] In 2012, inorganic PSCs based on CsSnI3 were
reported for the first time, with an efficiency of 0.88%,[164] and
the PCEs based on CsSnI3 increased to 2.02% in 2014.[165] Later,
more stable CsPbX3 materials were applied to inorganic PSCs,
and its efficiency has exceeded 11% in a short period of
time.[166,167] At present, most inorganic perovskites still use
Pb-based perovskites, in which the I atom at the X position
can be replaced by Br, depending on the number of replacements
by Br. The highest reported inorganic PSC is based on the
β-CsPbI3 light-absorbing material system; using phenyltrimethy-
lammonium chloride (PTACl) to passivate the surface of the
perovskite, the PCE of the device reached 19.03%.[168] Studies
have shown that CsPbI3 and CsPbBr3 can maintain a stable struc-
ture and composition at 460 �C close to their melting point.[169]

On the other hand, the bandgap value of single-component
halogen substitution is not less than 1.5 eV, and halogens Cl,
Br, and I are used as the substituent groups of X-site to control
the energy bandgap of perovskite.[170] Using PbCl2 to replace
PbI2 in the precursor solution [n (MAI):n (PbCl2)¼ 3:1] can
improve PCEs. Noh et al. prepared CH3NH3PbI3–xBrx light-
absorbing layer with different ratios of Br/I with good humidity

stability, and the best PCE was 12.3%.[157] Zhou et al. increased
the PCE of the CH3NH3PbI3-xClx light-absorbing layer to 19.3%
by optimizing the interface and annealing process.[171]

The environmental sustainability of perovskite is addressed
following mainly two directions: 1) finding high efficient recy-
cling processes of lead-based compounds (it has been shown that
99.7% of Pb can be safely recycled[172]) and 2) substituting the
heavy metal (B-site) with nonpollutant elements, such as Sn
and Bi, in the structures. With respect to lead-free perovskites,
the most promising results, to date, have been obtained, working
on all inorganic double perovskites with the formula A2B(I)B(III)
X6, where A is an alkali metal (Na, K, Rb, and Cs), B(I) is a mono-
valent (Cu, Ag, and Au), B(III) is a trivalent metal (Bi, Sb, and In),
and X is a halide anion (F, Cl, Br, and I).[173–176]

3.2. Functional Materials

3.2.1. Interlayers

In a typical solar cell, the photoactive blend is sandwiched
between two electrodes (cathode and anode) that allow an effi-
cient extraction of photogenerated charges. More in detail, the
structure also includes functional layers at the active layer/
electrode interfaces able to optimize the charge collection process
at the electrodes.[177] Indeed, although the internal electric field
within a solar cell drives the flow of charges anisotropically
toward the correspondent electrode, field-independent diffusion
processes can occur, and free charges in proximity of the
opposite electrode can recombine at the interface resulting in
performance losses for the device.

These additional ILs, commonly defined as HTLs or ETLs,
play a crucial role in terms of performance and stability both
for OSCs[178] and PSCs.[179] There are many similarities in the
kind of ILs that are used for both technologies. In addition, in
some cases, ILs have the additional role of “optical spacers,”
enabling the modification of the light distribution inside the
solar cell stack, resulting in an improved active layer absorption
and, hence, enhanced solar cell performance.[180,181]

An optimal IL should be able to simultaneously satisfy several
requirements, such as: 1) an ohmic optimal energy level matches
with the HOMO energy level of the donor (for HTLs) and the
LUMO level of the acceptor (for ETLs); 2) high charge selectivity,
promoting the charge extraction of majority charge carriers at the
respective electrodes, thus avoiding charge accumulation and
suppressing the extraction of minority charge carriers (e.g.,
HTLs (ETLs) select positive (negative) carriers, blocking negative
(positive) carriers); 3) sufficient conductivity to avoid resistive
losses; 4) optimal transparency to limit optical losses; 5) excellent
morphological properties to enhance the interfacial quality with
adjacent layers, thus avoiding the formation of defects, shunt
pathways, and/or trap states; 6) ability to be easily processed
(e.g., from solution), possibly at low temperatures and under
environmental conditions; and 7) stable under working condi-
tions/device operation.

Despite the difficulty to simultaneously fulfill all these require-
ments, different classes of materials (ETLs and HTLs) have been
largely investigated, including: conducting polymers, metal
oxides, crosslinkable materials, conjugated polymer electrolytes,
self-assembled functional molecules, and graphene-based
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materials (Figure 7), thoroughly discussed in several dedicated
review articles.[177,178]

Among ETLs, n-type metal oxides (e.g., ZnO, TiOx, and
SnOx)

[182] and their doped derivatives,[183] having deep-lying
energy levels, are predominant and well-consolidated ILs for
the fabrication of standard and inverted PSCs, because of their
optimal solution processability, intrinsic and environmental sta-
bility, optical transparency, and excellent capability to extract/
transport electrons. In addition, to improve the compatibility
of ILs with organic/hybrid blends, solution-processable organic
materials (small molecule and polymers) have been recently used
as interface materials for efficient solar cells.[184,185] Moreover, as
already mentioned, the possibility to modify the chemical
structure of organic molecules offers the great advantage to finely
tune all key properties, such as optical/electronic behavior,
energy levels, and also the dipole orientation of self-assembled
monolayers lowering the WF of cathodes/anodes and increasing
the built-in potential of OSCs.[186]

While ETLs have low WFs for electron collection, the HTLs
should have high WFs to match the HOMO levels of the donor
to facilitate hole extraction. To date, many hole-transporting
materials, such as organic conductive polymers, metal oxides/
sulfides, graphene oxides, their hybrids/composites, and other
alternatives, have been designed for both conventional and
inverted OSCs.[178]

Among them, the conducting polymer poly(3,4-ethylenediox-
ythiophene) polystyrene sulfonate (PEDOT:PSS) is one of the
most used and investigated HTLs due to its excellent
processability and electronic/electrical properties, even though
its acidity and hygroscopic nature, combined with a phase-

segregation tendency, can significantly influence the stability
of the resulting devices.[187] Vacuum-processed p-type metal
oxides are also extensively used, offering optimal results both
in terms of device performance and stability. However, they
are not fully compatible with wet large-scale manufacturing
processes. Therefore, analogous solution-processable metal
oxides, such as MoOx, VOx, NiOx, andWOx, which combine opti-
mal processability, environmental stability, and satisfactory
device performance/lifetime, have been successfully demon-
strated even though there are still open challenging tasks.[188,189]

Analogously to OSCs, ILs also play a crucial role for the
development of PSCs.[179]

The choice of ETLs, also acting as hole blocking layers,
strongly depends on the architecture of PSCs. In n-i-p geometry,
the selection of the material does not depend on the solvent used
in wet deposition or on the annealing temperature (in case of
FTO film on glass, the annealing temperature can be of the order
of 500 �C). The latter condition is not valid in the case of flexible
photocathodes because of the limited annealing temperature
compatible with the plastic supports. Metal oxide semiconduc-
tors (TiO2, ZnO, SnO2,…) are the most commonly used materi-
als,[190] but also organic semiconductors, as in the case of OPV,
are also used. TiO2 is commonly used in this kind of cells despite
it shows UV instability and needs relatively high annealing
temperatures with respect to other oxides such as SnO2.

[191] In
inverse geometries, the ETL deposition occurs on top of the
perovskite layer, limiting both the annealing temperature and
the nature of the solvent that need not to decompose or dissolve
the active layer. In this configuration, the most common used
materials are organic fullerenes or nonfullerene compounds.

Concerning HTLs, doped spiro-OMeTAD is the most used
p-type material in PSCs because of a very goodmatching between
the valence band of perovskites and the HOMO level of the mol-
ecule, giving rise to a high open circuit voltage VOC. The insta-
bility induced by the doping of spiro-OMeTAD and the relatively
high cost of the materials have shifted the focus of researchers to
other organic HTLs, such as PEDOT:PSS, P3HT, and graphene
oxide, and to inorganic materials, such as CuI, CuSCN, and
NiO.[192]

Another strategy relies on inverted PSCs based on fully
organic HTLs. Among these alternative interfacial materials,
organic ILs exhibit unique characteristics, including flexible,
low-temperature solution processability, and good electrical
and structural property tunability. Therefore, they show an
immense potential to propel PSCs toward future advancements.
In virtue of their tunable energy band structure, controllable
interfacial wettability, tunable carrier mobility, and permanent
interface dipole action, the solution-processed organic ILs play
various roles in both regular and inverted PSCs.

Clearly, the considerations related to photoactive materials in
the scale-up of solar cell technologies also apply to other
functional materials and ILs. Technological advancements for
real setting applications require a wide range of materials prop-
erties to be finely tuned to improve overall conversion efficiencies
and, at the same time, to allow the development of fabrication
processes and application cases at large scale.

As mentioned before, considerations about ease of fabrication,
stability, availability of raw materials, cost, and environmental
impact play a significant role for the development of materials

Figure 7. Schematic illustration of material categories for cathode inter-
face layers (or ETLs), anode interface layers (or HTLs), and ICLs commonly
used in OSCs and PSCs. Reproduced with permission.[178] Copyright 2016,
Wiley-VCH.
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for ILs in the industrial context. In this respect, organic small
molecules and polymers, beside the chemicophysical properties
mentioned earlier, also offer a great potential as ILs, in the
context of both OSC and PSC technologies.

Recent work has also highlighted the possibility of using
organic molecules as ILs for the large-scale development of
PSC technologies. The molecular engineering of organic small
molecules as ILs for the scale-up of PV technologies is currently
a very active field of research, especially with regard to the devel-
opment of HTLs for PSCs, which is one of themost crucial aspects
of the whole technology.[193–196] In particular, the use of a
new, low-cost, dopant-free HTL in mixed-ion solution-processed
PSCs allowed to achieve the record PCE of 19.7%.[85] This result
was obtained through an approach based on the integration
among rational molecular design, device fabrication, and charac-
terization, which shed light on the nanostructure and molecular
aggregation of the HTL. This work led to the identification of
copper (II) phthalocyanines (CuPcs) derivatives substituted with
arylamines, reaching the highest PCE ever reported for PSCs
using dopant-free HTLs. Long-term stability of the PSC was also
achieved, due to the inherent thermal and chemical properties of
the dopant-free CuPc. The approach proposed also highlights the
link between the molecular structure of ILs and the properties of
devices, showing a route for the engineering of dopant-free HTLs
to be used in the manufacture of low-cost and high-performance
PSCs. The integrated approach based on rational design and
computational modeling proved to be central in identifying
and anticipating the synthesis of new materials with specific
structural functions in complex devices. These studies also sug-
gest the need for a wide tool of modeling and experimental tech-
niques for the rational design of novel materials for ILs in PVs.

3.2.2. Charge Extracting Electrodes

The choice of materials for manufacturing the electrodes of PV
solar cells is also crucial from the point of view of both basic func-
tioning phenomena and aspects related to large-scale
production.[197,198] One of the basic requirements of materials
for solar cell electrodes is a favorable alignment of their electron
energy levels with respect to those of the ILs/active materials.
The cathode and anode materials should be able to extract
electrons and holes, respectively, from the device with an ideally
minimal energy barrier. The magnitude of this barrier depends
on complex interface phenomena and can be approximated to the
difference between the WF of the electrodes and the energy level
of the active materials only in very particular cases (Schottky–
Mott limit). In most cases, however, the efficiency of the coupling
between the active layers and the electrodes is related to the
peculiar chemicophysical properties of the materials involved,
which can lead to a strong renormalization of the electron density
distribution across the interface.

Relatively few materials couple an excellent intrinsic conduc-
tivity (required for external electrical outcoupling) with favorable
energy level alignment at the interface with the active system.
In addition, at least one of the electrodes must display a sufficient
level of optical transparency.

Materials commonly used as electrodes, which fulfill these
minimal requirements, are pure metals or conducting metal

oxides. In recent years, several research efforts have been tar-
geted to the development and optimization of TCOs to be used
in solar cells. The most common TCO used in solar cell appli-
cations is undoubtedly ITO, also doped with other elements.
ITO can couple remarkable electrical conductivity with good opti-
cal transparency and is ubiquitously used as a transparent elec-
trode in organic and hybrid electronics applications. Significant
research efforts, however, have demonstrated the possibility of
using other systems, including organic conducting and doped
polymers, nanostructured carbon materials, or nanocomposites,
as efficient electrodes for PV solar cells. The use of noncrystalline
materials can also significantly improve the mechanical proper-
ties of novel PV systems, for example, in terms of flexibility and
conformability.

Nevertheless, other significant elements of the electrode fab-
rication technology greatly impact on the development of solar
cells. One of the aspects that must be considered concerns
the cost of raw materials and related to fabrication processes.
Among the various (relatively) expensive components, including
carrier-transport layers and encapsulation materials, electrodes
(transparent conductive substrates and/or high-priced metals
such as Au) usually represent another significant fraction of
the whole cost for the fabrication of solar cells.[163] The economic
advantages stemming from the use of low-cost materials and
processing for the fabrication of the active layers in organic
and hybrid solar cells can, therefore, be undermined by the cost
needed for the fabrication of electrodes.[199]

Pure noble metals, such as gold, constitute an intrinsically lim-
ited (and expensive) resource. Moreover, current methods allow
the reliable fabrication of metallic electrodes by high-vacuum
thermal processes, with a great impact on overall fabrication
costs and limiting the scale-up potential of the technology.[200]

Similar considerations apply to electrodes based on TCOs,
usually fabricated by low throughput and relatively inefficient
vacuum deposition processes. The use of wet processes, in
contrast, is considered as a low-cost and potentially scalable alter-
native for the fabrication of electrodes.

The application of additive, solution-based, large-area deposi-
tion technologies is indeed key to the development of new solar
cell systems. Solution-based processes are compatible with most
organic materials, but can also be used to fabricate metallic
electrodes through dispersion of metallic or metal-oxide
nanostructures.[201,202] In contrast to metals and metal oxides,
organic and carbon-based materials constitute a low-cost alterna-
tive for the fabrication of electrodes.[203,204] Recent research work
has demonstrated the potential of low-dimensional carbon
nanostructures, such as graphene, carbon nanotubes, or compo-
sites, to realize highly conductive and transparent electrodes for
solar cells.[205,206]

Nevertheless, wet processes can unleash their full potential in
the fabrication of electrodes based on organic molecular or
polymer materials. The relatively low conductivity of organic
materials is usually alleviated by doping the electrode, a process
that, however, can limit the stability of the device.

Therefore, the realization of electrodes for next-generation
solar cells must fulfill a broad set of requirements, constituting
a crucial step in the engineering of new PVs technologies. These
requirements can be summarized as follows: 1) suitable energy
levels and possibility of tuning the electrode levels to match those
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of the active systems, through formation of an efficient interface
with large charge injection/collection ratios; 2) high conductivity
of the electrode materials: metal and metal oxides exhibit excel-
lent intrinsic conductivities with respect to molecular and
organic systems, and low-dimensional carbon nanostructures
are a metal-free alternative; 3) good optical transparency: organic
materials with low optical absorption can be synthesized and
processed quite easily, whereas metals or metal oxides may
require special patterning techniques to achieve the required
optical transmittance; 4) low fabrication cost, including raw
material and processing costs, and ease of processing, including
large-area, high-throughput contexts; and 5) long-term chemical
and structural stability.

The selection of the proper materials and fabrication techni-
ques for the realization of electrodes is, therefore, one of the
critical variables for the optimization of solar cell technologies.

3.3. Multiscale Approach to Materials Design

The intrinsic properties of materials used in PV solar cells are
deeply related to the overall efficiency and devices. In recent
years, theoretical frameworks have been developed for correlat-
ing materials properties and device architecture to the optoelec-
tonic properties of PV systems and extended to the case of OPV
and PSC technologies.[207] Theoretical methods for the modeling
of solar cells rely, in most cases, on the application of detailed
balance to solar cells.[208] These phenomenological approaches
allow the prediction of PCEs of solar cells as a function of
empirical parameters, derived either from experimental data
or from parameter fitting.[209] For example, an ideal efficiency of
�20% has been predicted for single-layer OSCs with NFAs as a
function of phenomenological device parameters (Figure 8).[210]

However, the complexity of the relationship between the struc-
ture of matter at the atomistic/molecular level and properties and
behavior in devices hinders a direct approach to the design and
engineering of materials for PVs. This issue requires, therefore,
the development of a rational, predictive framework connecting
the properties of materials across different scales.

Recent developments in multiscale modeling methods have
enabled the application of predictive simulation tools to the

design and engineering of new materials for applications in elec-
tronics and optoelectronics.[211–213] In several application scenar-
ios, including PVs, multiscale modeling is used to unravel the
complex relationship between the structure of basic components
and properties occurring in active materials in a realistic working
environment.[214–216] In general, multiscale approaches consist
in defining models and, consequently, descriptors of the proper-
ties of materials and chemicophysical phenomena across a wide
range of spatial and temporal scales.[217] The multiscale approach
to investigation of matter is particularly relevant for molecular
and nanoscale materials, where the properties at the microscopic
scale impact on the working mechanism of complex, multifunc-
tional devices.[218,219] Traditional multiscale modeling techni-
ques rely on analytical formalisms for connecting models
describing the properties of a system at different scales.[220]

However, this approach has a quite limited use in several practi-
cal cases, due to the intrinsically complex nature of technological
materials. Conversely, approaches based on the development of
specific and interlinked models for each physical scale of interest
have recently gained much interest in the simulation of the prop-
erties of multifunctional materials.[221,222] A typical example of
this approach concerns the simulation of charge transport prop-
erties in organic semiconductors.[223–225] Multiscale approaches
based on model linking can transfer information on complex
systems from a scale domain to neighboring domains.[226,227]

In the case of charge transport, microscopic models of intermo-
lecular electronic coupling can be linked to mesoscale models of
charge transport and, in turn, to continuum models of electrical
currents in materials. From the technical point of view, this
workflow implies performing simulations at different theoretical
levels. For example, the results of density functional theory (DFT)
calculations of electronic coupling can be used in upper-level
simulations of charge percolation in molecular aggregates using
kinetic Monte Carlo (KMC) approaches.[228,229] These models can
then be used to provide parameters for drift–diffusion models of
full-scale devices. A phenomenological link among models at dif-
ferent scales can provide information on the interplay between
details of the structure at the atomistic/molecular scale and
the overall performance of devices. The development of a multi-
scale computational framework, tailored to a specific application,

Figure 8. Scheme of the multiscale modeling approach to materials design. Reproduced with permission.[293] Copyright 2018, Springer.
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can enable the predictive evaluation of the potential performance
of materials in devices, to be used, for example, in the screening
of materials among a set of candidates or in the optimization of
materials components and structural units.

Clearly, the efficiency of the whole computational workflow is
related to the numerical performance of the simulation methods
applied to the chemicophysical models and to the strategy
applied to enable the multiscale linking. In this respect, the appli-
cation of large-scale and high-performance computing (HPC)
infrastructures is a crucial step in the implementation of efficient
computational strategies.[230] The application of fully in silico
technologies for the development of new materials can, there-
fore, result in potentially fast, accurate, and low-cost alternatives
to the experimental trial-and-error development of materials.
In addition, the high throughput of data generated by state-of-
the-art hardware and software infrastructures for numerical
simulations has recently enabled the application of machine
learning (ML) technologies to materials modeling, increasing
the scope and predictive power of computational
approaches.[231,232]

As a result of the encouraging perspectives in several research
fields, multiscale simulation approaches have recently been
applied with success to the development of active and functional
materials and interfaces for PVs applications. Quantum chemical
methods, such as DFT, have been widely applied to predict the
electronic and optical properties of materials for PVs, including
small molecules, polymers, or inorganic systems.[233,234] The
level of detail offered by DFT calculations can, in principle,
enable the definition of the relationships between structural
details of materials and resulting properties, thus allowing a
fine-tuning of the chemical structure and composition of
materials with respect to a specific target.[235,236] In comparison
with simpler approximations, such as semiempirical calcula-
tions, or more accurate and much more expensive methods (cou-
pled-cluster calculations, GW approach, etc.), the use of DFT
often represents an optimal compromise between accuracy
and computational load. Interestingly, time-dependent DFT cal-
culations can predict, with high accuracy, the excited state prop-
erties of materials for PVs, thus providing detailed information
on crucial quantities related to photoexcitation and exciton for-
mation.[237] The limited size of DFT models narrows the scope
of electronic structure calculations to investigations on the basic
properties of materials. In a multiscale perspective, the detailed
information about the electronic structure of active materials
needs to be coupled with higher-rank models describing, for
example, nanoscale aggregation morphologies, dynamics,
formation of interfaces, and several other phenomena occurring
at different (higher) scales.

The transport of charge in materials for PVs can be simulated
by coupling electronic structure properties to materials morphol-
ogy at the nano- and mesoscale. The multiscale approach based
on the integration between electronic- and mesoscale calcula-
tions has been widely used to evaluate the charge transport prop-
erties of materials for PVs. Computational methods have been
used, for example, to predict the mobility of charges and excitons
in photoactive materials, such as donor/acceptor pairs in OPVs
or halide perovskites. Similar methods have also been applied to
other materials of interest in PVs applications, such as charge
transport layers and interfaces.[238] This approach demonstrates

the potential of linking models across different scales to predict
materials properties for technological applications and highlights
the crucial role of accurate theoretical methods in assessing the
morphology and structure of matter at the nanoscale.

Most relevant phenomena related to the generation and
transport of charge are, however, intertwined with nanoscale
aggregation mechanisms.[239] Therefore, the development of reli-
able models for the simulation of the structural properties and
dynamics of macromolecular, supramolecular, nanoscale aggre-
gates, and nanoclusters of materials for PVs has become a crucial
ingredient for the realization of predictive modeling plat-
forms.[240] Simulation methods generally referred to as molecu-
lar mechanics allow to simulate the time evolution of the system
under investigation (molecular dynamics), providing informa-
tion about the dynamical properties of materials. At a larger scale,
further approximations can be made, and the system can be
described at a coarser level of detail, that is, in terms of particles
including a variable set of atoms (up to a few tens), thus greatly
reducing the computational load. This set of methods referred to
as coarse-graining (CG) enables investigations on model systems
up to several micrometers in size and has been applied with
success to the study of materials for PVs. The typical scope of
simulation methods based on molecular mechanics is also com-
patible with detailed investigations of structural reorganizations
at interfaces in materials for PVs.

Electronic, atomistic, and coarse-grained models can also be
integrated with other particle-based methods to predict func-
tional properties of materials for PVs. One of the most relevant
applications of this approach is the integration among DFT,
molecular dynamics/CG, and KMC methods for the multiscale
evaluation of the electrical properties of materials and devices.
More efficient methods for the simulation of materials, interfa-
ces, and devices at the laboratory scale rely on continuum
models. Here, the particle-based description is lost and is
replaced by a description of the properties of the systems in
terms of phenomenological parameters. The relatively simple
formalism offered by continuum models allows the simulation
of most of the macroscopic properties of PVs solar cells at the full
device scale and the prediction of basic quantities, such as cur-
rents, potentials, PCE, light outcoupling, etc., in terms of simple
materials properties and geometries.[241–243] The relationship
between materials and device parameters and performances
allows the prediction of maximum theoretically achievable
efficiencies of solar cells in realistic conditions: 1D simulations
predict a PCE exceeding 25% for OPV tandem cells and of about
30% for PSCs.[244,245] In multiscale approaches, however, these
parameters, as, for example, bulk properties of materials or inter-
face properties, can be derived by lower-scale particle-based sim-
ulations. This approach allows a consistent integration between
the properties of the basic constituents of PVs systems and
resulting device properties. The possibility of simulating PVs sys-
tems at the full-device scale enables the fundamental linking
between materials properties and experimental work. In addi-
tion, continuum models can potentially be extended to the sim-
ulation of macroscopic systems, such as large-scale modules or
integrated devices. In this respect, a truly predictive multiscale
approach to materials modeling can greatly accelerate the devel-
opment of materials for PVs. Recent studies demonstrate that the
integration between multiscale modeling approaches and
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experiments can provide an efficient platform for the develop-
ment of PVs systems.[246,247] The potential of modern computa-
tional infrastructures can indeed sustain a significant throughput
of data that can parallel experimental work. The generation of a
large amount of computational and experimental data can enable
the application of data-driven approaches for the development of
next-generation solar cells. These integrated, high-throughput
approaches can assist the definition and identification of inter-
connected figures of merit that will be crucial in the scale-up
of PV technologies.

4. Toward Real Setting Applications

Crystalline silicon is the first generation of solar PV technology
that still dominates the market because of its long lifetime under
operational conditions and best cost/performance balance.
Crystalline silicon panels cover over 92% of the global PV market
and generate nearly 3% of global electricity.[248] Although single-
crystal silicon solar cells provide higher PCE than multicrystal
silicon solar cells, polycrystalline Si is the most widespread tech-
nology, because it offers the best ratio between initial cost and
electricity production. To date, the polycrystalline Si large mod-
ules (>14 000 cm2) have a certified PCE of 20.4%.[43] Due to the
continuous improvements, power generated from solar PV is, to
date, competitive with that of power plants based on fossil
fuel,[249] even though the environmental impact arising from
the recycling and disposing of decommissioned silicon solar
plants is still an open issue.[250–252] To cut the cost of silicon
PVs, thin-film solar cells were considered as an alternative can-
didate to replace the first-generation PV products. Nevertheless,
their lower efficiency with respect to that of silicon allowed only a
marginal PV market penetration (<10%),[248] and toxic chemi-
cals, such as Cd in prevailing thin-film CdTe-based solar cells,
pose even more relevant environmental problems.[252] All of
these issues of the established first- and second-generation PV
technology prompt the urgent development of a third generation
of PV technologies.

4.1. Industrial Processing and Design

One of the distinguishing and enabling features of the third-
generation PV technology is the industrial manufacturing pro-
cess that increases the production yield and contributes to
decrease the costs of the technology. At the laboratory scale, spin
coating is the commonly used method for preparing OSCs and
PSC thin films. However, this method is not entirely suitable
for large-scale production, because it does not guarantee the
required reliability at the needed production yield.[252] For large-
scale film deposition, the R2Rmethod guarantees high throughput
device manufacturing, leading to an increase in the product yield
and to the reduction of production costs.[250] The R2R method
involves a long sheet to be used as a substrate, requiring a certain
degree of mechanical flexibility that is, for example, guaranteed by
polymeric materials, such as polyethylene terephthalate (PET),
polyethylene (PE), polyethylene naphthalate (PEN), polypropylene
(PP), polyimide (PI; commercial name: Kapton), or polyamide
(PA; commercial name: Nylon).[251] In the manufacturing pro-
cess, the flexible sheet is first unwound from the roll and then

passed through the coating or printing box to deposit the ink pat-
tern onto the sheet surface, and is then again rewound on another
roll. Each layer of the OSC and PSC structures can be realized by
coating and printing, by integrating, in the process, the steps of
heating, drying, UV curing, etc. In 2014, Krebs and co-workers
presented the first fully R2R-processed flexible polymer tandem
solar cell modules with an active area of 52.2 cm2.[253]

“Coating” and “printing” are usually regarded as two methods
that can meet the requirements of the R2R process.[254]

Schematic diagrams of these coating and printing technologies
are shown in Figure 9. With the coating method, a layer of active
material is formed on the substrate by knife/blade coating, slot-
die coating, spray coating, or brush coating. With the printing
method, the active layer is fabricated by inkjet printing, screen
printing, gravure printing, flexographic printing, and pad print-
ing.[255] Among all these methods, slot-die coating and screen
printing are reported as the most useful methods in the large
area R2R processing of OSCs.[255] In addition, the printing or
coating methods used for the deposition of the back electrode
not only require to form good contact with the photoactive mate-
rial (e.g., BHJ or perovskite layer) but also should not physically
and/or chemically damage the underlying layer/interface.[256] In
addition, the different layers should tolerate stress and strain
actions occurring during bending of the devices; small crystalline
grains perovskite films show larger resilience than large crystal-
line grains to bending processes, being more strongly bound to
the substrate and with less tendency to break the single grains by
introducing more grain boundaries.[257]

It is worth mentioning that in R2R processing, a higher thick-
ness tolerance of the active materials is required. Indeed, thin
active layers are inappropriate to fabricate large-area OSC and
PSC, because many point defects can originate in the active layer,
which decreases the reliability of the process and the manufactur-
ing yield.[255] Wang et al. reported an OSC based on NT812:
PC71BM with a 340 nm active layer thickness and a PCE of
10.33%, which decreases to 8.35% when the thickness reaches
1000 nm.[255] Noteworthy, the use of thickness-tolerant materials
is a crucial factor to take full advantage of the R2R fabrication.

Although the PCE of laboratory-scale solar cells have achieved
a certified 17.6% for single-junction OSCs[33] and a certified
25.2% for PSC,[43] the realization of large-scale modules with
high PCE is limited by the decrease in PCE with the increasing
device area, due to the nonuniformity of device fabrication,
structure defects, larger ohmic loss, and loss of active area from
interconnection.[34]

The design of the module is very critical to obtain efficient
large-area modules. Indeed, a good modular design can mini-
mize the electrical losses, the geometric FF (GFF) losses, and
the optical losses.[258] To date, the highest efficiency of OSC
in submodules size sector (200–800 cm2) is 11.7% achieved by
ZAE Bayern (Bavarian Centre for Applied Energy
Research),[43] whereas the PCE of PSCs small modules (800–
6500 cm2) has reached 17.9% with an area of 800 cm2.[78]

Clearly, there is still room for improvement, as the efficiency
gap between small-area cell and large-area modules is still large.
To achieve high performance and reproducible large modules,
issues related to higher series resistance, lower shunt resistance,
nonuniform films, dead areas, etc. should be addressed. These
challenges involve a combined development of large-area
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deposition methods for the uniform coating of all device layers
and the optimization of module design.

Durability is another important factor that can enable or pre-
vent commercialization for a specific application. From the point
of view of single cell, the factors that limit the cell stability during
their whole lifecycles in terms of structural materials, including
metastable morphology of active layers, diffusion of electrodes
and buffer layers, effect of the external environment, including
oxygen and moistures, irradiation, heating, and mechanical
stress, have been clearly identified.[40]

Despite the difficulty to define a specific metric to “quantify”
the lifetime of modules under real conditions, some reports offer
an interesting picture on the best and remarkable results in
terms of device lifetime. For instance, Lidzey and co-workers[259]

reviewed the status of outdoor lifetime studies of OSCs, which
represents the most complex and harsh scenario. Interestingly,
the reported outdoor operational lifetime of certain organic

modules (mainly based on well-established and consolidated
materials such as P3HT:PC60BM) has now reached a period
of several years; a promising result considering that less than ten
years ago, typical device lifetimes were in the range of a few days to
weeks. The reported results are also in perfect agreement with other
studies, where the operational stability (outdoor conditions) of sev-
eral organic-based modules (even commercial) was monitored,
without significant losses, on the scale of months/years.[34,260]

To go beyond the current state of the art in terms of stability and
lifetime of modules under real operating conditions, encapsulation
is a well-consolidated approach for the different types of solar cells.
Interested readers can find more detailed information and results
on dedicated review articles.[261] Recently, Uddin et al. have com-
prehensively reviewed the encapsulation strategy for both PSCs
and OSCs.[262] Encapsulating devices with inorganic, organic,
and inorganic–organic composite materials can effectively prevent
the permeation of moisture and oxygen, thus allowing the

Figure 9. Schematic representations of a) knife coating, b) slot-die coating, c) spray coating, d) inkjet printing, e) brush coating, f ) screen printing,
g) gravure printing, h) flexographic printing, and i) pad printing. Reproduced with permission.[255] Copyright 2018, Wiley-VCH.
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achievement of the desired reliability and device lifetime. The tar-
get water vapor transmission rate (WVTR) and oxygen transmission
rate (OTR) for OSC and PSC are in the ranges of 10�3–10�6 gm�2

day�1 and 10�3–10�5 cm3m�2 day�1 atm�1, respectively.
Encapsulation materials should have a high dielectric

breakdownmatching the refractive index of other layers and high
volume resistivity. They should be also dimensionally stable, low
cost, and easy to process on complete devices, without damaging
adjacent layers and/or components. Some recent studies also
reported that the encapsulation layer could act as the UV light
filters, particularly useful to hinder light degradation of organic
components/layers within devices.[263] In general, optimized and
high quality encapsulation barriers/layers can greatly enhance
the resulting device lifetime.

The complete encapsulation with glass is the simplest and best
strategy to allow the achievement of targeted WVTR and OTR
values. However, the main drawbacks of this strategy are:
1) incompatibility with flexible devices and 2) side permeation
of oxygen and/or moisture, requiring the use of low-diffusivity
edge seal materials.

The development of thin-film flexible encapsulation materials
is of vital importance for the future application and commercial-
ization of PSCs and OSCs. However, the presence of defects/
local pinholes still represents a critical issue for achieving
ultrahigh barriers encapsulation.

The use of organic and inorganic alternating multilayer thin
films, in which the defects in the inorganic layers can be

passivated by the organic layer, offers a suitable solution to
reduce intrinsic pinholes, thus allowing to achieve the best bal-
ance between gas barrier properties and flexibility.[264]

4.2. Life Cycle Analysis (LCA)

During the last decades, the PV technologies have undergone a
rapid and important expansion and evolution, now reaching a
variety of solutions in the advanced research phase or already
marketed. To define the energy and environmental impacts of
these technologies, LCA studies related to these systems are con-
stantly increasing, generating a broad literature with many
results and analytical parameters ranging from the first genera-
tion (conventional silicon-based systems) up to emerging tech-
nologies.[265,266] Recently, Blanco et al.[267] investigated and
reported the existing energy/environmental trends and hotspots
through a systematic review and harmonization of LCA studies
and results of the current state of the art and emerging PV.
Despite the large uncertainties and variabilities in the reported
LCA data and models, the harmonized results provide a general
picture of the different PV technologies and their environmental
impacts (with several impact categories), also highlighting poten-
tial hotspots for specific cases. Figure 10 shows a radar plot with
relative impacts of the different types of PV cells, where 100%
corresponds to the impact score for a reference single-Si roof-
mounted system.

Figure 10. Relative impact scores for different PV technologies, compared with a reference single-Si roof-mounted PV system (100%). The plot is trun-
cated at 400% for visualization purposes. Reproduced with permission.[267] Copyright 2020, Wiley-VCH.
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PSCs and tandem (inorganic/inorganic or inorganic/hybrid
systems) cells exhibited a strong impact in several categories,
exceeding the reference single-Si system by the factors
of >2. Regarding PSCs, the potential hotspots are mainly related
to active layer and ILs, which actually have the greatest impact
on the pre-industrial module. This is due to the energy
consumed during their preparation, annealing of the
precursor solution, and used/residual solvents, rather than the
Pb content. However, these aspects can be highly amenable to
optimization.

From an overall environmental perspective, OSCs followed by
thin-film silicon and chalcogenide exhibited several advantages,
with an overall reduced footprint, compared with the reference
system. It is worth noting that as many of the assessments are
still based on early design concepts, in particular, for PSCs and
OSCs, the reported results and considerations should not be
used as arguments to hinder or discourage further research
efforts on specific topics. Rather, they may be considered
constructively to highlight and promote further research path-
ways that can result in more environmentally competitive
designs and approaches. Emerging concepts that are lagging
in this respect can address their shortcomings by aiming to reach
higher efficiencies, longer lifetimes, substituting novel materials,
and/or reducing the energy intensive of their manufacturing
processes.

To this end, two emerging and relevant aspects to further
enhance the LCA evaluation for both technologies are repre-
sented by the new tendency of “greener”materials and processes,
that can significantly influence the material, waste, and energy
flows at the early stage of a device life cycle.

To date, most of the research efforts aim to develop new
organic and hybrid semiconductors with improved performance.
However, less attention is paid on their environmental profile.
Indeed, most synthetic strategies currently used to prepare these
systems are demanding from both raw materials/chemical costs
and environmental point of view, and their large-scale production
may present serious limitations. Therefore, the development of
waste minimized and clean synthetic methodologies where
minimal amounts of reagents, reaction media, solid catalysts,
and solvents (for reactions and purifications) are used, or the
replacement of critical and/or toxic components/elements, such
in the case of PSCs,[268] is of crucial importance for the scalability
of the material production. For instance, the application of prin-
ciples of green chemistry, or similar concepts related to short
steps of synthesis, inexpensive, and with high yields, for the
development of waste minimized and clean synthetic approaches
to semiconductor synthesis is essential for the field of
organic/hybrid electronics.[269] This is one of the biggest chal-
lenges for the practical application of PSCs considering the rela-
tively short durability of perovskite materials and corresponding
devices, even though many kinds of strategies have been
proposed to improve PSCs operational stability (Juarez-Perez
and Haro, 2020).

Concerning OSCs, an interesting study was carried out by Po
et al.,[270] ranking active-layer donor polymers according to a
figure of merit based on synthetic complexity (including the
number of synthetic steps, yields, amount of solvents, and safety
characteristics of chemicals/solvents) and PCE, and providing
some guidelines for the rational design of green and efficient

materials. This clearly proved that tailored materials can poten-
tially break the current efficiency record, but complex solutions
are doomed to remain confined to the world of research.

The second relevant aspect is related to the eco-friendly
processing (with “green” solvents) of PV devices.[271] Often,
laboratory-scale hero cells are processed from hazardous, toxic,
and expensive chlorinated solvents that are not the best choice in
view of a sustainable large-scale production. The scientific com-
munity is, therefore, working to find green solvents suitable for
an ecofriendly device processing. It means not only to test differ-
ent solvents on available materials, but also to tune the chemical
structure of the materials, when possible, to improve the solubil-
ity in a broad range of solvents, such as unchlorinated and
nonaromatic, or in a more specific solvent such as water. For
example, an environmentally friendly 2-methyltetrahydrofuran,
derived from renewable natural resources such as corncobs
and bagasse, was used for the fabrication of high-performance
OSCs with PCEs exceeding 10%.[272] Other green solvents have
also been used for highly efficient OSCs,[38,273] also highlighting
benefits from the stability point of view.[274]

4.3. Cost Figures

Before a technology is commercialized, it needs to be economi-
cally evaluated to test whether it meets the requirements of the
market competition. Specifically, the total system cost is divided
by the amount of electricity that can be generated during the life
time of OSCs, and ultimately, the cost per unit of electricity is
obtained, which is widely called levelized electricity cost (LEC;
$ kWh�1). The economic evaluation includes the material cost,
production cost, and process cost of the PVmodule, module cost,
and PV system operating cost. Recent research efforts have been
targeted to the economic evaluation of the OSCmarketization. In
2011, Nelson showed that if the efficiency of large-area modules
can reach about 7%, and the life span can reach at least five years,
then OSCs could achieve competitive power output comparing
with silicon solar cells.[275] An LEC of between 0.22$ and
0.59$ kWh�1 was calculated using the P3HT/PCBM system
under an average solar irradiance of 1700 kWhm�2 year�1.[275]

Min et al. made a cost analysis of fully solution-processed organic
solar modules in 2019. It was found that the price of raw materi-
als accounts for 75% of manufacturing costs. Hence, in upscal-
ing and industrial scenarios, a lower module cost could be
realized by the significant reduction in the price of raw materials
and electrode. LEC values range from 0.185 to 0.486¥ kWh�1

(0.027–0.072$ kWh�1) have been estimated for OSCs with
10% PCE, with an average of 0.324¥ kWh�1 (0.048$ kWh�1)
under an average solar irradiance of 1200 kWhm�2 year�1, if
a lifetime of ten years is achieved.[28] Furthermore, it was found
that the LEC value based on the same assumptions reduces to
0.102¥ kWh�1 (0.015$ kWh�1) in the middle of Australia and
Chile with very sufficient sunlight. Li and co-workers indicated
that the active materials of OSCs are generally expensive due to
their complicated synthetic process and low yield.[276] Thus, the
exploration of novel low-cost materials and their related process-
ing technology is particularly urgent. It is believed that with the
further improvements of the efficiency of OSC devices and the
continuous reduction of manufacturing costs of modules
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(mainly materials’ costs), the LEC value will drop to a lower level,
which will give OSC more advantages in the energy market
(Figure 11).

Although the PCE of laboratory-scale PSCs has achieved a cer-
tified 25.5%, it is difficult to realize a high PCE of the large-scale
PSCs modules, because PCE decreases with the increasing
device area due to the nonuniformity of device fabrication, struc-
ture defects, larger ohmic losses, and loss of active area from
interconnection.[277] Cai et al. analyzed the cost of PSC modules
on the basis of the lifetime of 15 years.[278] The results show that
the leveled cost of electricity of a PSCs module is 0.049, 0.042,
and 0.035$ kWh�1 on 12%, 15%, and 20%, respectively. By com-
parison, the cost for traditional energy sources is 0.0704–0.0119
$ kWh�1, and commercialized solar PVs are 0.0978–0.1933
$ kWh�1.

With the development of the material science, more and more
high efficiency of PSCs using lower cost materials has been
reported in the literature. This cost might be overestimated

due to the use of high price materials. Heben et al. assessed
the cost of perovskite modules by putting more attention on
manufacturable module configuration produced in an actual
in-line industry plant. It is estimated that the direct manufactur-
ing cost was 31.7$m�2, and a levelized cost of energy was
0.0493–0.0790$ kWh�1 with the module operating at 16%
PCE in a 30 years cycle.[279] Thus, the minimum required
conversion efficiency of PSCs should meet the following key tar-
get: the cost of the electricity from the PSCs modules should be
less than that from the commercial PV modules at the set PCE
and years. For the raw materials, the primary attention should be
paid on low cost, availability, and environmental friendliness. For
the large-scale materials preparation, the focus should be on the
reduction and optimization of the synthetic steps, also minimiz-
ing waste, costs, and environmental impact. To date, besides
material and device stability issues, the large-scale material
preparation represents a big challenge for the practical applica-
tion of PSCs.

Figure 11. a) Manufacturing cost of organic solar modules. b) Direct module manufacturing cost distribution. c) Material costs. Reproduced with per-
mission.[294] Copyright 2018, Wiley-VCH. d) Step-by-step direct manufacturing costs of the reference monolithic perovskite PV module. e) Direct
manufacturing cost distribution. f ) Materials cost breakdown of the reference module with a total manufacturing cost of $31.7 per m2. Reproduced
with permission.[279] Copyright 2017, The Royal Society of Chemistry.
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4.4. SWOT Analysis

The promotion and diffusion of new PV technologies depend on
several interrelated factors, from basic scientific aspects to socio-
economic considerations.[280] As outlined earlier, quantitative
metrics have been developed to estimate the energy performance
of PVs technologies in different environments, related to realistic
operation conditions.[281,282] However, a general evaluation of the
technology, in view of a strategic planning of possible implemen-
tation approaches, can be provided by the strengths, weaknesses,
opportunities, and threats (SWOT) analysis.[283] This approach
has been pursued especially to assess the potential of generic
PV technologies in the context of specific geographical and local
areas, considering the balance between scientific/industrial
aspects and real societal and economic advantages.[284–286]

Here, we perform a SWOT analysis focused on the potential
impact of OSC and PSC technologies from the point of view
of industrial scaling-up. The analysis is conducted by collecting
relevant data and information from the literature considered in
the previous sections and summarizing the main aspects related
to the evaluation of SWOT factors in a qualitative comparison
between OSCs and PSCs. The main findings can be summarized
as follows.

4.4.1. Organic Solar Cells

Strengths: 1) The nature of materials used (organic molecules and
polymers) allows solution-based fabrication methods and, thus,
enables the possibility of translating laboratory-scale techniques
to the fabrication of large-area modules with relatively small
efforts; 2) material tenability; tailored for applications; 3) fabrica-
tion methods meet the requirements of high-throughput R2R
techniques; 4) devices can be: flexible, lightweight, colored,
and transparent; 5) high sensitivity to low light conditions;
6) higher PCE under low light conditions and/or diffused/
indirect illumination (e.g., indoor) compared with conventional
technologies; and 7) low environmental impact; no toxic
elements/materials.

Weaknesses: 1) The price of raw materials for the fabrication of
devices can be high; 2) the PCE, measured under standard
illumination, is still lower compared with other technologies;
and 3) the use of organic materials can lead to reduced working
lifetimes under harsh conditions.

Opportunities: 1) The peculiarities of OPV technologies can
make them the most suitable choice for less energy-intensive
application scenarios, such as wearable devices and domestic
electricity consumption; 2) development of newmaterials to over-
come intrinsic losses of OSCs; and 3) development of material
with low synthetic complexity and/or synthetic methods to
reduce costs and environmental impact.

Threats: Other emerging PV technologies, including PSCs,
can overcome the main limitations of OSCs.

4.4.2. Perovskite Solar Cells

Strength: 1) The fabrication technology of PSCs is compatible
with R2R and other high-throughput manufacturing methods,
pointing to a strong potential for industrial scale-up. 2) The

PCE obtained in modules based on PSC is remarkably high with
respect to other technologies. 3) Methods for the deposition/
fabrication of perovskite materials require low energies.

Weaknesses: 1) The nature of materials used in PSCs leads
to durability issues. 2) The great variability of materials used,
fabrication processes, and device architectures in PSCs leads
to significant difficulties in the development of standards for
assessing performance and lifetime of solar cells, with a strong
impact on the industrial uptake of the technology. 3) The use of
lead perovskites as basic photoactive materials in PSCs leads
to significant issues related to materials toxicity and life cycle
of devices.

Opportunities: 1) There is still room for improving the PCE of
PSCs based on lead-free materials (for example, tin perovskites).
2) Technological advancements in the fabrication process can
enhance the PCE of solar cells modules. 3) Development of syn-
thesis and fabrication routes based on low-cost raw materials can
lead to highly efficient and economically convenient PSCs.
4) Routes for recycling all components of PSCs can be developed.

Threats: 1) The lifetime of PSCs is still lagging behind that of
available PV modules. 2) The large-scale adoption of PSC tech-
nologies can lead to significant environmental issues, related to
the use of lead in the perovskite materials (Figure 12).

5. Conclusion and Outlook

In this work, we reviewed the recent progress in the development
of OSC and PSC technologies in view of their potential in real
setting applications. The analysis of the basic principles of work-
ing mechanisms and architecture, the crucial role of materials
design, synthesis, and modeling, and the progress in the
translation of laboratory-scale methods toward industrial large-
scale production allowed us to outline a comparative assessment
of the two main emerging technologies for next-generation
solar cells.

Both technologies display a wide range of distinct properties,
which can be exploited in different application scenarios. Rather
than deciding a unique winner that would be able to beat the
competition in all aspects related to solar energy harvesting,
recent research demonstrates that a wide number of applications
can profit from the peculiarities of both OSC and PSC technolo-
gies, respectively.

The potential of PV technologies in real use-case settings is
largely related to the power density of the energy source from
which light is actually harvested and converted into electricity.
The perhaps most interesting and most engaging application
scenario concerns the realization of large solar cell modules
for power-intensive harvesting of sunlight. Although still domi-
nated by traditional silicon-based technologies, current research
efforts are striving to assess the potential of PSCs as alternative,
low-cost, and high-efficiency technologies in the realization of
solar cell farms.

Nevertheless, novel PVs technologies can also be used for
other outdoor applications. The lower theoretical efficiency of
OSCs, which is related to the excitonic dissociation processes,
is compensated by other advantages. The spectrum of possibili-
ties offered by the manifold of materials that can potentially be
used for fabricating efficient OPV devices opens new
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perspectives for a wide set of target applications. For example, the
integration of PV modules into architectural and structural com-
ponents of buildings (building-integrated PVs [BIPV]), where rel-
atively low efficiencies can be accepted, also sets some other
constraints (transparency, color, and flexibility) that can make
OSC the technology of choice.[287] In this respect, however, very
recent work has also demonstrated the potential of PSCs in this
field of application.[288]

OSCs and PSCs can also outperform other PV systems in
indoor applications and for harvesting ambient light. In these
applications, the relatively low power produced by PV devices
can still be extremely useful for reducing the use of batteries, also
with a significant environmental impact at the large scale.
An emerging advantage in using novel PV technologies to har-
vest ambient light is related to the intensity and the spectrum of
innovative lighting sources, such as LEDs and organic light emit-
ting diodes. PSCs and OSCs can exhibit a better fraction of
energy recycled from light sources with respect, for example,
to silicon-based cells. This behavior can be ascribed to the larger
overlap between the emission spectrum of the light source and
the absorption spectrum of the photoactive layers in PSCs or
OSCs with respect to other platforms and can ultimately be
related to the physicochemical affinity between materials used
in the light-emitting and -absorbing devices, respectively.

The low-weight and flexibility of thin-film OSCs and PSCs can
also find application in the development of consumer appliances
(watches, sensors, home digital devices, wearable devices, smart
textiles, and small displays). Integrated low-power PV systems
are also often used in connection with devices powered by
rechargeable batteries. Although OSCs have generally been pro-
posed for this kind of applications, recent work also highlights
the possibility of using thin-film PSCs for flexible devices.[289]

Another potentially disruptive application of OSC and PSC
technologies concerns the development of devices for health care
and medicine. Besides the possibility of developing self-powered
medical devices, PV platforms can supply electrical power to
biosensors or implants or to other bioelectronic devices. In

particular, the demand of efficient devices for bioelectronics
(from lab-on-chip systems to neural and brain–machine interfa-
ces) is currently growing at a fast pace, with a significant impact
on future market opportunities in the field. A relevant property
required for the application of PV platforms in this field is a wide
and tunable absorption spectrum (from NIR to VIS), needed to
match the requirement of specific applications. These fields of
application, however, also pose stringent requirements for the
biocompatibility of PV platforms. From this point of view,
OSCs can offer a wider set of opportunities with respect to PSCs.

Furthermore, an emerging field of application of innovative
PV technologies is that of low-power energy sources for
Internet of Things (IoT) devices. The IoT technology is expected
to rapidly boost in the next few years, with an estimate of about
75 billion devices worldwide expected by 2025. Most of these
devices will operate under ambient light, thus matching the opti-
mal working conditions for OSCs and PSCs. Clearly, the possi-
bility of replacing batteries with integrated PV platforms opens
new opportunities for the development of IoT technologies.
Recently, thin-film PSCs have been used as energy sources for
radio-frequency identification (RFID) systems,[290] and work is
in progress to extend this approach to other IoT platforms.

Overall, the OSC and PSC technologies are in the stage of
finding their path to initial market proposition building on their
specificity and strength with respect to existing products. The
faith of both technologies for large-scale market uptake still relies
on the output of dedicated research and development activities to
solve blocking issues and make the products economically
competitive and sustainable.
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