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Semitransparent Perovskite Solar Cells for Building
Integration and Tandem Photovoltaics: Design Strategies

and Challenges

Giuliana Giuliano, Aurelio Bonasera, Giuseppe Arrabito, and Bruno Pignataro*

Over the past decade, halide perovskite systems have captured widespread
attention among researchers since their exceptional photovoltaic (PV) perfor-
mance is disclosed. The unique combination of optoelectronic properties and
solution processability shown by these materials has enabled perovskite solar
cells (PSCs) to reach efficiencies higher than 25% at low fabrication costs.
Moreover, PSCs display enormous potential for modern unconventional PV
applications, since they can be made lightweight, semitransparent (ST), and/or
flexible by means of appropriate design strategies. In particular, by enabling
transparency and high efficiency simultaneously, ST-PSCs hold great promise for
future versatile utilization in the context of building-integrated PVs (BIPVs) or as
top cells to be coupled with conventional lower-bandgap bottom cells in tandem

photovoltaics (PVs) offers one of the most
effective strategy for producing clean and
sustainable electric power by exploiting
the unlimited, ubiquitous, and freely avail-
able energy of the sun.*® However, the
PV technology is still a minor player in
the global power industry, providing less
than 3% of the worldwide electricity
demand.™” This is mainly due to the
higher production costs of today’s applied
wafer-based PV modules compared to
other conventional carbon-based fuels.
Moreover, their opaque/bulky nature hin-
ders a more efficient PV integration into

PV devices. The present review aims to provide a detailed overview of latest

research about ST-PSCs for BIPVs and tandems, by critically reporting on the
most updated and effective design strategies in view of these two possible future
applications. The differences and similarities between the available approaches
are punctually highlighted, emphasizing the importance of a rigorous application-
orientated ST-PSC design. Finally, the main challenges and issues about device
design, operation, and stability that need to be addressed before commerciali-

zation are thoroughly scanned.

1. Introduction

From a sustainable development perspective, transforming the
global energy sector by switching from fossil fuels to renewable
energy sources constitutes an absolute priority."™ Solar
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urban scenarios. These issues call for the
development of novel, more adaptive, and
cost-effective  technologies to promote
large-scale deployment of PVs.!''713]
Nowadays, new-generation thin-film PV
technologies are making inroads, including
dye sensitized solar cells (DSSCs),[*!"!
organic solar cells,"*% and perovskite
solar cells (PSCs).*>% Among them,
PSCs have recently gained much attention
both from the academic and industrial
communities, mainly because perovskite
light harvesters have demonstrated extraordinarily high PCEs,
with the current record certified efficiency being 25.5%.2% In
addition to the impressive PV performance, the possibility to
make PSCs semitransparent (ST) has recently opened up new
directions for sustainable energy development in the contexts
of building-integrated photovoltaics (BIPVs), solar-powered
automotive/portable electronics, and tandem solar cells (see
Figure 1).°'*1 The state-of-the-art PSCs are nontransparent
due to the use of opaque, highly reflective metal counter electro-
des and the strong absorption of the perovskite film. Very
recently, efficient ST-PSCs have been successfully demonstrated
using suitable transparent electrodes, opportunely engineered
perovskite layers, and advanced light manipulation strategies.?*’!
The integration of such devices into buildings and skyscrapers as
power-generating solar windows, fagades, skylights, or other aes-
thetic architectural elements is one of the most intriguing
perspectives,****! offering a sustainable solution to the tremen-
dous and ever-increasing building energy consumption. For such
BIPV purposes, specific transparency levels are typically
required: For instance, an average visible transmittance (AVT)
of at least 25% is taken as a benchmark for solar window appli-
cations.?” In contrast, ST-PSCs with high transparency in the
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Figure 1. Potential application areas of semitransparent perovskite solar cells (ST-PSCs) based on the transparency wavelength range of interest, either the
visible (380-780 nm) or the NIR (800-1200 nm) region of the solar spectrum. ST-PSCs with high visible transparency could find applications in BIPV systems
or in the automotive industry (e.g., power-generating transparent car roofs), whereas NIR-transparent PSCs can be integrated as top cells in tandem PVs.

near-infrared region (NIR) of the solar spectrum (typically in the
800-1200 nm range) have recently demonstrated themselves as
the ideal top cell candidates for integration into tandem PVs, cou-
pled with lower-bandgap bottom cells, including crystalline sili-
con (c-Si) and copper indium gallium selenide (CIGS)-based
cells.*® Such multi-junction devices can offer promising new
avenues for PV technology since they may boost the efficiency
of already commercialized solar cells beyond their single-junc-
tion theoretical limit.

There are several recent reviews in the literature on the topic
of ST-PSCs, mainly focusing on the optimization of each func-
tional layer or on the manufacture of such devices from the
perspective of one specific application.??=*# Unlike those works,
the present review aims to summarize the state-of-the-art prog-
ress in the fabrication of ST-PSCs, offering a critical vision and
highlighting the key requirements that must be fulfilled depend-
ing on the possible future application, either in the context of
BIPVs or tandem solar cells. Before presenting the most updated
design strategies of ST-PSCs, the reader will be provided with the
necessary background information about perovskites and PSCs
in Section 2. Then, Section 3 is dedicated to describing the way in
which ST-PSC architectures are derived from conventional opa-
que ones. In particular, the discussion will be divided into two
main parts, the first dealing with the manufacture of ST-PSCs for
BIPV systems, and the second concerning the design of ST-PSCs
for different types of tandem cells; the differences and similari-
ties between the two approaches will be highlighted, and the
need for a more rational design of ST-PSCs based on “fitness-
for-purpose” criteria will be emphasized. Finally, Section 4 pro-
vides some perspectives for the future development of ST-PSCs
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by scanning the main challenges and issues about device design,
operation, and stability that need to be addressed before any
large-scale implementation. We hope that the guidelines
reported later will help identify the most appropriate ST-PSC
design and fabrication method in the prospect of BIPV or
tandem applications.

2. Perovskite-Based PV Technology

2.1. Perovskite Materials

Generally speaking, the term “perovskite” is used to describe any
material with the same crystal structure as calcium titanate
(CaTiO;) and general formula ABXj;, where X is an anion,
and A and B are cations of different sizes. The chemical compo-
sition as well as the geometrical distortion from the ideal perov-
skite structure, which consists of a 3D cubic lattice as illustrated
in Figure 2a, play a crucial role in tuning the physical properties
such as the bandgap.***?! Historically, inorganic oxide-based
perovskites (CaTiO3, BaTiOs, etc.) have been most actively stud-
ied for various applications due to their superior ferroelectric and
superconducting properties; however, their wide bandgaps limit
their use in solar applications. Instead, the perovskites of interest
for photovoltaic purposes are halide-based perovskites (ABXj,
with X=1", CI", Br"), which are generally solution-processable
semiconductors.*>** Typical inorganic A site cations that can
form 3D halide perovskites include Li*, Na*, Rb*, and Cs*,
while the B site can be occupied by any divalent metal cation,
with the most relevant for optoelectronic purposes being
Pb?*, Sn*", and Ge?*. The replacement of the inorganic A site
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Figure 2. a) Ideal cubic structure of perovskite (ABX;); simplified schematics showing the possible color tuning of hybrid halide perovskite films by

b) increasing the Br™/I™ ratio or c) varying the nature of the A cation.

cation with an organic cation of properly small size leads to the
formation of hybrid organic-inorganic halide perovskites, a class
that has attracted huge attention since the 1970s due to their
improved optical and electrical properties. The most commonly
investigated hybrid halide perovskites to date have been based on
methylammonium (CH3NH3", also referred to as MA™) or for-
mamidinium (NH,CHNH,", FA™) as the organic cation.?**%
Since the first application of MAPbI; in solar PV devices in
2009, several compositional modifications have been pro-
posed, resulting in color variation and PCE modulation.
Indeed, one of the key attributes of perovskite materials is that
they possess excellent tunability of the bandgap, achievable
through rational compositional engineering. This is a very attrac-
tive feature for solar cell applications, since it allows for devices
with a specific color, or for ST solar cells with proper absorption
characteristics that can be used as top cells in tandem PV devices,
as will be discussed in Section 3.3. Bromide has been most
effectively used to tune the bandgap of hybrid perovskites.
Noh et al*®! were first to investigate the effects of mixed
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iodide-bromide MAPbI; ,Br, compositions, realizing a tunable
bandgap between 1.5 and 2.2 eV and a wide variety of film colors,
as shown in Figure 2b. In 2014, Pellet et al.**! demonstrated an
improved PCE using mixed cation lead tri-iodide perovskites by
gradually substituting MA with FA cations. The enhanced perfor-
mance compared to pure MAPbI; was due to greater absorption
in the red region of the spectrum (narrower bandgap), resulting
in a higher photocurrent. Even though the nature of the organic
cation does not directly affect the electronic band structure of
perovskites, a variation of the bandgap can occur as a result of
the change in crystal lattice geometry (see Figure 2c).
Numerous other reports of (MA),(FA); _,Pbl;-based devices with
respectful PCEs have been documented during the last years.!*’ "
At present, there is an increasing interest in more complex,
cesium-containing, triple-cation (Cs/MA/FA) perovskite composi-
tions, which have recently shown impressive PCEs exceeding 20%
and very stable performances against the long-term exposure to
ambient atmosphere.”’* The incorporation of Cs apparently
reduces the trap density and charge recombination rates in the
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perovskite film, making it more thermally stable and less sensitive
to processing conditions. Such robustness is important for provid-
ing PSCs with performance reproducibility and long-term lifespan
in the prospect of a future commercialization. Furthermore, in the
context of tandem PVs, triple-cation perovskites have demon-
strated themselves as suitable tandem partners for silicon solar
cells, exhibiting remarkable stability and proper absorption char-
acteristics (see Section 3.3). As well as by varying the A and X site
ions, another effective way to change the bandgap of perovskite is
by replacing Pb®" with alternative homovalent metal species
(Sn>*, Ge®") at the B site. A partial substitution of lead by tin
was reported by Zuo et al.,*® who demonstrated bandgap tuning
through varying Pb:Sn ratios and PCEs higher than 10%. In
general, tin-based perovskites show promising PV properties like
narrower bandgap (1.2-1.4eV) and higher carrier mobility, but
they also suffer from rapid degradation due to the inherent insta-
bility of the Sn®" oxidation state; this effect is even more promi-
nent for the case of Ge?*. Parallelly, the performances exhibited by
fully lead-free perovskite-based devices are still very low,*”) and a
complete replacement of toxic Pb®" by more environmental-
friendly metal cations without compromising on efficiency and
stability remains an open challenge, as will be discussed in
Section 4.1.

2.2. Device Architecture

After having recognized the relevance of halide perovskites as
potentially high-efficiency PV materials, researchers focused
their efforts on optimizing the PSC structure. PSCs were initially
fabricated in the traditional DSSC architecture. In 2009, Kojima
et al.* replaced the conventional dyes with MAPbI; and
MAPDBr; perovskites, demonstrating PCEs of 3.8% and 3.1%,
respectively. In 2012, the severe instability of such prototype
PSCs was solved by replacing the liquid electrolyte with the solid
2, 2/, 7, 7'-tetrakis (N, N-p-dimethoxy-phenylamino)-9, 9’-
spirobifluorene (spiro-OMeTAD) hole-transporting material
(HTM).®® Park and collaborators proposed a solid-state
mesoscopic PSC architecture based on MAPDI; nanocrystals,
spiro-OMeTAD, and 0.6 pm thick mesoporous TiO, film,
achieving a maximum PCE of 9.7%. Since then, the further prog-
ress in the design of PSCs was propelled by the advances in film
deposition techniques and the development of alternative device
layouts.

Today, PSCs are most commonly designed as a solid-state
n-i-p (or p-i-n) heterojunction architecture, either planar or meso-
scopic, where the intrinsic (i-type) perovskite semiconductor
serves as the light absorber for photogeneration of charge car-
riers, while n- and p-type materials are introduced in the device
to provide the built-in potential and assist directional charge
extraction (see Figure 3a, b). A typical PSC comprises a front
transparent conducting electrode (TCE), which allows for the pas-
sage of light to the heart of the cell, a perovskite photoactive layer
sandwiched between a hole-transporting layer (HTL) and an elec-
tron-transporting layer (ETL), and a metal reflective back contact.
In the case of the n-i-p architecture (also called the “regular”
architecture due to its popularity), the electron-transporting
material (ETM) is deposited prior to the perovskite layer and
is often made of TiO,, an n-type material which forms a n-i
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junction selective to the passage of electrons; the HTL is instead
a p-type material located on top of perovskite, such as spiro-
OMEeTAD, poly(triaryl amine) (PTAA), or the inorganic copper
thiocyanate (CuSCN), forming a i-p junction selective to the holes
transport. In contrast, the p-i-n structure has an opposite
sequence of HTM and ETM than the regular configuration,
and it is often referred to as the “inverted” structure. Typically
used charge-transport materials in planar p-i-n  devices
are poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) or NiO, as the HTM, and fullerene derivatives
(e.g., phenyl-C41/Cyy-butyric acid methyl ester, PCgBM/
PC;BM) as the ETM. Differently from planar devices, meso-
scopic PSCs feature an additional mesoporous HTL or ETL,
which can help facilitate the charge transfer at the interface with
perovskite, giving rise to a significant improvement in PSC
performance. The state-of-the-art PSCs with the record PCEs
are predominantly fabricated in the regular mesoscopic configu-
ration.”’~2* Although the traditional mesoscopic PSCs generally
show higher PCEs compared with planar architectures, the latter
typically offer low-temperature processing and reduced optical
losses, which are great advantages for applications in the contexts
of flexible and transparent PVs.

For all the aforementioned PSC structures, a proper energy
level alignment is vital for obtaining a good PV performance.
The photogenerated electron-hole pairs in the perovskite layer
would experience charge separation at the interfaces between
the perovskite and the ETL or HTL; therefore, suitable energy
band offsets are to be provided at these junctions to enable effi-
cient charge extraction and to minimize carrier recombination,
ultimately resulting in an overall increase in the key cell param-
eters values (PCE; open-circuit voltage, V,; short-circuit current
density, J; fill factor, FF). This means that the HTL and the ETL
should be selected with energy levels well matched to the
perovskite material. Moreover, they should ensure efficient
and selective charge transport by presenting high electron or hole
mobility, as well as adequate bandgap to block the opposite
charge carriers. The work functions (WFs) of the bottom and
top electrodes should also match the energy levels of the
charge-transport layers to facilitate charge collection. Figure 3c
shows the band energy levels for the most commonly used mate-
rials and interfaces in PSCs.*®! Rational engineering of the PSC
interfaces has recently become an important strategy for improv-
ing the charge extraction and reducing the gap between theoreti-
cal and practical PCEs.[*” A careful selection of materials and
their interfaces is also critical for the performance of ST-PSC
devices, as will be thoroughly discussed in Section 3.

2.3. Fabrication Techniques

As previously described, the PSC architectures incorporate dif-
ferent functional layers, including perovskite, charge-transport
layers, interfacial buffer layers, and bottom and top electrodes.
One of the key advantages of such PSC components over conven-
tional inorganic PV materials is solution processability, which
allows for the use of low-cost thin-film deposition techniques
such as spin-coating, doctor blading, ink-jet printing, and
spray-coating. Most of these technologies are compatible with
roll-to-roll processing for industrial large-scale production.
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Figure 3. Schematic of the major PSC architectures: a) Regular n-i-p mesoscopic and planar; b) inverted p-i-n mesoscopic and planar. c¢) Schematic

energy level diagram of the most commonly employed materials in PSC technology.

Nevertheless, fabricating high-quality thin films from solution is
not trivial, especially in the case of perovskite materials, and a
careful control of each deposition step is necessary for obtaining
high-performance PSC devices.

The fabrication of laboratory-scale PSCs typically starts from a
glass (or plastic) substrate coated with a transparent conductive
oxide (TCO) layer, such as indium tin oxide (ITO) or fluorine-
doped tin oxide (FTO), which serves as the bottom electrode.
TCO-coated substrates are generally prepared by magnetron
sputtering and are commercially available. Nevertheless, some
researchers have tried to deposit the bottom contact themselves
by using alternative substrates/techniques or replacing the tradi-
tional TCO layer with other transparent conducting materials. As
far as the substrate is concerned, glass has been a universal mate-
rial of choice as transparent rigid support due to its low produc-
tion cost, the consolidated fabrication strategies, and optical
transparency. This makes the state-of the-art PSCs potentially
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[59]

compatible with all those urban and daily life scenarios that
include sunlight-exposed glass surfaces. Nevertheless, PSCs
could benefit of other materials which do not possess the high
thermal conductivity and brittleness that glass shows. In this
regard, it found quite a resonance in the scientific community
the very fresh report by Li and co-workers,'®!! who developed a
new fabrication strategy based on the employ of transparent
wood, demonstrating an encouraging PCE of 16.8%. The excep-
tional versatility of the PSC technology has also opened the pos-
sibility of constructing cells on top of various flexible substrates,
including metal foils, ultrathin flexible glass, nanopaper, and
plastic substrates, thus extending the possibility of practical inte-
gration. Many examples of flexible PSCs fabricated on polymer
supports such as polyethylene terephthalate (PET),[>~** polyeth-
ylene naphthalate (PEN),***? and polyimide (P1)*’! are reported
in the literature. However, still most PCE values of flexible cells
lag behind those of their rigid counterparts, with the major issues
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arising from the relatively low conductivity and poor mechanical
properties of conventional TCO electrodes on flexible substrates.
This is one of the reasons why TCO-free PSCs have recently
become a popular research field, focusing on the development
of alternative transparent electrodes, as will be discussed in
Section 3.1.

Once the substrate and the bottom electrode have been
selected /prepared, the subsequent steps of PSC fabrication
involve the sequential deposition of the electron-transport, the
perovskite, and the hole-transport layer. In particular, it is criti-
cally important to deposit a uniform, dense, highly crystalline,
and pinhole-free perovskite film with high surface coverage
and proper thickness to achieve high PCE and reproducibility.[*®
Indeed, the presence of pinholes or other inhomogeneities in the
perovskite layer will result in direct contact between the p- and
n-type materials, leading to shunting paths and severe charge
recombination. Various deposition approaches have been devel-
oped to build up high-quality perovskite films starting from
the corresponding precursors (e.g.,, MAX and PbX, to form
MAPDX3), primarily: one- or two-step solution processing,**””!
thermal vapor deposition,”" and hybrid vapor-assisted solution
process (see Figure 4)."?! The solution processing routes are the
most attractive for the aforementioned reasons, but they often
result in poorer film quality, especially when using the one-step
method. To improve the performance of solution-processed
perovskite films, several strategies have been proposed, includ-
ing: 1) incorporation of more than one organic or inorganic pre-
cursors, 2) antisolvent dripping method, 3) use of binary solvent
systems, 4) solvent annealing, and 5) use of additives.®® The
additive engineering strategy was recently exploited by our
research group to boost the efficiency and stability of one-step
solution-processed PSCs.”*! For a time, PSCs fabricated using
the two-step solution process exhibited higher performances
than those made using the one-step, but the situation drastically
changed upon the introduction of the antisolvent dripping
method. The latter is a modification of the one-step approach,
consisting in the deposition of all perovskite precursors in a
single step, during which a proper antisolvent is spin-coated
to trigger the crystallization of the perovskite film; this solu-
tion-based technique is currently the most used and effective
perovskite deposition approach, resulting in record high PCEs
exceeding 24% (see Figure 4e).?>°]

Concerning the charge-transport layers, several semiconduc-
tor materials have been successfully implemented as ETLs or
HTLs in PSCs, including polymers, organic small molecules,
and inorganic compounds, some of which have already been
mentioned previously (see Figure 3e). These materials are typi-
cally processable from solution and therefore can be deposited by
spin-coating or other simple solution-based techniques. As in the
case of the perovskite film, several strategies have been proposed
to enhance the film quality and performance, including doping
strategies, nano-design, and additive engineering.”* It is impor-
tant to mention that conventional methods for fabrication of
metal oxide mesoporous ETLs/HTLs (e.g., mp-TiO,) typically
involve the deposition of a metal alkoxide precursor solution
(e.g., titanium (IV) isopropoxide) by spin-coating or spray-pyrol-
ysis followed by a high-temperature (>400°C) sintering step,
which increases the costs and generally hampers the
fabrication of flexible devices. Very recently, alternative low-
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temperature processing routes have been proposed, leading to
encouraging PCEs higher than 20%.1

Finally, the last PSC fabrication step consists in the deposition
of the metal counter electrode, which is typically carried out by
thermal evaporation. Recently, alternative vacuum-free deposi-
tion methods have been developed, and fully solution-processed
PSCs with printed back electrodes have been successfully fabri-
cated, as reported in Figure 4f.”>) The possibility to separately
fabricate the electrode by printing techniques, and then mechan-
ically transfer it over the photoactive layer by lamination, is a
remarkable advantage in terms of manufacturing costs and
design flexibility, enabling the incorporation of printable con-
ducting materials of various kinds and transparency levels as
top contacts, as will be extensively discussed in the following sec-
tion. The distinctive features of such devices, including low-cost
processing, lightness, and compatibility with different sub-
strates, further confirm the remarkable versatility and potential
of this technology.

3. Semitransparent Design of PSCs

3.1. Strategic Tools and Requirements

Generally speaking, ST solar cells are a technology that combines
the ability of light-to-electricity conversion with the benefits of
light transparency in a specific wavelength range of the solar
spectrum. The emerging interest devoted by the scientific com-
munity to ST-PSCs came up in a specific moment (2014) for a
series of precise reasons. First, it was necessary for opaque PSCs
to become an established technology, especially in terms of PCE
values comparable with the more investigated and commercial-
ized PVs. Second, that is a consequence of the previous issue, it
is not worth investigating ST solar cells unless high efficiency is
not achieved by opaque devices, considering that the inherent
trade-off between absorbed light and transmitted light in ST devi-
ces typically results in lower PCEs compared to their opaque
counterparts; this aspect makes the fabrication of high-efficiency
ST-PSCs, in some respect, even more challenging. All those key
issues were first and successfully faced in the milestone work by
Eperon et al.,”® whose results created excitement around perov-
skite-based ST devices, demonstrating performances competitive
with other emerging classes of ST-PVs. Since then, different
ST-PSC design strategies have been developed, targeting at
the desired semitransparency while maintaining increased
PCE values.?*8

The manufacture of a ST-PSC can be accomplished through
different approaches depending on the target application, but
there are some mainstream design keywords that remain
constant. First, starting from a conventional opaque architecture,
it is mandatory to replace the traditional, highly reflective metal
top electrode with a proper transparent conductive alternative. In
other words, both the front and back contact of a ST-PSC should
be transparent to allow for the passage of a fraction of incident
light through the entire device. This concept is schematized in
Figure 5. Ideally, materials employed as transparent contacts
should minimize absorption and reflection in the complete
350-1200 nm spectral range. However, the consequent lack of
reflecting light from the top electrode into the perovskite film
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will inevitably lead to an efficiency loss compared to the opaque
device, in which, instead, the unabsorbed photons can alterna-
tively be harvested by perovskite upon back reflection.
Nevertheless, interestingly, it was shown that ST-PSCs may
exhibit higher PCEs than conventional PSCs if implemented
in a bifacial configuration, thanks to their intrinsic capability
of receiving light from both the front and back side. Since bifacial
PSCs will not be the main topic of the present review, we suggest
to the readers that they consult the references to deepen their
knowledge.l””78!

Alongside transparent electrodes, the ST-PSC design typically
involves the use of thinner or opportunely engineered perovskite
films, so that they can only absorb a part of the incident photons.
A careful optimization of the perovskite thickness, morphology,
and composition is particularly important in the context of
BIPVs, where a specific color or an appropriate visible transpar-
ency has to be provided, as will be detailed in Section 3.2. Last
issue, the structure and composition of the charge-transport and
interfacial layers, as well as the entire device structure, must be
carefully selected to obtain the best trade-off between efficiency
and transparency. To this end, additional antireflective (AR) coat-
ings (e.g., LiF, MgF,), optical outcoupling layers, or other
advanced optical structures can also be inserted in the front
and/or back side of the device to further enhance the transpar-
ency or the efficiency based on modern light manipulation
strategies.”>#% The performance of the final ST-PSC will be
determined by the balance between PCE and optical properties
such as AVT, average NIR transmittance, and color tinting/
rendering metrics, and it should be optimized for the specific
application, based on “fitness-for-purpose” criteria as highlighted
in Figure 6. At the same time, chemical stability and simple/
scalable processing of all the constituent materials and interfaces,
along with high reproducibility and long-term durability of the
device performance, should be guaranteed to enable the develop-
ment of potentially marketable and reliable ST-PSCs.

It is intuitive to imagine that, before targeting at any specific
feature, achieving electrodes transparency is the first and most
relevant issue in ST-PSC design. The ideal transparent top
electrode (TTE) should exhibit excellent electrical conductivity

www.solar-rrl.com

and maximized transparency simultaneously, along with low
cost, robust chemical stability, and proper work function (WF)
for efficient charge extraction.®’! Moreover, the TTE should be
processable without damaging the underlying temperature-
and solvent-sensitive layers in the device. Currently, transparent
conductive oxides (TCOs) dominate the use of transparent elec-
trodes in the optoelectronic industry, providing the best trade-off
between conductivity and transparency. In the context of PSCs,
FTO, and ITO have become a standard choice as bottom electro-
des in ST-PSCs for most of the researchers, as already discussed
in Section 2.3. However, whereas the bottom electrode has much
less solvent/temperature restrictions, TCOs can hardly by
employed as TTEs since they generally require high-energy
deposition techniques (e.g., magnetron sputtering), which may
damage the underlying perovskite and charge-transport layers
from the high kinetic energy of the as-deposited particles.
Recently, effective integration of various sputtered TCO-based
TTEs, including ITO,®®#* aluminum-doped zinc oxide
(AZ0),® indium-doped zinc oxide (IZ0),®! indium zinc tin
oxide (IZTO),”! zirconium-doped indium oxide (1Zr0),®® and
multiple-element-doped tin oxide (MDO),®® has been demon-
strated by careful control of the sputtering parameters to mini-
mize the damage or by incorporating suitable sputter buffer
layers (e.g., ultrathin metal films or metal oxide nanoparticles) to
protect the underlying materials. As an example, thermally
evaporated molybdenum oxide (MoOy) has been extensively
adopted and used as anode buffer layer in n-i-p devices (depos-
ited on top of the HTL prior to TCO sputtering), owing to its low
processing temperature and desirable energy level alignment for
hole extraction.®? Despite these remarkable achievements, the
increasing prices and very poor mechanical properties of
TCOs remain undesirable for modern PV applications. For this
reason, there has been a growing research interest in alternative
materials to serve as transparent electrodes, such as ultrathin
metal (UTM) films,”*** multilayered dielectric/metal/dielectric
(DMD) structures,”>%! metal nanowires,'**'%* conductive
polymers,'**1%!  graphene,'®1%) and carbon nanotubes
(CNTs)."' 11 The pros and cons related to their use as TTEs
compared to TCOs, as well as their performances in terms of

color
metrics

efficiency

stability

AVT

Building
Integration

Py

NIR
transparency

processing
scalability

Tandem
Solar Cells

Figure 6. “Fitness-for-purpose” criteria for ST-PSC design: Efficiency, AVT, NIR transparency, color metrics, stability, and processing scalability should be
precisely evaluated and carefully balanced to fit with the specific target application (BIPVs or tandem SCs).
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sheet resistance (Rs) and average transmittance (T,yg) based on
recent reports, are listed in Table 1.

By reducing the thickness down to tenths of nanometer or
even below, metal top electrodes become sufficiently transparent
to become suitable for ST applications.”” Many examples of
ultrathin Ag or Au films have been successfully implemented
as TTEs in ST-PSCs, often by means of seed layer strategies help-
ing in enhancing the wetting ability of the metal particles and
obtaining a smooth, percolative metal layer with minimized
thickness and acceptable transparency.”'* The optical trans-
mittance of UTM film-based electrodes could be further
enhanced without losing the electrical properties if the metal

www.solar-rrl.com

(M) thin film is embedded between two dielectric (D) materials
with high refractive indices to give multilayered DMD structures.
Such composite electrodes generally exhibit ideal characteristics
to serve as TTEs, such as: excellent electrical conductivity pro-
vided by the metal middle layer; improved overall transparency
due to interference and antireflective effects occurring at the
interfaces; low-temperature and solvent-free processability; and
mechanical stability.” The multilayered architecture composed
of MoO, as the dielectric and Au or Ag as the metal is one of the
most employed DMD electrode in regular ST-PSCs, showing
performances competitive with those of conventional TCOs
(see Table 1).°°% Sn0,/Ag/SnO, top electrodes have also been

Table 1. A comparison between different types of transparent conductive electrodes for use as TTEs in ST-PSCs. Typical ranges of sheet resistance (Rs)
values and average transmittance (T,yg) values in the visible (380-780 nm) and NIR (800-1200 nm) spectral ranges are provided in square brackets for
each type of TTE, together with the values corresponding to representative examples taken from the literature.

TTE composition R [Q@sq ] Tavg (vis.) [%] Tavg (NIR) [%] PROS CONS

[ITO-based] [10-100] [80-90] [>75] Excellent trade-off between High-energy sputtering; expensive;

MoO,/ITO2 40 ~80 ~80 conductivity and transparency brittle; slightly yellow; unstable to acid

ITO® 9; 14; 27 - 76; 84; 81

ITO/MgF,*4 44 ~83 -

[Other TCOs] [10-100] [80-90] [>80] Low damage sputtering; improved Parasitic absorption and low carrier

AZOBS) 28.1 =85 -85 mechanical properties; superior NIR mobility; post-annealing treatments

transparenc

1ol 15.9 >80 81.96 parency

1ZTOB” 11.8;173 81.3; 83.3 >85

1Zrol 18 ~85 >80

MDOE! - >80 81.6; 91.6

[UTM films] [1-50] [50-70] [50-70] Low-temperature solvent-free Often based on precious metals (Ag,

Au/LiF" _ 56 _ deposition; high conductivity, Au); parasitic absorptions; corrosion/

92 flexibility diffusion issues

Cu-seeded Ag®? 23 ~70 58.6

Cu-seeded Aul®’l 23 - ~60

Cr-seeded Aul* 16.3 ~70 66.6

[DMD structures] [1-50] [70-85] [>70] Tunable opto-electrical properties; Often based on precious metals (Ag,

MoO,/Au/MoO, % 13 ~80 _ high transparency; flexibility Au); parasitic absorptions; corrosion/

o7 diffusion issues

MoO,/Au/MoO,L” 15 - 73

MoO,/Au/MoO,L®! 19.6 - 74

MoO,/Au/Ag/MoO,*?! ~16 >70 -

SnO,/Ag/Sn0O, 1% 10 81 -

[Metal NWs] [1-200] [70-95] [>80] Easy solution processing; flexibility; Challenging fabrication; high

AgNws'" 12.4 ~90 ~85 transparency; colorless roughness; poor adhesion; haze;

102 corrosion/ diffusion issues

AgNws!'0d 18; 78 85.4; 93.4 ~80; ~90

AgNws!'03] 16; 120 ~80, >90 ~80, >90

[Conductive polymers] [15-1000] [75-90] [>70] Low cost; solution processing; Degradation under humidity, high T

PEDOT:PSSI4 77: 15 78: 76 _ flexibility and UV; color tinge

PEDOT:PSSI'®l ~121 ~90 -

[Carbon-based mater.] [50-2000] [50-97] [60-90] Low cost; flexibility; environmental High resistance; high roughness

Graphenel!%! 140 ~90 _ stability; colorless (CNTs); sensitive to defects and
impurities (graphene

Graphene!'®”) 552 97 - P (erap )

Graphenel'®®! 9% 90 -

CNTsM9 ~2000 ~60 -

CNTsIM - 50-85 60-90
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incorporated in inverted ST-PSCs, demonstrating additional self-
encapsulation abilities."®! Another remarkable advantage of
such DMD structures consists in the possibility of tuning their
transmittance/reflectance properties by simply varying the thick-
ness of the constituent layers. In particular, several recent studies
have reported on the optimization of the bottom and top D layers
thicknesses toward the best transparency in the wavelength
range of interest. The fact that one specific thickness value
may correspond to the highest AVT suitable for BIPV purposes,
while another value may lead to the maximum transparency in
the NIR region in view of tandem integration, further confirms
the importance of a rigorous application-orientated ST-PSC
design.

Solution-processed metal nanowires or meshes are also prom-
ising alternatives to the commonly incorporated sputtered TCO
electrodes. Among several materials, silver nanowires (AgNWs)
have the potential to be among the best choice for researchers
due to the elevate transmittance (~90% at 550 nm) and resis-
tance value (10-20 Qsq "), which make them comparable with
commercial ITO electrodes."®" The biggest limitation is the high
reactivity of Ag with halogens, whose combination causes disrup-
tion of the optimal perovskite crystal structure. The pivotal work
by Guo and co-workers circumvented this issue by simply intro-
ducing a thin layer of zinc oxide nanoparticles beneath the top
AgNW electrodes.l''” On the one hand, the metal oxide layer
provided a physical barrier to Ag diffusion to the perovskite layer;
on the other hand, it guaranteed excellent ohmic contact between
the AgNWs electrode and the underneath layers. According to
the high costs and instability issues of precious metals as
TTEs, one of the very first examples of indium-, gold-, and
silver-free transparent electrode was proposed by Bryant and
co-workers, who obtained encouraging results combining a
corrosion proof Ni mesh grid (embedded in a PET film) with
a transparent conductive adhesive; this cheap strategy offers
the possibility to separately fabricate the electrode, and then
deposit it over the photoactive layer by lamination."'*) A more
recent example of mechanically transferable TTE for ST-PSCs
was reported by Lee et al., who demonstrated high-performance
flexible devices (PCE > 13% at 1 cm” active area) by reproducible
dry stamping transfer of a polymeric PEDOT:PSS (PH1000)-
based flexible TTE.['%!

In addition to TCO- and metal-based TTEs, carbon nanoma-
terials such as CNTs and graphene have also been deeply studied
and tested in ST-PSCs as grounding materials for transparent
conductive electrodes.'**"'*® They possess appealing features
such as electrical conductivity, hydrophobicity, both of them con-
tributing to the stability and the performance of the final devices,
and a relatively low production cost, which is a further plus look-
ing at the final price of the PVs on the market; furthermore,
chemical and mechanical robustness are appealing extra
features. One of the very first attempts to produce carbon-based
electrodes was reported in 2014 by Li et al., who investigated the
fabrication of a hole collector by laminating films of CNTs onto
the perovskite layer."'” The study demonstrated the achieve-
ment of efficient electrodes bypassing expensive metal deposi-
tion by vacuum techniques. Very recently, a CNT electrode
was implemented for the first time to 4-terminal perovskite/
silicon tandem cells, proving to be an ideal candidate as TTE
for tandem purposes due to its higher transmittance than the
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ITO electrodes in the infrared region."'! Taking advantage of
its atomic-scale flatness, You and others reported the employ
of graphene as TTE; the stacked multilayered graphene was
prepared by chemical vapor deposition (CVD) followed by a
lamination procedure'®®; a thin layer of PEDOT:PSS was coated
onto the electrode both to improve the electrical conductivity and
contribute to the formation of an efficient interface with the
perovskite film. More specific examples of application of differ-
ent transparent electrodes as TTEs in ST-PSCs will be provided
in the next two sections, where a clear boundary between BIPV
and tandem applications will be drawn.

3.2. ST-PSCs for Building-Integrated PVs

Nowadays, the electricity consumption of buildings is tremen-
dous, accounting for nearly one third of the total global energy
demand." A low-cost and sustainable solution to this issue is to
implement BIPV systems on the building themselves, with the
ultimate goal of turning any urban infrastructure into a green
and self-powered asset. In the early days, it was necessarily sili-
con solar cell technology to dominate the field, since it was the
sole PV technology to guarantee reliability, stability, and perfor-
mance. The possibility to introduce modern aesthetic criteria for
building design quickly began to attract architects, investors, and
public institutions, aiming at boosting the energy transition and
shaping the landscapes of the near-future urban projects.''”)
Currently, the BIPV market is very florid and dynamic; consid-
ering the recent trends in Europe, data evidence the consistent
growth of solar power installed into buildings within the last
6years, with an increase of one order of magnitude up to 5
GW, '8 providing a breeding ground for innovation and new
technologies. In this context, modern architectures are often pro-
ducing buildings and skyscrapers based on a harmonic combi-
nation of steel and glass, where wide portions of the facades
result in immense windows, providing elevate brightness in
the inner space and limiting electricity consumption for indoor
lighting; however, buildings with elements such as windows and
transparent walls/rooftops are generally excluded from this
advantageous PV integration to comply with the intrinsic opacity
and rigidity of silicon-based devices.""*'*”) In fact, due the lack
of transparency and design flexibility, silicon solar panels are typ-
ically mounted at the limited rooftop of the building in the form
of building-added/applied PV (BAPV) systems, which are added
on rather than integrated in the building envelope, thus requir-
ing extra space and relatively high additional costs for implemen-
tation. For a more sustainable and effective PV integration into
buildings, alternative PV technologies are needed that can be
architecturally integrated into all the available surfaces of the
building structure, including rooftops, windows, facades, balco-
nies, shading systems, parapets, and skylights, thus serving as a
functional covering material in addition to producing sustainable
electric power. Indeed, the key concept behind the definition of
BIPV is that PV modules can also offer more architectural func-
tions and aesthetic possibilities rather than only energy produc-
tion. To this end, appropriate transparency in the visible spectral
range, along with the possibility of color tunability and the sim-
plicity/scalability of the fabrication processes, are highly desir-
able features in an alternative PV technology candidate. In
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particular, transparency has become a crucial issue to encourage
further investment in PVs, and third-generation solar cells
(including PSCs) are currently under the lens as a possible game
changer. By enabling superior performances and transparency
simultaneously, and eventually tunable color, ST-PSCs represent
the most promising technology among emerging PVs in view of
this application. In support of this, it is worth mentioning the
recent work of Cannavale and co-workers,"*!) who evaluated
the benefits related to the installation of perovskite-based
ST-BIPVs in an office building, considering different climate
conditions and photovoltaic surface areas; the analysis concluded
that, with the available technology in 2016, the amount of pro-
duced electricity could overcome the artificial lightning expenses
in most cases, providing stronger support to proceed with this
revolution of the electrical power market and politics.

On a technical level, the main challenge in PSC design for
BIPVs consists in the manufacture of solar panels that must
respond to specific aesthetic requirements in terms of size,
shape, texture, transparency, and color, while at the same time
maintaining competitive PCEs. Explicit criteria for ST-PSC
design and performance assessment are presently quite unclear,
making it challenging to directly compare the countless ST-PSC
devices proposed in the literature. Similar to opaque devices,
PCE is a fundamental factor denoting the performance of ST-
PSCs; a PCE of 5-10% is generally required as an entry applica-
tion threshold for facade-integrated PVs and tinted architectural
PV glass, whereas 2-5% PCE would be sufficient to self-power
smart window technologies (see Section 3.2.3).*" Since the PCE
varies with the transmittance, another important parameter that
must be considered when comparing the PCEs of ST-PSCs is the
AVT, which is generally defined as the average value of the trans-
mittance in the wavelength range of 380-780 nm visible to the
human eye. Because the efficiency and transparency of ST solar
cells typically compromise each other, there is plenty of literature
reports providing a wide array of AVT-PCE values, as shown in
Figure 7a. Recent advances exhibit PCEs beyond 10% under 1
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benchmark for practical solar window applications.*! In con-
trast, ST-PSC devices with similar PCEs but lower AVT values
are equally attractive for application in different BIPV systems
with less stringent transparency requirements (e.g., facade-inte-
grated PVs, decorative construction exteriors). It should be noted
that many articles report AVT by measuring the relative trans-
mission spectra with unnecessary reference samples and simply
averaging it over an arbitrary wavelength range. However, as well
explained by Yang and co-workers,!**? it should be instead indi-
cated as the integration of the absolute transmission spectrum of
the entire device, weighted against the photopic response of the
human eye as requested by the window industry. The fact that the
AVT has no specific evaluation standard further complicates a
clear comparative analysis between different developed
ST-PSCs. Moreover, as the required transmittance varies across
the different application fields, researchers generally propose var-
ious approaches to obtain different pairs of AVI-PCE values by
using the same device architecture, thus providing various
solutions according to need (see Figure 7a). Even though this cer-
tainly corresponds to an enrichment in terms of scientific data
and possibilities, it is also a sign of inefficient methodology in
terms of application-orientated design, dictated by the lack of
clear assessment criteria, causing an inevitable dispersion of
knowledge.

The aforementioned issues invoke the development of more
application-specific figures of merit and a precise definition of
key individual thresholds for all the performance/aesthetic met-
rics according to the purpose. In this direction, Traverse et al.
have recently introduced the concept of light utilization efficiency
(LUE), corresponding to the product of PCE and AVT values, as a
convenient figure of merit for assessing and comparing the per-
formance of ST-PSCs relating to the AVT.?! However, accep-
tance in the building industry requires more aesthetic
requirements than the simple AVT that should also be consid-
ered. Other figures of merit for the accurate evaluation of the
aesthetic factors include the transmission haze ratio (H), the

sun illumination at over 25% AVT, which is considered as a  color rendering index (CRI), and the CIELAB color
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Figure 7. a) PCE-AVT diagram reviewing the most recent literature reports in the field of ST-PSCs for BIPVs. In the panel, data points are labelled with the
number corresponding to the reference paper reported in the bibliography list. Note that the 25% AVT threshold is reported, to opportunely reveal the
existence of: Zone (i) devices with >25% AVT, possessing minimum acceptable transparency for solar window applications; Zone (ii) ST-PSC devices,
whose lower AVT can rather suggest application in different BIPV systems with less stringent transparency requirements, such as facade-integrated PVs.
Devices described in refs. 128 and 133 are localized at the opposite edge of a diagonal area collecting most data points, driving the reader’s eye to
visualize how AVT and PCE move ST-PSCs in opposite directions, with high transparency penalizing photovoltaic performance, and vice versa. b) Key
performance/aesthetic metrics of ST-PSCs for BIPV applications (PCE, AVT, CRI, haze, CIELAB color coordinates).
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coordinates."?>'?*! The H metric is a measure of the degree to
which light passing through the ST solar cell is scattered or
reflected, causing objects seen through the device to be blurred;
it can be estimated as the ratio of the diffuse transmittance (Ty) to
the total transmittance (T;). The other two figures of merit are
color standards that indicate the color rendering and the absence
or presence of color, respectively; both should be measured
under the same standard illumination (AM1.5G) as that used
for PV performance assessment. More specifically, the CRI is
a quantitative measure of the color rendering capacity calculated
by comparing the color of an object located on the back of the
device with the original color under reference illumination
source; a CRI close to 100 indicates that the color is almost iden-
tical to the original one. In contrast, the CIELAB color coordi-
nates consists in three coordinates (L*, a*, b*) that can
describe the color sensations registered in the human eye by dis-
playing both chromaticity and brightness values: The L* value
indicates lightness from black (0) to white (100), whereas the
a* coordinate represents green to red and the b* coordinate
shows the blue-yellow opponent colors; when a* and b* are
closer to 0, the color is more neutral (see Section 3.2.1). The
CIELAB (or CIE 1976) color space was created by the
International Commission on Illumination (CIE) in 1976 with
the intention of providing a more perceptually uniform color sys-
tem compared to the other traditional CIE 1931 color spaces,
which are still widely used. As highlighted in Figure 7b, all
the above figures of metric are equally important in demonstrat-
ing the feasibility of the developed ST-PSCs to specific BIPV
applications.

Based on these premises, the following lines will be focused
on the presentation of various examples taken from the most
recent reports in the literature, in the purpose of presenting
the actual trends in ST-PSC technology evolution for BIPVs
and underlining the necessity to develop certain approaches,
and the reason why some other are not anymore further investi-
gated. To rationalize the number of examples, the first two sub-
sections will be dedicated to describing the available strategies for
obtaining ST solar cells with specific aesthetic features, namely
neutral-colored ST-PSCs and colorful ST-PSCs. The target applica-
tions and go-no-go criteria for practical BIPV integration of such
devices will be opportunely discussed. The third subsection will
be dealing with ST-PSC design for smart photochromic
windows, in which light transmission, haze, and color can be
controlled in a “smart” and “active” way.

3.2.1. Strategies for Neutral-Colored ST-PSCs

ST-PSCs are destined to be more and more integrated into build-
ings, creating a delocalized power-generating network. But, aim-
ing at the best functional and visual integration, ST-PSCs are
evolving into specialized devices. Looking at modern buildings,
they usually present facades with wider external openings and
glazing systems—including fixed or operable windows, sky-
lights, jalousie windows, French doors, roof lanterns, etc.—to
provide optimum daylighting to the inner volumes and ensure
energy savings by reducing the need of artificial lighting; as a
direct consequence, solar PV windows are becoming one of
the most targeted applications in the scientific and industrial
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research. Generally speaking, a careful design of building
openings and glazing is essential to achieve a pleasant, energy
efficient, and well-illuminated indoor environment. The imple-
mentation of power-generating windows in place of traditional
ones must guarantee the same conditions in terms of visible light
transmittance and visual comfort: If this assumption is disre-
garded, the principal function is lost and the device not worth
being installed. Of course, transparency is a pivotal feature:
A specific survey by Boyce et al. determined that minimum accept-
able glazing transmittance for office buildings should fall within
the range between 25% and 38%.!"**! It follows that an AVT higher
than 25% is generally considered to be acceptable for solar window
applications, but the necessity for transparent composing layers
inevitably compromises the efficiency. Moreover, in a real environ-
ment where the position of the sun varies continuously, proper
strategies to minimize PCE degradation due to the change in
the angle of the incident light should be developed before any com-
mercialization. Coloring is another important aspect that was
barely mentioned before. As a PV window should resemble in
its primary function a traditional colorless glassy panel, stringent
aesthetic requirements in terms of color coordinates and CRI val-
ues must be fulfilled to enable practical window deployment.
Considering that a* and b* color coordinates at the origin (0,0)
correspond to the absence of color (neutral color),
the region of visually acceptable tinting in the window field is
—5<a*<1 and —5<b* <5, while CRI values higher than 90
are typically needed to ensure acceptable color reproduc-
tion.'##1%) In addition, it is also necessary to develop a
ST-PSC with a low haze ratio to ensure a high degree of clearly
visible transmitted light; the H value should be opportunely com-
pared with those of architectural glass products (1%) currently
employed in the window/glazing industry. Since the photoactive
layer in ST-PSCs is necessarily colored as it is interacting with pho-
tons in the visible range to produce a photocurrent, many ST-PSC
structures proposed in the literature maintain the typical brownish
color provided by the perovskite film, resulting to be not
neutral-colored, so far. Thus, specific approaches were
developed in the last years to make the devices meeting those
expectations, including rational modulation of the perovskite
thickness, morphology, and composition.

Modulation of Perovskite Layer Thickness: One well-established
approach to fabricate neutral-colored ST-PSCs consists in con-
trolling the photoactive layer thickness. The logic behind this
choice comes from the simple assumption that, if the photoactive
layer is the one deputed to collect photons of light to be used to
generate charge carriers, a minor quantity of light absorbing cen-
ters will guarantee higher transparency. This strategy comes to
provide devices with relatively high values of AVT, but obliges to
face power efficiency issues due to the now-inferior density of
photoactive material. In this scenario, optical properties and
PV performances are at the edges of the playboard, and limited
achievements are targetable. To this regard, one of the very first
dedicated investigation was reported by Ono and colleagues,!**®!
who described in 2014 an alternative hybrid evaporation tech-
nique for attaining large-area MAPbI;_,Cl, perovskite films as
thin as 135 nm with centimeter-scale uniform semitransparent
color. The proposed fabrication method returned solar cells with
9.9% PCE and a high V. value of 1.09 V, and it was also tested to
be of general use for other combinations of MA halides and Pb
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halides, providing flexibility on perovskite film color choices.
However, it is worth considering that the final electrical/optical
properties of ST-PSC devices are ruled not only by the perovskite
layer thickness, but also by the transparent top electrode incor-
porated in the final design. In 2014, Rolddn-Carmona et al.
reported a detailed investigation on the optimization of neu-
tral-colored ST-PSCs through both rational design of the perov-
skite film and judicious selection of the top electrode.” In their
report, an Au film with thickness as low as 6 nm was deposited to
act as the TTE. The authors’ efforts to avoid surface diffusion and
aggregation of the Au atoms, ultimately causing the formation of
a rough interface at the top of the metal layer (resulting in poor
electrical performances)®”; a second and not-trivial issue con-
cerns the optical properties, and in detail the appearing of green-
ish and bluish shades, arising from the presence of localized
surface plasmon resonance phenomena, plus scattering losses,
which definitely affect the overall transparency of the device.
To circumvent those issues, the use of LiF as capping layer pro-
vided stability to the metal layer; moreover, it usefully reduced
the energy lost by the light specular reflection of the device, act-
ing as an effective AR coating while enabling higher transpar-
ency and keeping an elevate J,. value. Once the top electrode
was optimized and stabilized, the thickness of continuous perov-
skite films was precisely controlled by thermal evaporation, and
PCEs as high as 6.4% with AVT close to 29% were successfully
achieved. However, typical samples looked yellowish/light brown
depending on the perovskite thickness, suggesting that they
would need more fine-tuning of the perovskite structure and
composition to meet the requisites for solar window deployment.

In 2015, Guo et al. proposed an alternative layout incorporat-
ing a one-step solution-processed MAPDI;_,Cl, perovskite film
as the photoactive layer and AgNWs as the TTE. The electrode
was deposited by spray-coating on top of the PCsBM ETL with
an underlying ZnO NP-based protecting layer to prevent any sol-
vent damage or chemical reaction between Ag and halogens from
perovskite. By integrating this transparent electrode and applying
AR LiF coatings on both the top and bottom sides of the device,
they managed to obtain PCEs as high as 8.5% at an AVT of
28.4%. In the same year, Della Gaspera et al.”® documented
the design of an alternative DMD-structured TTE with an opti-
mized MoO, (5nm)/Au (10 nm)/MoO, (35nm) multilayered
composition. In their work, MAPbI; perovskite films in a range
of thickness values between ~50 and 300 nm were successfully
fabricated via a gas-assisted solution method; as it can be
expected, thick-layered devices achieved higher PCE values (up
to 13.66%), but an AVT (calculated between 370 and 740 nm)
as low as 7% was obtained in turn, while 50 nm thick photoactive
layers provided devices with inferior PCE (5%), a more accept-
able 31% AVT, and a color hue closer to neutrality. A different
investigation came later from our research group, reporting on
the development of a nonprecious copper-based DMD transpar-
ent electrode to be used as an alternative, cost-effective top anode
in regular planar ST-PSCs.!"”) The electrode design goes around
the choice of MoO, as the dielectric, being proven effective as
anode buffer layer, and the deposition of a compact Cu film
as thin as 9.5nm as the metal middle layer, whose quality
was improved by incorporating an ultrathin Au seed layer, also
acting as an effective Cu diffusion barrier. Benefitting from
further optimization of the perovskite layer thickness and

Sol. RRL 2021, 5, 2100702 2100702 (13 of 38)

www.solar-rrl.com

transparency, the final devices achieved PCEs of 12.5%,
10.2%, 6.4%, and 3.1% with corresponding AVT values of 5%,
9%, 18%, and 24%, and increasing color neutrality.

Researchers continued with pursed further developments in
this direction, as Yu and others kept on preparing perovskite
layers using precursors solutions with different concentrations,
to obtain ST devices with higher AVTs and getting as close as
possible to the neutral color. The most transparent ST-PSC,
incorporating a 120 nm thick, triple-cation (Cs/MA/FA) mixed-
halide perovskite film and a MoO,/Au/MoO, DMD TTE, exhib-
ited a PCE of 7.4% with an AVT of 29.5%, whereas the thickest
device with 500 nm thick photoactive layer showed a PCE as high
as 16.1% with an AVT of 10.1%.!"?*) These results are remarkable
when you consider that an alternative solution-processed cross-
linked HTL was used in place of the traditional spiro-OMeTAD,
with significant improvements in long-term device stability.
Another interesting work highlighting the importance of select-
ing an appropriate HTM in ST-PSCs had already been reported a
few years earlier by Jung et al.,*”) who fabricated their devices
using a highly transparent CuSCN-coated ITO/glass substrate,
taking advantage of the exceptional optical transparency in the
visible range (see Figure 8c). In their study, a planar inverted
PSC configuration was selected, possessing appealing advan-
tages over mesoscopic structures owing to its simple layered con-
figuration allowing high transmittance and low scattering/haze.
Also, a range of different CuSCN HTL thicknesses was explored,
with the best electrical performance obtained with the thinnest
layer (40 nm). Anyway, the overall transparency and color neu-
trality mainly resulted from the optimization of the perovskite
layer thickness, with the AVT optimum reached for a 60 nm thick
perovskite film; the best compromise between electrical and opti-
cal features was reached for a ST-PSC using a 180 nm thick
perovskite layer (PCE =10.3%, AVT = 25.1%).

When researchers have to reduce the thickness of the photo-
active layer down to tenths of nanometers, it is important to have
strict control of the preparation conditions, to obtain high quality
films with minimized surface defects and pinholes; this issue is
particularly critical for solution-based procedures, where temper-
ature could have dramatic influence over the perovskite crystalli-
zation dynamics. One simple procedure has been reported by
Bag and Durstock,"*”) who documented the employ of a thiourea
vapors treatment to produce stable 100 nm thick films; the thio-
urea is believed to act as “molecular glue,” favorably engineering
the perovskite interface with the underlying PEDOT:PSS and
minimizing pinholes generation over the perovskite film (see
Figure 8d). The final devices were obtained by evaporating an
ultrathin (10 nm) Ag film as the TTE. This approach returned
ST-PSCs with 8.2% PCE and 34% AVT and can be easily imple-
mented into other protocols; a PCE higher than 10% at an AVT of
24% was also demonstrated when the active layer reached about
180 nm of thickness. If these results were achieved by proofing
the positive effect of an additive introduction, Quiroz et al.
developed a solvent-solvent extraction protocol, managing to
obtain active layer films as thin as 40 nm following a room-
temperature crystallization in few second time span and avoiding
the employ of any inert atmosphere.!***) By combining this strat-
egy with a performing spray-coated AgNW semitransparent
counter electrode (Rs = 10-20Qsq'; T~ 85% at 550 nm), they
demonstrated a striking AVT of 46% with an efficiency of 3.6%.
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Figure 8. A collection of neutral-colored ST-PSC fabrication examples. a) Morphology control over perovskite active layer: (i) Schematic device architec-
ture; (ii) ST-PSC energy band diagram, (iii) SEM cross-sectional image of a representative device; (iv) a photograph of the as-fabricated ST-PSC showing
its high transparency and neutral color. Reproduced with permission."**! Copyright 2016, RSC Publishing. b) Transparent electrodes integration: (i)
schematic illustration of lamination process for ST-PSC fabrication; (ii) cross-section image of the fabricated device; (iii) the microstructure of silver
nanoparticle film annealed at 150 °C (top) and 180 °C (bottom) for 5 min. Reproduced with permission.”>! Copyright 2020, Elsevier. c) Investigation of
new HTL materials: i) Photographs of MAPbI; films (with different thickness) on CuSCN/ITO-coated glass; ii) UV-visible transmittance of the corre-
sponding films; (iii) J-V curves of the ST-PSCs. Reproduced with permission.*®! Copyright 2015, John Wiley & Sons, Inc. d) Application of additives to
obtain low thickness, defect-free perovskite active phases: i) ST-PSC device structure; ii) UV-visible transmittance spectra through the complete ST device
for different perovskite layer thicknesses; iii) photograph of the ST-PSCs with an AVT of ~34% and an ~110 nm thin MAPblI; active layer; iv) J-V character-

istics of the 8.2% ST solar cell having similar AVT (open circles: forward scan, closed circles: reverse scan). Reproduced with permission.!'?! Copyright
2016, Elsevier.

Modulation of Perovskite Morphology: Another investigated  micro-structured arrays of perovskite “islands” which possess,
aspect concerns the control over the perovskite layer coverage,  according to the SEM images, an average width of 5 and 1 pm
targeting at higher AVTs and a more visually acceptable tinting  thickness."*?) Such morphology guarantees elevate AVT values,
as requested by the window industry. Following this approach,  color neutrality, and optimal PV efficiency. This group kept on
the research equip lead by Snaith proposed a successful protocol  the investigation moving in different directions, and one year
consisting in the preparation of an island-structured layer of later, they reported the employ of a templating highly ordered
perovskite with incomplete coverage, resulting in a substantial ~ metal oxide honeycomb structure, resulting in a precise control
attenuation of the typically brownish color associated to perov-  over crystal growth, and finally over domain size and the overall
skite films.">!! The investigation focused on planar heterojunc-  morphology of the film.l"** A monolayer of poly(styrene) micro-
tion PV devices; as reported by them, a precise control over the  spheres was employed as sacrificial agent to prepare the metal
dewetting process conditions (temperature, film thickness, etc.)  oxide honeycomb microfilms, which is deputed to drive perov-
guides the polycrystalline photoactive film to have access to  skite crystallization in these confined areas. After comparing
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the results obtained using TiO, and SiO, templating scaffolds,
the latter resulted in a more contiguous microstructure, provid-
ing the final device with sufficient AVT (37%) and PCE (not far
from 10%). Similarly, a passivation poly(styrene) interlayer was
introduced by Heo and co-workers to prevent direct contact
between HTL and ETL,!"** obtaining devices with improved per-
formances due to the suppression of charge carrier losses (see
Figure 8a). Kwon et al. considered to go deeper in the attention
to the morphology control and decided to develop nano-
structured perovskite layers based on the use of anodized alumi-
num oxide (AAO) nanopillars as templating network, achieving a
satisfying 9.6% PCE at 33.4% AVT value.!"** These parallel nano-
pillars allowed a precise control over the pores size within the
AAO volume, thus controlling the dimension of the vertically
aligned perovskite pillars. Such approach provided cells with neg-
ligible hysteresis, and a remarkable improvement in long-term
stability under continuous illumination, as well as suppression
of internal ion diffusion; high transparency was achieved by a
combination of the so-nanostructured photovoltaic layer and
the employ of a transparent cathode (made of ITO) and an
accompanying buffer layer (MoOy).

Other Approaches: A completely different strategy to produce
highly transparent PVs for solar window purposes consists in
creating ultraviolet (UV)-harvesting ST devices based on halide
perovskite semiconductors where the bandgap is sensitively
tuned with a range of compositions to selectively harvest only
UV photons from solar radiation. In a recent work by Liu and
co-workers,**! UV-selective ST-PSCs based on doped composi-
tions of MAPbCl;_,Br, with ideal bandgaps and visible absorp-
tion cut-offs (at around 435-440nm) were successfully
demonstrated, enabling exceptionally high AVT (73%) and
CRI (over 93) values at 0.52% PCE. This approach offers
theoretical efficiencies up to 7% with >99% AVT, providing
an effective route to potentially surpass state-of-the-art NIR-har-
vesting ST-PVs.

So far, research and development of ST-PSCs for solar win-
dow purposes was mainly focused on the optimization of visible
light transmittance and aesthetic appeal in view of a possible
future building integration. Less attention has been paid to
another important aspect concerning the solar heat transmit-
tance of the devices. Considering the enormous amount of
energy spent on indoor air-conditioning worldwide, high-per-
formance PV glazing systems are needed that not only generate
electrical energy but also allow smart management of photons
in the NIR part of solar radiation to reduce indoor overheating
and maximize energy savings. In this direction, Kim et al. devel-
oped ST-PSCs that not only exhibit high values of PCE (13.3%),
but also show remarkable heat rejection capability, reflecting
85.5% of incoming infrared light."*”) To realize thermal-mirror
functionality, they employed a sophisticated dielectric-capped
metal-based TTE incorporating a thick Ag layer in conjunction
with ZnS as a high-index capping layer, thus selectively
maximizing transmission at visible and reflectance at NIR
region. Despite the quite low AVT value (7.43%) and brownish
appearance of the final devices, this study constitutes a step
forward toward the development of “electricity-generating
and heat-rejecting” solar windows with ideal energy manage-
ment capability.
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3.2.2. Colorful ST-PSCs

Neutral-colored photovoltaics are the mandatory choice when the
final user considers clear visibility as an essential requisite the
solar window must possess. However, in a different scenario,
for design/aesthetic purposes (e.g., facade-integrated PVs,
decorative exteriors), light filtering could be a desired feature,
and colorful PSCs meet these expectations. In this review, the
attention is focused on ST-PSC devices, thus the transparency
requirement remains pivotal, as well as the necessity to target
simple, scalable fabrication protocols, but the color-neutrality
is abandoned in favor of different and more evident optical prop-
erties. Importantly, colorful ST-PSCs should not be envisaged as
a device whose appearance is characterized by a darkening of the
canonic coloration of the perovskite, but it is rather the result of a
precise strategy aiming at fabricating cells with a precise color
hue in the visible range.

Several components can be evaluated in a ST-PSC to make it
colorful. In a simple vision, the most effective way can be envis-
aged in the photoactive layer engineering. but the manipulation
of the charge transport layers (both HTL and ETL) or the electro-
des can be taken in account as well. Such approaches can be
based on chemical modification (e.g., varying the composition
of the perovskite by adding dopants) or morphological modifica-
tion (the introduction of photonic nanostructures, optical cavi-
ties, grating patterns, etc.), and usually oblige to develop a
specific fabrication procedure. In a recent perspective paper,*
these approaches have been labeled as “internal modifications,”
as they focus on the main constituents of the solar cell; in oppo-
sition, “external modifications” concern the deposition of an
external coating made of dyes/pigments, or a new layer made
of dielectric mirrors. The addition of those new layers does
not interfere or modify the stability of the solar cell, neither
has it a negligible impact over the device’s properties; however,
the final effect is the introduction of a light filter, and it could
eventually penalize the overall performance.

Tuning the Perovskite Composition: 2013 is the year of the report
by Noh and coworkers,*”! a cornerstone article demonstrating
how perovskite optical features can be thoughtfully shifted to
the orange-red range by simply substituting part of the iodide
anions with bromides and exploring different Br™/I" ratios.
The investigation over the photoactive layer composition
returned a PCE of 12.3% in a time when the efficiency was com-
patible with the best PSCs based on opaque back electrode, des-
tined to non-ST applications. The year after, Eperon et al. moved
their attention over the organic cation of the perovskite structure,
and they managed to tune the bandgap by replacing methylam-
monium with formamidinium cation, modulating the bandgap
between 1.48 and 2.23 eV and achieving up to 14.2% PCE values
(see Figure 9a)."** Considering that these pioneering works
achieved successful results in terms of optical tunability and
device performance, most subsequent studies on colorful ST-
PSCs focused on the perovskite layer and at tuning its properties;
most research reports are experimental studies, nevertheless
some theoretical works started to appear,'*” trying to identify
the key parameters and mechanisms ruling the final perovskite
optical properties. Other research teams went on investigating
new procedures and optimizing protocols to achieve fine control

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.solar-rrl.com

SEINCF NS solar,

www.advancedsciencenews.com www.solar-rrl.com

i ii
0 PS (i)
08 S -2
£ 4
3 os 3
- > From Au side
04 § J
)
§ 02 < -6
5 5
©400 45 500 5% 600 650 700 750 800 850 0200 450 500 550 600 650 700 750 800 850! ‘5'.3‘
Wavelength (nm) Wavelength (nm) o From ITO side
. 10 " " "
(iii) 02 04 08 1
Voltage(V)
(iii) (iv) ~
£
3000 s
(iv) 1 2 3 E
Colorful € 0s
2000 3
£ 5 04
€ . iy ¥
3 1500
o Tetragonal 3 03
1000 B @
. 2
%00 o | £ i
y=11{ =
—— e —————————————] 00
36 138 140 142 144 148 148 150 59 60 61 62 63 64 99 304 702 (03,0 (85 |G8) |07
2009 Pseudocubic lattice parameter a* (4)

e
(i) §
E
oy
2
a
E
E
=3
o
04 06 08 10 MAPbDI, Treated Treated-MAPbI,
Voltage (V) -MAPbDI, +ARC
(iii) 18 (ii)

WULLEMUD

10
165 180 195 210
ITO thickness (nm)

PCE (%)

Figure 9. Compared examples aiming at colorful ST-PSC fabrication, following different approaches. a) Tuning the perovskite composition: i) UV-visible
absorption spectra of the FAPbI,Br;_, perovskites; ii) steady-state photoluminescence spectra for the same films; iii) photographs of the FAPbI,Br;_,
perovskite films with increasing bromine content (from right to left); iv) XRD spectra of FAPbI,Brs_,; v) bandgap modulation with pseudocubic lattice
parameter as determined from XRD spectra. Reproduced with permission.**! Copyright 2014, RSC Publishing. b) Depositing a dye/pigment over a
neutral-colored ST-PSC: (i) J-V curves of the ST solar cell with light from ITO side (red) and Au side (blue); ii) picture of the reference ST device;
i) resulting colored ST-PSCs after spin-coating deposition of different pigment materials on Au surface; iv) color coordinates of the colored cells shown
at panel (iii). Reproduced with permission.['>*! Copyright 2015, John Wiley & Sons, Inc. c) Modulating the electrode thickness: i) Schematic representation
of the fabrication design and J-V curves under reverse scan; ii) PCE statistical distributions; iii) PCE as a function of the ITO electrode thickness.
Reproduced with permission.l"”! Copyright 2020, Elsevier. d) Playing with light interference phenomena: i) Schematic description of the PSCs with
dual diffraction gratings imprinted by a PDMS stamp and a commercial DVD disc; ii) comparison of the visual effect offered by devices incorporating
different light-trapping materials, and the pristine sample with standard architecture. Reproduced with permission.'**! Copyright 2020, John Wiley &
Sons, Inc.
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[142] and

[143]

over perovskite composition,'"*!! bandgap tuning,
increased film quality in terms of homogeneous morphology.
Some original strategy has been recently reported by Xiong and
colleagues."**! In their work, 5-chloroisatin, a yellow orange
organic dye, was incorporated as additive in the perovskite
precursor solution, to stabilize the formation of crystalline micro-
phases by means of hydrogen bonds directed to the MA organic
cation. Such strategy enhanced the stability of the photoactive
layer, but tuned as well the optical properties. Although the
authors did not focus over semitransparent designs, the strategy
can be easily implemented into ST devices.

Engineering the Electrodes and Charge-Transport Layers: Playing
with the photoactive layer composition is not the sole strategy to
make PSCs colorful; interesting results are targetable playing
with the morphological profile of different constituting layers.
For example, Jiang and others proposed a method to engineer
the top electrode to obtain vividly colored ST-PSCs taking advan-
tage of light interference phenomena.l"**) In their study, PEDOT:
PSS polymer electrode thickness was precisely governed by con-
trolling spin-coating conditions or by depositing different num-
ber of layers of PEDOT:PSS with a given thickness via transfer-
printing technique resulting in the fabrication of efficient devi-
ces, characterized by PCE values from 12.8% to 15.1% (from red
to blue cells) when illuminated from the bottom electrode (FTO/
glass) side and from 11.6% to 13.8% (from red to blue) when
illuminated from the PEDOT:PSS side. The reflection peak of
the ST-PSCs is modulated in its position by Wang et al.,!**®
who obtained a library of colored cells by modulation of both
the bottom electrode (ITO/glass) and HTL (CuSCN), obtaining
devices with PCE values >10% in all the cases. Similarly, Li
and colleagues by simply tuning the thickness of the ITO elec-
trode,™*”! resulting in a wide range of available colored cell (see
Figure 9¢), and superior performances compared to the previous
example (>15% in all the cases, but resulting also of further opti-
mization in the photoactive layer preparation procedure that is
not solution-processing but more expensive thermal evaporation
approach).

The engineering of the ETL morphology can bring color to the
ST-PSCs. Deng and co-workers introduced diffraction grating
pattern into the TiO, layer, inducing a modulation of the optical
profile by light trapping phenomena.'*® Similarly, Wang et al.
prepared PSCs based on diffraction grating layers!"*’; also in this
case, the range of obtained colors is more limited, or better say-
ing that a specific color cannot be targeted, but a wide range of
hue will be visible as function of the relative angulation between
PSC and observer (see Figure 9d). Looking at strategies to obtain
a more strictly defined coloration of the device, the preparation of
TiO,-nanobowl arrays as a structured electron transport layer
returned better results.">”

In a different approach, similarly to the DMD electrodes, some
researchers report MDM electrodes; such attempt to face the
problem should not be surprising, since it has already been suc-
cessfully tested in amorphous silicon (a-Si) solar cells,™*! which
are definitely a more mature technology and praised by global
market. Here, a dielectric is sandwiched in between two thin
metallic layers, and playing with the thickness of the central layer
modulates the resonance transmission of a specific wavelength.
In principle, the advantage lies in the employ of standard
materials and procedures, with specific control over a single step.
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One of the first reports by Lee and co-workers employing a
combination of Ag and WOs didn’t return elevate efficiency of
the final devices (3.86% for the best example),'*” but soon
the work by Lu and colleagues,'>® which documented the
employ of ITO as dielectric and Ag as metallic counterpart, gave
access to devices with more encouraging values (7.4%). Recently,
this approach was further investigated by Lee et al.,["*¥ with a
more complex electrode constituted by sequential layers of silver
and zinc sulfide, producing “red,” “green,” and “blue” prototype
cells with PCE values high as 10.47%, 10.66%, and 11.18%,
respectively.

External Modifications: Among the strategies implemented to
introduce an external, filtering layer made of chromophores, the
early report by Guo and co-workers is an example of how simple
and successful this approach results to be (see Figure 9b).!>*!
Along with their investigation of a new fabrication method,
where poly(vinylpyrrolidone) (PVP) acts as additive able of strict
control over perovskite crystal sizes (thus, contributing to the
modulation of the bandgap, improving its processability at low
temperature, and enhancing the transparency of the final device),
they describe a simple method to “color” ST-PSCs by spin-coat-
ing solutions of different commercial pigments in propylene gly-
col monomethyl ether acetate; “red,” “yellow,” and “green” solar
cells are presented, opening the way to the realization of devices
characterized by infinite possibilities of color hue. Instead of
color filtering, another approach investigated by Schlisske
et al. moves to the introduction of luminescent species.'*® In
their vision, high energy photons in the ultraviolet/blue region
in the spectrum are absorbed by the luminophore, being emitted
at longer wavelength; in this way, photons whose absorption has
little contribution in the ST-PSC can now be usefully employed
for photocurrent generation, thus enhancing the overall effi-
ciency of the device, and modulating the color perception of
the PSCs, keeping elevate (=17%) the power conversion effi-
ciency. “Red,” “green,” and “blue” prototypes, a sort “power gen-
erating pixel” for graphic and design applications, they are
fabricated accordingly to a totally solution-processed approach
(devices’ layers are produced by sequential inkjet printing), pro-
viding an appealing example of a protocol which can be easily
transferred on industrial scale. Other approaches privileged
investigations focusing on light-matter interaction phenomena
(reflection, diffraction, etc.) to achieve color modulation avoiding
the introduction of any pigment, as previously seen for some
examples related to charge transport layers. Among the most rep-
resentative works, the report by Quiroz and co-workers suc-
ceeded in tailoring the color hue of ST-PCSs after introducing
dielectric mirrors (or Bragg reflectors).l">”) These are a sequence
of layers characterized by high and low refractive index
materials; depending on the number of layers color profile
can be tailored, as well as the final AVT and PCE values. The
best scenario with 31% AVT provided only a 4.2% PCE; however,
the full printability of the device remains an attractive feature.
This approach has been more recently exploited by Lee et al.
preparing a sequence of SnO, and SiO,, achieving a more
encouraging 9.52% PCE."*® Finally, the fabrication of ultrathin
metal nanostrips has been explored by Lee and coworkers to
introduce localized surface plasmon nanoresonators.'*> Highly
efficient and colored ST-PSCs were prepared using nanoimprint
lithography of AgNWs, producing sharp reflection features and
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angle-insensitive color profiles, keeping elevate AVT values and
PCE as high as 10.12%, 8.17%, and 7.72% for the red, green,
and blue devices.

3.2.3. Perovskite-Based Smart Windows

In the previous sections, starting from ST designs targeting at
color neutrality, we moved to colorful ST-PSCs; as underlined,
the absence of any color tone or the opposite situation are not
a mere aesthetic requirement but the technological answer to
specific requirements the PV panel has to meet, depending
on its function as part of the building envelope. However, a fur-
ther evolution step of ST-PSCs is investigated by the scientific
community and consists in the combination of both the two func-
tionalities in a sole, remotely controlled technological device.
This strategy would offer higher filtering features when the inci-
dent radiation is more intense (under the daylight or in the hot
seasons), and returning color-neutral in case of negligible light
irradiation (night time or fall/winter). Such systems are generally
referred to as “smart window” or “switchable windows,” namely
devices whose light transmission and color properties can be
favorably altered by an external stimulus and, most importantly,
in a reversible fashion.

Generally speaking, the trigger event for spectral modulation
in smart windows can be an optical, thermal, or electrical one; in
the latter case, we talk about electrically activated switchable
smart windows, whose operating principles and different archi-
tectures have been thoughtfully reviewed in a recent work by
Nundy et al.**” This class of devices includes the so-called
electrochromic (EC) systems, which require an external direct-
current supply to change their state from bleached to colored.
A technological evolution of such devices consists in the combi-
nation of PV and EC behaviors in photovoltachromic (PVC) win-
dows, in which the photogenerated current from the PV system
is used as a source for EC switching, but it enables the generation
of surplus energy as well, for additional building uses. Such
stand-alone, self-powered PVC systems are the most intensively
investigated architectures.’*® Importantly, they allow for an
“active” control over the windows properties, which is a major
distinction from other smart devices such as thermochromic
(TC) windows, where the switching among color-neutral and col-
ored state cannot be ruled by the user, whose lack of control
makes him/her a “passive” user. Looking at the global PV mar-
ket, smart window technologies are gradually attracting more
interest for their energy-saving properties,**" although an intrin-
sic higher degree of complexity in terms of fabrication approach
(and final cost) of the device must be accounted. Moreover, as in
the case of solar windows, specific requisites must be fulfilled
before practical building integration. According to a specific
survey, effective smart glazing should be capable to switch their
AVT from 50% to 70% at the bleached state to 10-20% at the
colored state, with recommended contrast ratio (the ratio
between the transmission of bleached and colored states) values
between 5:1 and 10:1.1**% For what concerns the optical modula-
tion kinetics, the response time (which is the time needed to
activate the transition between the two states) of the device
can range between 10 s and 5 min for architectural applications.
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Perovskite Photovoltachromic Windows: As revealed in the pre-
vious sections, the group lead by Prof. Snaith has been very active
in the early days of PSC technology, and again the first reporton a
perovskite photovoltachromic device (PVCD) comes from his lab-
oratory in 2015, reporting the fabrication of a self-adaptive device,
capable to move from a transparent, color-neutral state (26% AVT
and 3.7% PCE) to a blue-tinted device with 8.4% AVT upon self-
activated switching under illumination.!'®*! The PVCC architec-
ture implies the combination of a standard ST-PSC as described
in an earlier paper,”® with the integration of a solid polymer elec-
trolyte prepared using a mixture of polyethylene oxide (PEO),
lithium iodide (LiI), and polyethylene glycol (PEG), which is
deposited over an EC WOj; film serving as ETL. The mechanism
concerning WOj3 electrochromism relies on the insertion of pro-
tons and charge-compensating electrons to fill into its conduction
band, with consequent variation of its electrical resistivity and
optical transmittance.'®* Most of the research on perovskite-
based PVCDs focused on the integration of WO;-based EC films
and capacitor components (see Figure 10a),!'*'! with the high-
est goal reached by Pugliese et al.,'*”! who reported the fabrica-
tion of an all-solid-state PVCD in which a monolithic WOj3-based
EC unit was combined with high-performance ST perovskite
cells (see Figure 10b). In their work, the optimized ST-PSC
device showed an AVT of 27%, a high PCE of 14.2%, and a
Voc of 1.06 V; three ST perovskite cells were connected in series
to reach an adequate voltage to supply power to the EC module,
and then the PV ad EC components were assembled on a single-
glass substrate, resulting in a monolithic self-powered device.
Such simplified architecture avoided previous complication
due to the necessity of a complex sealing procedure for the liquid
or gel electrolyte and of an additional lamination step of the two
glass electrodes. Their best PVCC device exhibited an AVT of
23% in the clear state, then switching to an intense coloration
when powered by the three series-connected perovskite cells
(4.4% AVT), with very fast Dbleaching/coloring dynamics
(=155s). Beside this relevant progression, the limitation of
WO; films lies on the availability of a restricted gamut of colora-
tion, limited to blue hues. Some last-minute research works
moved away from inorganic materials and started to use alkyl
viologen derivatives (see Figure 10c,d).**®'%! The strategy aims
at finding new candidate molecules (with varied optical proper-
ties) and relies on organic chemistry synthetic protocols, to pro-
duce from a simple common scaffold a library of compounds
with modulated colors. Moreover, organic compounds guarantee
solution processability and more eco-friendly fabrication proce-
dure. As an example, Liu et al. managed to fabricate high-
performance PVCDs based on halide-exchanged perovskites
and viologen derivative gel films,”! exhibiting full-frame size
(100% active area), excellent CRI (96), a wide contrast ratio
(>30%), a coloring period of ~200s, and a self-bleaching time
by disconnection of ~300s (see Figure 10c).

Thermochromic Perovskites: Perovskite thermochromic solar
panels (PTC-PVs) are another approach to the problem, based
on a specific perovskites’ physical parameter, the crystallization
temperature. It is reported that perovskites solubility is a func-
tion of the solvent, generally decreased when temperature raises
up, and it is function of its halogen anions composition.””
Based on this consideration, it was envisaged the possibility of
fabricating device where the energy received by incident light

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.solar-rrl.com

SANCF NEws seldr,

www.advancedsciencenews.com www.solar-rrl.com

COLOURING BLEACHING
electrical electrical
connection connection

(V) 2.
(i)

2

H

Transmittance / %

2

PSC Powered ECS ECS Charged LED

(iii) (iv)
>03

0.1sun

0.2 0.2 sun

0.4 sun

0.1 0.6 sun

0.8 sun

0 e 1.0sun

0 01 02 03 04 05 06
o

Figure 10. Pictorial résumé comprising the most notable examples of perovskite-based smart devices. a) Photos of different samples of: i) WO3 nanowire
arrays and rGO-connected bilayer NiO nanoflake arrays; ii) solid-state electrochromic (EC) battery based on (i); iii) a PSC and solid-state EC battery;
iv) transmittance spectra of the solid-state EC battery in the visible and near-IR region at bleached and colored states (v) voltage-time responses of the
solid-state EC battery during the charged (colored) and discharged (bleached) processes. Reproduced with permission.'®®! Copyright 2016, RSC
Publishing. b) Photovoltachromic device: i) fabrication scheme provided for the EC and PV sides; ii) device structure with electrical connection between
the EC and PV device for coloring and bleaching phases; iii) color coordinates of the device with transmittance spectra under AM1.5 illumination, plotted
on the CIE XY 1931 chromaticity diagram; iv) pictures of the photovoltachromic device in bleached and colored states. Reproduced with permission.['”!
Copyright 2020, American Chemical Society. c) Four-terminal side-by-side PV-EC device: i) schematic representation of the investigated architecture;
i) cross-section SEM images of a monolithic PVCD as glass/FTO/PV/EC/FTO/glass device structure, with the detailed architecture of PV semi-module as
c-TiO,/m-TiO,/MAPbBr,Cl; _,/Spiro-PT; iii) photographs of PVCD at different sunlight intensities; (iv) color coordinates of the devices reported at panel
(iii), plotted on the CIE 1976 (u’,v’) chromaticity diagram. Reproduced with permission."® Copyright 2021, Nature Publishing Group. d) PSC-powered
EC device: i) pictorial representation of the device’ architecture; ii) digital images of outdoor sceneries viewed through PSC-powered ECDs by blocking
device on the lens of the camera at different times (a: DPV; b: MPV). Reproduced with permission.l"®® Copyright 2021, Nature Publishing Group.
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is partially dispersed as thermal energy and, as the light intensity
increases, the perovskite crystalline, photoactive phase appears,
thus powering the photovoltaic panel and acting as light filtering.
De Bastiani and co-workers were the first to document in a pre-
liminary study the possibility to modulate this temperature-sen-
sitive crystallization process of Br-doped perovskites to prepare
inks characterized by reversible chromatic variation ranging
from yellow to black as the temperature increases from 25 to
120 °C, aiming at the fabrication of PTC-PVs.'”" Shortly later,
it came out a brilliant example reported by Lin et al.,*’? who
fabricated performing PTC-PV devices utilizing thermally
driven, moisture-mediated structural phase transitions of inor-
ganic cesium-based mixed iodide/bromide perovskite. The solar
panels were able to switch from a transparent, non-perovskite,
noncolored state (AVT =81.7%) with low power output to a
deeply colored perovskite phase (AVT = 35.4%) with high power
output. Moving away from this pioneering work, research is still
in progress, however some trends can be revealed. On the one
hand, researchers are actively working on the optimization of the
perovskite phase composition and fabrication protocol condi-
tions,'”*! until passing in the very last reports to lead-free organic
hybrid perovskites, aiming at more environmentally friendly for-
mulations."”* On the other hand, stepping into cesium-free
organic hybrid perovskites allowed a finer tuning of the phase
transition temperature,[lm’”(’] as lower values would better fit
with the commercial application, with the last reports fixing
the benchmark at 60 °C.['7)

This parade of examples clearly demonstrates how ST-PSCs
can be a primary player in the evolution of environmental and
energy politics. In a short span of time, the technological progres-
sion returned not only more efficient and robust devices, but also
compatibility with the urban setting; new applications and pos-
sibilities to solve the high energy consumption in buildings were
granted by meeting specific semitransparency and aesthetic
requirements, thus supporting a relevant position in the future
energy market. The last part of this section evidenced an even
newer generation of smart ST-PSCs, whose sophistication and
final cost are definitely counterbalanced by a valuable adaptability
to the light exposure condition, thus offering a new paradigm for
the future products in the field of BIPVs.

3.3. ST-PSCs for Tandem PVs

To enable the expansion of solar PVs on a terawatt scale, the
levelized cost of electricity (LCOE) of a PV system needs to be
reduced. The most viable pathway for reducing the LCOE is
by increasing the PCE of industrial PV modules, as this would
correspond to a smaller area of solar panel required at constant
electric power installed, and hence to a lower balance-of-system
cost. The efficiencies of well-established PV technologies such as
¢-Si, CIGS, and gallium arsenide (GaAs) solar cells, have consis-
tently progressed during the last decades, up to the current
record certified research-cell PCEs of 26.7%, 23.4%, and
29.1%, respectively.”” However, it was rigorously demonstrated
that the PCE of solar cells is limited by the fundamental
Shockley—Queisser (S—Q) theoretical limit of 33.7%, which is
specifically valid for a single-junction PV cell possessing a
bandgap (E,) of 1.34 eV under standard illumination conditions
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(AM 1.5G solar spectrum, unconcentrated).'”” For the case of
silicon, which possesses a less favorable and indirect bandgap
of about 1.1 eV, the theoretical upper limit results in a maximum
PCE of about 29%. According to the S—Q limit model, the pho-
tons having less energy than the bandgap cannot be absorbed,
and those possessing higher energy are wasted as heat due to
a process known as thermalization.'”® Such nonabsorption
and thermalization losses inevitably restrict the spectral utiliza-
tion, and ultimately, the performance of commercially available
single-junction solar cells, leaving limited room for further
improvement in their PCE. The current research on tandem
PVs aims to overcome such S—Q limit by an engineered configu-
ration which stacks together different sub-cells (possessing
different bandgaps), each of them able to absorb a different
portion of the solar spectrum. More specifically, a wide-bandgap
top cell can be stacked onto bottom cells having lower bandgap
values. In a standard double-junction (2-]) configuration, the
highest energy photons are captured by the material with the
largest bandgap in the top cell, whereas the lower energy photons
are allowed to pass through the top cell and reach the smaller
bandgap semiconductor bottom cell, where they can be absorbed
and converted, thus enabling a more efficient use of solar energy
with overall reduced thermalization losses. In principle, by tak-
ing the number of stacking monochromatic sub-cells to an infi-
nite number, it is possible to obtain a maximum efficiency of
68.7% at normal sunlight, or 86.8% using highly concentrated
sunlight.'”?) These numbers are very intriguing in theory but
constitute an arduous target in real world devices. The present
technology based on multi-junction (M-]) solar cells with
inorganic III-IV semiconducting materials offers impressive
performances, reaching PCE values as high as 39.2% by a
six-junction inverted structure under 1 sun illumination.'s"!
However, the high costs involved, along with complicated fabri-
cation procedures and poor scalability of the devices, limit the
practical deployment of such M-] systems to space applications.
For this reason, researchers have leveraged perovskite-based
materials to ideally meet the needs of suitable bandgap tunability,
along with exceptional opto-electronic properties and low-cost/
versatile processability by solution dispensing approaches, that
make them suitable for large-scale device fabrication. The
current research focuses on perovskite-based 2-] tandem
architectures, which show the best trade-off between efficiency
gain and cost-effectiveness compared to other multi-junction
solar cells.

The integration of perovskite into a 2-] tandem solar cell (TSC)
can be obtained for instance by using the MAPDI; system
(1.55-1.60eV) or other higher-bandgap perovskites as the
photoactive material for the top cell; conversely, the bottom cell
can be obtained by integrating low-bandgap inorganic materials
such as ¢-Si (about 1.1 eV) or CIGS (1.0-1.1eV), or also oppor-
tunely engineered Sn-based perovskites showing a narrower
bandgap down to 1.2-1.4 eV. To get high-efficiency perovskite-
based TSCs, a careful design/selection of both the top and
bottom cell is needed. As a primary purpose, the perovskite
top cell should be able to convert UV/visible light as efficiently
as possible, and, at the same time, it should be highly transparent
to those lower-energy photons in the NIR spectral range that will
be absorbed by the bottom cell. In this context as well (as for
BIPVs), we can talk about “semitransparent design” of the
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perovskite top cell, but, in the present case, the optical transmit-
tance of the ST-PSC should be maximized in a different spectral
range (typically 800-1200 nm), as dictated by the bandgap of the
bottom cell. Any further requirement in terms of AVT, color, and
aesthetics (typical of BIPVs) falls apart, at least at this stage of
development, shifting the focus toward alternative device layouts
and light management strategies aimed to achieve the best
trade-off between efficiency and NIR transparency. To this
end, perovskite materials with suitable bandgaps, as well as trans-
parent electrodes with maximized NIR transmittance, should be
developed and selected. Moreover, all the ST-PSC components
should be processable by cost-effective fabrication methods com-
patible with the specific tandem configuration; challenges like
up-scaling and long-term stability should also be considered
and opportunely tackled before practical integration. Parallelly,
the bottom cell should be optimized in terms of ideally matched
bandgap, PV performance, costs, and compatibility with the sub-
sequent processing steps. This is especially the case for emerging
solar cells like low-bandgap PSCs, which needs to be improved
with regard to the operation, composition, and stability of the
devices for practical use as bottom cells.

After optimizing the design of the ST perovskite top cell and
selecting the best-suited bottom cell, both with well-matched
bandgaps and decent PCEs, the two sub-cells are ready to
combine in a 2-] tandem device. Most recent studies have
focused on two different tandem configurations, namely mono-

www.solar-rrl.com

integrated four-terminal (4T) configuration. Figure 11a illus-
trates a typical 2T tandem architecture, in which the top cell
is processed directly onto the bottom cell, with the two sub-cells
being electrically connected in series via a recombination contact,
also called interconnecting layer (ICL). According to Kirchhoff’s
law, the total voltage of such 2T devices corresponds to the sum
of the sub-cell voltages, whereas the overall tandem current is
dictated by the limiting sub-cell producing the least current.
In contrast, in a 4T TSC, the top and bottom cells are stacked
only mechanically on top of one another and have individual
electrical contacts, without the need of any recombination layer
(see Figure 11a); the overall PCE of the device is the sum of the
PCEs of the two electrically independent cells, which are allowed
to work separately at their own maximum power output. In
general, 2T tandem devices are more attractive with respect to
practical PV installation owing to their overall simpler
architecture presenting fewer power electronic circuits, lower
manufacturing costs, and potentially lighter weight. As they
are monolithically integrated, 2T TSCs require only one TCE
in their structure to serve as the front contact, with consequent
reduction of associated costs and parasitic optical losses. Despite
these advantages, obtaining high-performance 2T TSCs remains
a great challenge mainly due to the requirement of current-
matching and processing compatibility between the two sub-
cells. Indeed, to obtain the maximum power output, the top
and bottom cells should work near current-matching conditions,

lithically integrated two-terminal (2T) and mechanically  which means that they should generate the same photocurrent;
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Figure 11. a) Structural features and main properties of tandem 2-J PVs: i) NIR transparency of the bottom cell; structural schemes for ii) 2-terminal (2T)
and iii) 4-terminal (4T) tandem cells. b) Theoretical efficiency limit for three perovskite/Si TSC configurations (series, module, 4T) through detailed-
balance simulations under standard test conditions (AM 1.5G). The dashed line corresponds to the SQ limit of Si. Reproduced with permission.['®*]

Copyright 2016, American Chemical Society.

Sol. RRL 2021, 5, 2100702 2100702 (21 of 38)

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

; ERRL

www.advancedsciencenews.com

this can only be achieved by sophisticated engineering of the
bandgap and thickness of the photoactive layer of each sub-cell,
as well as by implementation of advanced light trapping strate-
gies (e.g., textured surfaces). At the same time, a careful optimi-
zation of the processing parameters (temperature, utilized
solvents, etc.) of the top cell is needed, but the inherent proper-
ties of the bottom cell inevitably complicate tandem integration.
Temperatures higher than 200 °C may cause degradation of the
bottom cell, forcing researchers to adopt alternative PSC fabrica-
tion protocols (without sintering of metal oxides) or device lay-
outs (less-performing p-i-n structures instead of conventional
n-i-p PSCs); moreover, the surface topology of the bottom cell
(e.g., textured Si or CIGS) may strongly differ from that of the
glass substrates typically used in PSC fabrication due to their
much higher roughness, which requires the adoption of confor-
mal deposition methods (e.g., thermal evaporation or hybrid pro-
cesses), or other strategies resulting in sufficiently thick
perovskite films. These hurdles are solved in the 4T configura-
tion, which enables each sub-cell to be fabricated and optimized
independently with fewer restrictions imposed by the other sub-
cell with regard to texture, processing method, and device layout.
In 4T tandem devices, n-i-p ST-PSCs showing the highest PCEs
can be easily used as top cells, even when processed at high tem-
peratures, and coupled with Si bottom cells with different struc-
tures (including double-side textured Si cells). This results in a
relatively easier tandem integration and a more feasible way to
obtain higher PCEs with respect to 2T tandem cells."®!) As a
drawback, the 4T configuration is based on a more complex
assembly, involving the use of multiple substrates and the fabri-
cation of four different electrodes, with three out of the four
which have to be transparent (see Figure 11a), resulting in rela-
tively high manufacturing costs. Consequently, albeit the high
potential of 4T TSCs, their implementation into large-scale devi-
ces at low cost is still a challenge. In particular, the selection of
suitable TCEs with high conductivity and maximized transpar-
ency is crucial: Absorption and reflection losses should be mini-
mized in the whole 300-1200 nm spectral range for the front
contact of the perovskite top cell (TCE 1) to let UV/visible light
reach the perovskite layer and NIR photons overpass the top cell,
whereas both the back contact (TCE 2) of the top cell and the front
contact (TCE 3) of the bottom cell should be highly transparent to
the incoming NIR photons to let them pass and reach the
smaller-bandgap photoactive material. The implementation of
computational modeling is a powerful tool to rapidly optimize
cell design and reduce electrical/optical losses. Several analyses
on 2-] TSCs have been performed using detailed-balance calcu-
lations, shedding light on the maximum efficiencies attainable
using 2T or 4T tandem configurations depending on the bandgap
values of the top and bottom cells.'*”! While the 2T structure
imposes a stringent restriction on the optimal bandgap values
due to the current-matching requirement, the choice of the
bandgap is much more released in the 4T configuration, allowing
for a wider selection range. The suitable bandgap tunability of the
perovskite absorber, along with its high defect tolerance and
compatibility with solution and vacuum fabrication methods,
make PSCs an ideal choice as top cells to be combined with
nearly any types of bottom cells in TSCs with both 2T and 4T
architectures.
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To date, high-performance perovskite-based 2-] TSCs have
been mainly demonstrated by combining established PV devices
(e.g., c-Si or CIGS) with ST perovskite top cells of different
bandgaps into 2T and 4T configurations. Efficiency-wise, the
most relevant researches during the last 5 years have focused
on the development of perovskite/Si TSCs, whereas perov-
skite/CIGS cells have had a limited interest, being more than
400 and only about 40 the research articles dealing with the
two technologies, as retrieved from the Scopus database. An out-
standing record PCE of 29.5% for monolithic perovskite/Si TSCs
was established by Oxford PV and certified by the National
Renewable Energy Agency (NREL),*” significantly exceeding
the PCE of both Si- and perovskite-based single-junction solar
cells. Although perovskite/Si tandem cells present the highest
efficiencies so far, perovskite-CIGS TSCs are not too behind,
with a maximum PCE of 27% recently achieved by careful opti-
mization of the bandgap and the efficiency of the ST perovskite
top cell and a flexible CIGS bottom cell.*®3! Also, perovskite—
perovskite tandem PVs are attracting great attention since they
could deliver lower materials/fabrication costs while still
enabling an efficient harvest of solar energy. Recently, Xiao
et al. have achieved a breakthrough on all-perovskite TSCs using
perovskite materials with ideally matched bandgaps and
improved stability, demonstrating efficiencies as high as
24.2% for tandem devices with an area over 1cm?, and 25.6%
for small-area devices (0.049 cm?).'® Considering that the
upper PCE limit for both 2T and 4T 2-J architectures under stan-
dard light intensity is evaluated to be about 46%,/**?) the possi-
bilities for further improvement of the practical PCEs through an
optimal choice of materials and bandgaps are substantial, and the
perspectives on future commercialization are encouraging (see
Section 4).

Given these premises, the following sections will be devoted to
describing the recent progress achieved in three different types
of perovskite-based TSCs, namely perovskite/Si, perovskite/
CIGS, and perovskite/perovskite TSCs. The available strategies
for NIR-transparent perovskite top cells will be opportunely
explored and compared, focusing on the most updated trans-
parent electrode techniques and compositional engineering
approaches, and highlighting the substantial differences of
device design with respect to ST-PSCs for BIPV purposes.

3.3.1. NIR-Transparent PSCs for Tandems with Silicon

Si solar cells are undoubtedly the most investigated bottom cells
for tandem PV applications, owing to their ideal bandgap value
(about 1.12eV) and outstanding efficiencies (as high as
26.7%),”" along with excellent stabilities and relatively low fab-
rication costs at the module level, permitting them to occupy the
largest share of the global PV market (>90%). Technologies
based on perovskite tandems with Si has steadily developed in
the last few years as one of the fastest routes to obtain PCE
improvement of the commercially available Si modules without
extensive manufacturing cost increase. On the laboratory scale,
spectacular results have already been reached. The highest PCE
has steadily increased from 13.4% in 2014 to 29.5% in 2021,1*%)
benefiting from 1) advances in the design of NIR-transparent
perovskite top cells, 2) careful optimization of the active layers’
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bandgaps and thicknesses, 3) light management strategies to
reduce parasitic optical losses, 4) sophisticated engineering of
the recombination layer or tunneling junction in 2T TSCs,
and 5) alternative fabrication approaches to obtain conformal
PSCs on top of (textured) Si bottom cells in 2T TSCs. The main
characteristics and PV parameters of recent champion perov-
skite/Si 2T and 4T tandem devices are summarized in
Table S1, Supporting Information. Note that the practical
PCEs are still lower than the possible theoretical efficiency limit
of around 45.3% for perovskite/Si TSCs,*! due to nonradiative
charge recombination mechanisms and parasitic optical losses
occurring in real world devices. To help identify and reduce these
losses, several simulation studies have been reported, focusing
on some crucial aspects such as the bandgaps of the two
sub-cells, the parasitic absorptions and reflections at the
semitransparent contacts and interlayers, the properties of the
interconnecting layer in 2T TSCs, the silicon texturing interfaces,
and the thickness of the perovskite layer.

On a technical level, the foremost issue is to develop perov-
skite top cells with high efficiency and suitable transparency;
the low NIR absorption/reflection is the biggest challenge, espe-
cially in 4T TSCs, which comprises of three TCEs, limiting the
number of low-energy photons reaching the Si bottom cell. To
this aim, suitable transparent electrodes with maximized trans-
parency in the long wavelength region are strongly needed. TCOs
have been widely used to meet these requirements: in addition to
sputtered ITO, alternative TCOs with high carrier mobility and
low carrier density have been developed to alleviate free-carrier
intraband absorption in the NIR region, including 120, IZTO,
and 1ZrO electrodes (see Table 1). As already mentioned in
Section 3.1, DMD structures and metal NWs are also attractive
candidates with respect to the trade-off between NIR transpar-
ency and sheet resistance, showing additional appealing features
such as low-temperature processing and mechanical flexibility.
The NIR transmission can be further improved via light trapping
strategies such as the implementation of appropriate textured
foils on top of the semitransparent contact to minimize parasitic
reflections. Another effective approach to improve the tandem
cell performance consists in employing a higher bandgap perov-
skite material for the top cell so as to expand the Si cell absorption
spectrum. As reported in Figure 11b, the employ of detailed-bal-
ance calculation allows obtaining the optimal bandgap values for
the perovskite top cell and the Si bottom cell depending on the
tandem configuration: The ideal bandgap for the top cell is eval-
uated to be 1.73 eV (point 1) for the tandem in series, whereas
this value is predicted to be 1.81 eV (point 2) for the module and
the four-terminal tandem."®*! Several compositional engineering
approaches for effective perovskite bandgap tuning have been
proposed and used to meet these expectations, including the
use of multi-cation, mixed iodide-bromide perovskite composi-
tions. It is evident from Figure 11b that the constraints on the
top-cell bandgap are more stringent in the case of monolithic tan-
dem devices, which undergo a substantial PCE decrease as a
result of small deviations of the top-cell bandgap from the ideal
value, limiting the choice of available perovskite top cell materi-
als. In this regard, a fascinating aspect recently investigated by
Jager et al. is the effect of luminescent coupling, a phenomenon
consisting in the re-absorption of luminescent photons emitted
by the high-bandgap top cell in the low-bandgap bottom cell,
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which can be exploited as a means to relax those constraints
and reduce spectral mismatch between the two sub-cells, allow-
ing to shift the top-cell bandgap from 1.71 eV to values in the
range of 1.60-1.65 eV.[8¢!

As a consequence of incorporating transparent electrodes and
wider-bandgap perovskites, NIR-transparent PSCs typically show
lower efficiencies than those of traditional opaque PSCs (maxi-
mum PCE of around 19% at >70% average NIR transmittance,
against the record PCE of 25.5% obtained with a conventional
opaque cell). Nevertheless, impressive advances have been
achieved during the last few years via rational engineering of
each functional layer, as thoroughly scanned in the following
sections.

Design of Transparent Electrodes: Early studies mainly focused
on the optimization of the semitransparent contacts. The first 4T
perovskite/Si TSC was reported in 2015 by Loper et al.,['¥”! who
proposed a MAPDI;3-based top cell free of metallic components,
involving the use of FTO/glass as bottom electrode and MoO,/
ITO as TTE, and yielding a transmittance in the NIR of >55%; by
combining the as-fabricated perovskite top cell with a c-Si heter-
ojunction bottom cell, the tandem efficiency was 13.4% (top cell:
6.2%; bottom cell: 7.2%). It is worth noting that, because the
TCO/glass substrate typically show higher transparency than
the TTE in a ST-PSC, in 4-T devices the perovskite top cell is
generally integrated with light incident from the TCO/glass side,
so as to maximize the number of photons entering the solar cell
and reduce the parasitic optical losses. In 2015, Mailoa and
co-workers demonstrated the first monolithically integrated 2T
PSC/Si tandem cell with 13.7% PCE by employing AgNWs
(Re=9Q5q ™Y Trmax=89.5%) as the top electrode and 111 nm
thick LiF as an AR coating."® Considering the process
compatibility restrictions involved in 2T devices, the monolithic
integration was realized using a front-polished Si homojunction
bottom cell to accommodate a MAPbI;-based perovskite top cell
and a suitable tunnel junction based on silicon, on top of which a
30nm thick TiO, layer was grown by low-temperature atomic
layer deposition (ALD) to serve as the n-type heterojunction
for the n-i-p PSC. Returning back to 4T devices, Duong et al. pro-
duced in 2016 a mesoscopic MAPbI;-based ST-PSC comprising
sputtered ITO front and back electrodes with optimized thick-
nesses; the best device exhibited a PCE exceeding 12% and
broadband NIR transmittance higher than 80%."*” Through this
strategy, an overall 4T perovskite/Si tandem efficiency of 20.1%
was achieved. Another interesting work from Werner et al.
reports on the effective fabrication of low-temperature NIR-trans-
parent PSCs featuring ITO electrodes and yielding PCEs as high
14.5% for an aperture area of 1 cm®™®% Such PSC design was
leveraged for the realization of large area (1.43 cm?) perov-
skite/Si tandem cells with both 4T and 2T configurations, obtain-
ing 23% and 20.5% PCE, respectively, at >1 cm? top cell aperture
area. By using the simple CH3NH;PbI; perovskite system, the
Authors critically compared the two configurations, pointing
out that the former presents more challenges in terms of fabri-
cation protocols and materials selection, whereas the 4T is more
performing and easier to realize.l"%

Modulation of Perovskite Bandgap: In the search for alternative
pathways to improve the tandem cell performance, researchers
began to investigate the effect of deliberately altering the bandgap
of the perovskite absorber by compositional engineering, aiming
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at the best optical/electrical matching between the two sub-cells
and at an improved stability of the perovskite system. In 2018,
Zheng et al. enhanced the PCE of the monolithic perovskite/
textured-homojunction-Si TSC from 17.6%, obtained with the
previous design, up to 21.8% on 16 cm* by replacing MAPbI;
with (FAPDIs)o3(MAPDBr3)0 17 showing a higher bandgap and
better quality!®"); the PCE improvement is also due to the inte-
gration of a new front top metal grid which reduces the series
resistance across the device, resulting in a very high FF (78%
under reverse scan). Another interesting approach was reported
by Qiu et al.,"®? who fabricated 2T perovskite/Si tandem devices
with  different  Si/ITO/SnO,/perovskite  (1.65-1.72eV)/
Spiro-OMeTAD/MoO,/ITO compositions; the tandem device
based on the 1.69eV bandgap perovskite (FApsMAp38Cso.12
PbI, 04Brg96) showed the highest performance, with a PCE over
22%. The proposed perovskite system was found to favorably
alter the crystal growth, reducing the formation of defects whilst
maintaining the NIR transmittance at values higher than 50%.
Bush and co-workers further improved the PCE to the remark-
able value of 23.6% in a 2T configuration by combining a
Cs0.17FAo.83Pb(Io.83B10.17)3-based perovskite top cell with an
infrared-tuned Si heterojunction bottom cell.***! The stable
perovskite tolerates the deposition of a SnO,/ZTO window
bilayer by either ALD or pulsed chemical vapor deposition
(CVD), allowing for the sputtering of an ITO-based front contact;
importantly, NiO, was employed as the HTL, thus preventing
stability issues and parasitic optical losses related to use of doped
Spiro-OMeTAD. A step to efficiencies higher than 26% (26.4%)
in a 4T configuration was demonstrated by Duong et al. using a
perovskite system based on Rubidium with Cs/FA/MA (Rb-
FAy 75 MA15Cs1PbI;Br), which allowed to obtain an ideal
1.73 eV bandgap and to fabricate performing NIR-transparent
PSCs with steady-state PCE of up to 16% and excellent T, of
84% in the 720-1100 nm range.'*" The study shows the benefi-
cial impact of increasing the cation composition complexity on
the light stability of the device, as well as the effective improve-
ment of the transparency by replacing the FTO bottom electrode
with an ITO transparent contact showing less than 5% absorp-
tion in the IR. More recently, an in-depth investigation of
the synergic effect triggered by methylammonium chloride
(MACI) additive on the performance of 4T cells was reported
by He and collaborators,'**! demonstrating that the MA cation
and the Cl anion allow to control the quality of the (Cs,
FA)(MACI);_,PbBr3,I5_3, perovskite film in terms of its thick-
ness, bandgap, phase stability, and defect density. The proposed
system resulted in 4 T PSC/Si tandem cell with an open-circuit
voltage of 1.74V and overall PCE of 25.9%. An investigation
worth to mention due to its practical relevance is the one from
De Bastiani and co-workers,**® who developed a monolithic tan-
dem design featured with a transparent back electrode to absorb
the albedo light, enhancing the current generation in the bottom
cell. By employing (Cs,FA)(MA);PbBrs,I5 3, perovskites at tun-
able bandgaps in the range 1.59-1.7 eV, the authors found that
halide segregation can be prevented by minimizing the bromide
ratio, allowing to improve the stability of the resulting device and
obtaining PCEs as high as 25.2% in a 2T configuration.
Advanced Strategies Toward >29% PCE: Further progress in
Si/perovskite TSCs was mainly achieved by combining the afore-
mentioned perovskite bandgap tuning strategies with advanced
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electrodes design. To improve the electrode transparency depos-
ited on top of the Cs/FA/MA perovskite layer, Ying and co-work-
ers devised a strategy to prepare IZO electrodes having Ry of
15.9Qsq " and T in the NIR higher than 80% by sputtering
suitable for integration into buffer-layer-free ST-PSCs®®); the
vacuum evaporated Cqo/BCP ETL is proved to be stable to the
sputtered IZO top contact. They ultimately demonstrated a con-
version efficiency of 16.23% for the single perovskite cell, and
24.60% PCE for a 4T tandem with c-Si. In another remarkable
example of electrodes design, Jung et al. engineered indium
oxide electrodes doped with titanium and tantalum, resulting
in films with T, in the NIR as high as 91.6%®}; the improved
NIR transparency is explained in terms of higher carrier mobility
and reduced free-carrier absorption compared to ITO. Through
this strategy, they successfully realized ST perovskite cells based
on (FAPbI;)995(MAPbBr3)0 05 With PCEs over 17%, and 4T
perovskite-Si tandem with PCEs over 26%. A different, TCO-free
electrode for 4T Si/perovskite devices was proposed by Wang and
co-workers,”® who developed a sandwiched gold nanomesh hav-
ing MoO, (20 nm)/Au (7 nm)/MoO, (80 nm) DMD composition,
sheet resistance of 19.6 Q sq*, and average NIR transmittance of
74%, resulting in an efficient NIR-transparent n-i-p PSC yielding
18.3% PCE under reverse scan; combined with a heterojunction
Si solar cells, the summed efficiency of the 4T tandem cell
reached 27.0%. Note that, in their work, the proposed MoO,/
Au/MoO, electrode was carefully optimized toward the highest
NIR transmittance, with the thicknesses of each constituting
layer being substantially different compared to those employed
for instance by Della Gaspera et al. for BIPV purposes.”® This
further highlights the importance of an application-orientated
design of the transparent electrodes, aimed to achieve either
the best visible transparency (when the target application is
BIPVs) or the highest NIR transmittance (when the device is
to be integrated in TSCs). In 2020, Chen et al. further enhanced
the PCE of 4T TSCs through a new synergic approach consisting
in the increase of the speed of the antisolvent spinning procedure
(a strategy they defined boosted solvent extraction), combined
with the incorporation of urea, a Lewis base, resulting in an effec-
tive modulation of the Csg osFA( g1 MAg 14PbI; 55Brg 45 perovskite
thickness and grain size and an increase of the size of the elec-
trons diffusion up to 2.3 pm.!"”) The resulting ST perovskite cell,
having an impressive 19% PCE and a transmittance higher than
70% in the NIR region, was further coupled with a Si bottom cell
in a 4T tandem configuration, permitting to reach PCE values as
high as 28.2% (see Figure 12a). In a jointed computational and
experimental study, Yang et al. implemented an in-depth optimi-
zation protocol to obtain a high-efficiency 4T cell based on the
Csg.05FA¢.9sPbI; perovskite absorber, coupling high transmit-
tance in the NIR (>60%) of the top cell with an excellent tandem
PCE of 28.3%.°Y This was possible by the sophisticated engi-
neering of an ultrathin TTE consisting in a compact Au film
(7 nm) grown under the Frank—van der Merwe mechanism on
top of a Cr seed layer (1 nm).

To obtain high-efficiency and marketable PSC/Si tandem PVs,
it is also necessary to optimize the c-Si bottom cell. With the aim
to produce industrially scalable 2T devices, Kohnen and
co-workers investigated the integration of 100 pm thick Si
obtained by industrial fabrication through the Czochralski (CZ)
method for 2T device based on the Csgo5(MAg23FA¢77)0.05
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PDb(Bry 2310.77)3 perovskite formulation (see Figure 12b).[198] Their
results are encouraging, since the optimal PCE they obtained—
27.9%—Dby coupling the as-fabricated Si bottom cell with a p-i-n
perovskite top cell is not too much lower than the reference value
(28.2%) obtained with the commonly used front-side polished
FZ-Si, which is about three times thicker. Another important
aspect concerns the selection of suitable charge-transport
layers for the top PSC. The management of the hole extraction
has been investigated by Al-Ashouri et al.***! who designed
a new methyl-substituted carbazole self-assembled mono-
layer, that is, 2-(3,6-Dimethoxy-9H-carbazol-9-yl) ethyl]-
phosphonic acid, as HTL in a 2T perovskite/Si cell based on a
CSQ()S(FAO_77MAO_23)0‘95Pb(10.77Br0‘23)3 perovskite System with a
bandgap of 1.68 eV. As a result, they obtained a certified PCE equal
to 29.15%. Focusing on the impact of the top cell architecture, a
very recent report by Aydin et al. showed the first integration
of a noninverted perovskite n-i-p cell, based on the
CS0.0sMAo_15FAO‘8Pb(IO.75Br0_25)3 absorber, in tandem with
textured bottom silicon cells, resulting in PCEs as high as
27.1%.1°% This was achieved by designing novel hole- and elec-
tron-transport layers consisting in 2,20,7,70-tetra(N,N-di-p-tolyl)
amino-9,9-spirobifluorene (spiro-TTB)/vanadium oxide and amor-
phous niobium oxide with ligand-bridged Cgo, respectively. This
report can boost future researches aiming at the integration of
record-efficiency, regular n—i—p PSCs within the context of tandem

(a) CQD bottom cell
(i)

A
In?OJ:H
a-Si:H (n)
Ag a-Si:H ()
n-Si
argl:H (0]
a-Si:H
a3 @
Ag
Perovskite top cell
A
9 \ MgF?
= 1ZO
MoO,
Spiro-OMeTAD
Ag Perovskite
$no,
1ZrO
Glass
1 N
(ii) 100 (iii)) 20
i + PSC 0,049 cm’ J'
% PSC 1 em’
80 P S § 07« Fonacan ]
Y X < cao
= i T Y E 07 . Fheeass //f
& 8 \ 2 SHJ /1B
w «- PSC ‘ g -10 esosess? 4’
] 2 heoos i
& 40 }ie Finerea cap 4 $ becsssssssssesesseett”
Le— Filtered SHJ b B 20 T ocrsnscremgradbrvtitsons
W B
2 | Ll 5 -30 /
f “. (6} )
o { 40 fosssaspumecey

400 600 800 1000 1200

Wavelength (nm) Voltage (V)

SHJ bottom cell (b)

(iii) 400 . (iv) 5

www.solar-rrl.com

PVs, whose most relevant results have mainly originated from the
inverted structure configuration.

3.3.2. Perovskite-CIGS Tandem Solar Cells

A truly convenient alternative to Si-based bottom cells is consti-
tuted by the CIGS solar cells, due to the optimal bandgap value of
about 1.1eV for the state-of-the-art devices. CIGS has other
advantages, namely direct bandgap properties and a high absorp-
tion coefficient (10°cm ™), which result in the possibility to
reduce its thickness and the associated manufacturing costs,
making this material ideally suitable for large-scale production.
Similar to perovskites, the bandgap for CIGS can be favorably
tuned in the interval of 1.0-1.7eV by varying the [Ga]/
({Ga] + [In]) ratio,®®" providing CIGS/perovskite tandem PVs
with high versatility and great potential to achieve high efficien-
cies through an optimal choice of materials and bandgaps. From
theoretical calculations, it is known that the tandem cells reach
the maximum efficiencies when the bandgap of the top cell is in
the range 1.6-1.8 eV, whereas the optimal bandgap value for the
bottom cell is around 1.0-1.2 eV.[2%% For this reason, CIGS could
be well integrated both as the top or the bottom cell. CIGS devices
are also characterized by remarkable stability against space
radiation: While perovskite/Si TSCs were found to be unsuitable
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Figure 12. Structural features of efficient perovskite/Si TSCs. a) i) Schemes, ii) external quantum efficiency (EQE) characterization and J-V curves of 4T
tandem cells made from CsgosFAq.81MAq 14Pbl; 55Brg 45 perovskite, mechanically stacked with colloidal quantum dot cell and Si-cell. Reproduced with
permission.l"®”] Copyright 2020, Nature Publishing Group. b) i) Optical photographs, confocal laser scanning microscopy images, and ii) scheme of the
monolithic perovskite/silicon tandem cell prepared by using planarized float-zone (FZ) or industrial Czochralski (CZ) silicon. iii) EQE and iv) J-V
measurement of tandem solar cells based on FZ and thin CZ silicon. Reproduced with permission.'”® Copyright 2021, John Wiley & Sons, Inc.
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to withstand the harsh radiation environment in space, it was
demonstrated that the perovskite/CIGS cells can retain over
85% of their initial efficiency under AMO solar illumination even
after 68 MeV proton irradiation at a dose of 2 x 10" p* cm2,12%%!
This makes perovskite/CIGS TSCs a promising cheap, radiation-
hard, flexible, and ultra-lightweight PV technology for future
space applications. These advantages are even more valuable
when considering the rapid progress that perovskite/CIGS
TSCs have experienced in just a few years in terms of efficiency.
The evolution and PV parameters of recent champion
perovskite/CIGS 2T and 4T tandem devices are summarized
in Table S2, Supporting Information. Detailed theoretical analy-
ses have permitted to shed light on the maximum efficiencies
obtainable by perovskite/CIGS TSCs. According to recent simu-
lation results,”® tandem PCEs as high as 31.13% can be
achieved by careful optimization of the bandgaps and thicknesses
of both perovskite and CIGS, improvements of the perovskite
film quality, use of antireflection coatings, and rational design
of the ICL (in 2T devices), the transparent electrodes, and the
charge-transport layers to minimize parasitic absorptions and
reflections.

2-Terminal CIGS/Perovskite TSCs: Despite the promising the-
oretical performances, the perovskite/CIGS implementation into
real devices has not been simple, though. One of the very first
examples of perovskite/CIGS 2T TSCs was reported in 2015
by Todorov et al.,*®! who designed a reactor for precise control
of the optical properties of the perovskite layer via vapor-based
halide exchange reactions, enabling continuous and reversible
bandgap tuning from 1.58eV (pure iodide) to 2.29eV (pure
bromide). Efficiencies exceeding 10-12% were demonstrated
for the stand-alone perovskite devices in the optimum bandgap
range of 1.65-1.75eV. For 2T tandem integration, the authors
examined the performance of two different front transparent
electrodes, namely a 10-15nm thick Al-based electrode (50%
optical transmission) and a Ca-based electrode having similar
thickness but higher optical transmission (80%) and including
a BCP layer of ~5nm with the dual function of an n-selective
layer and a Ca diffusion barrier; the analysis resulted in tandem
PCEs equal to 8.0% and 10.9%, respectively. The efficiencies
were still much lower than the performance of the individual
CIGS or perovskite sub-cells, but many other reports followed
and paved the way toward substantial PCE improvements
through various strategies. For instance, a remarkable advance-
ment in the 2T configuration was presented in 2018 by Han and
co-workers,?°) who developed a functional ICL using a suffi-
ciently thick ITO film, chemically polished with a commercial
SiO, slurry, to reduce the roughness of the underlying
boron-doped ZnO (BZO) layer. They also optimized the
Cs0.09FAg77MAg 14Pb(Iog6Bro.14)3  perovskite  composition
(1.59 eV bandgap) and employed a 100 nm thick ITO front elec-
trode, resulting in an overall tandem efficiency of 22.4%. A simi-
larly high value of PCE (21.6%) was obtained by Jost et al.,*”]
who developed thin conformal HTLs to improve the quality of
the above deposited Csgo5(MAg17FA0.83)Pb1.1(lo.s83BT0.17)3
perovskite layer for effective integration onto rough bottom cell
surfaces without any additional polishing step. Specifically, a thin
NiOy layer was conformally deposited by ALD on the front con-
tact of the CIGS bottom cells, and an additional PTAA layer was
incorporated at the NiO,/perovskite interface to further enhance
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the performance; the complete 2T tandem device also comprised
a highly transparent IZO front contact, a silver frame around the
active area, and a LiF AR coating. In a recent comprehensive
report, Jacobsson and colleagues explored all the issues of 2T
perovskite/CIGS TSCs by reporting on the characterization of
a significant number (169) of 2T cells, highlighting the main
challenges related to the surface roughness of the CIGS bottom
cell and the uniformity of the ICLs between the CIGS and perov-
skite Sub'CeHS.[ZOS] They used CS()‘()SFA0.79MA0.16PbBI'0A4912A51,
doped with Rb and with a surplus of Pbl,, as the perovskite
absorber, a sputtered i-ZnO/AZO bilayer as the mid TCO,
and SnO,/ITO as the front contact. Their efforts brought to
acceptable tandem PCEs in the range 15-16%. They also
analyzed devices using the same perovskite composition in a
4T tandem configuration. To this aim, they fabricated perovskite
cells using FTO as the bottom electrode, onto which NiO
(15-20nm) was deposited to serve as the HTL, and i-ZnO
(80 nm)/AZO (300 nm) as the top contact, which was sputtered
on top of a 10 nm thick SnO, layer; the as-fabricated ST-PSCs
showed average PCEs of around 12% and good transmittance
in the NIR (>60%); in this case, they obtained PCE values in
the range 16-17%.

4-Terminal CIGS/Perovskite TSCs: As expected, the researches
provide a quite different scenario when 4T cells are considered,
with the engineering of the TCEs becoming a fundamental
aspect of the studies. In this regard, it is worth to mention
the work by Shen and coworkers,**” who employed opportunely
designed transparent electrodes, together with a multi-cation
Cs0.1RDbo 0sFAg 7sMAy 15Pbl; gBr; , perovskite absorber, to fabri-
cate high-performance perovskite/CIGS 4T cells. The perovskite
top cell was realized on a 100 nm thick ITO bottom electrode,
onto which a compact TiO, (70 nm) layer and a mesoporous
TiO, (60 nm) film were deposited, whereas the top electrode con-
sisted in a 10 nm thick MoOy anode buffer layer and a 40 nm
thick IZO conductive layer onto which a 180 nm thick MgF,
AR coating was deposited, resulting in an excellent overall
NIR transmittance (>70%) and high PCE (18.1% at a perovskite
bandgap of 1.62eV, and 16.5% at 1.75eV). By mechanically
stacking the high bandgap (x~1.75eV) ST-PSC with a 16.5%
CIGS (=1.13 eV) bottom cell, a 4T tandem efficiency of 23.4%
was achieved, along with excellent device stability against
oxygen-induced degradation.

A clever strategy to improve the performance of 4T perovskite/
CIGS TSCs was shown by Gharibzadeh and co-workers,*'% who
employed a 2D/3D perovskite heterostructure comprising a bulk
3D double-cation FA; g3Csg.17Pb(I;_Br,); system and a 2D pas-
sivation agent based on n-butylammonium bromide (BABr),
resulting in greatly enhanced V,. and PCE values. The authors
tuned the bromide concentration to control the bandgap value of
the 3D perovskite absorber layer in the range between 1.65 and
1.85 eV; the highest stabilized PCE (equal to 17.5%) for the
stand-alone perovskite top cell was obtained at a bandgap of
1.65 eV, whereas significantly lower PCEs were observed for
E;>1.74eV. The semitransparency was guaranteed by the
employ of both top and bottom ITO electrodes processed by sput-
tering (active area 10.5 mm?), resulting in transmittance values
>50% in the NIR. The NIR transmittance of the perovskite cells
was characterized as a function of the perovskite bandgap, as
shown in Figure 13a. The authors realized 4T TSCs by
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Figure 13. Representative examples of perovskite-CIGS tandem PVs. a) i) SEM cross-section characterization of the FAg33Cso17Pb(lo.¢Bro.4)3-based
ST-PSC and ii) effect of perovskite bandgap (in the range 1.65-1.85 eV) on the EQE and transmittance. The bandgap tuning is realized by modifying
the amount of bromide (0.24 <y < 0.56) in the precursor solution used for preparing the 3D perovskite system FAq g3Cso.17Pb(l1_Br,)3. iii) J-V curves, iv)
integrated Js. and EQE characterizations of the 1.65 eV ST-PSC coupled with Si bottom cell (v) or with CIGS bottom cell (vi). Reproduced with permis-
sion. 219 Copyright 2020, John Wiley & Sons, Inc. b) i) J-V curves and (ii) EQE spectra of the semitransparent FAqgCsq2Pb(lo 7Bro3)s perovskite
cell illuminated from (the front which has) the ETL side and from the (rear which has the) HTL side; effect of bending (iii) and of illumination intensity
(iv) on the PCE; v) Transmittance values of the flexible semitransparent PSC, with inset showing a photograph of the device. vi) J-V curves of the
perovskite/CIGS 4-T tandem device. The photograph in the inset shows a flexible CIGS cell. Reproduced with permission.?'"! Copyright 2020, Elsevier.

combining the above perovskite cells with CIGS bottom cells
(E;=1.13eV; PCE=21.2%), demonstrating overall tandem
PCEs as high as 25.0%, which is quite similar to the perfor-
mance the same authors obtained using silicon bottom cells
(25.7%). In another interesting report, Li et al. demonstrated
the first example of efficient all-flexible perovskite/CIGS tan-
dem device yielding a PCE of 21.06% (see Figure 13b).*'!]
To this aim, the authors fabricated a flexible perovskite
cell onto an ITO/PET substrate using a high-bandgap
FA( 5Cs¢.2Pb(Io7B1¢ 3); perovskite system (E;=1.75eV) and
a triple-layer electron-selective contact made of trans-1,2-
diaminocyclohexane-N,N,N’,N’-tetraacetic (CyDTA), SnO,,
and CyDTA-complexed SnO,. On top of the perovskite layer,
they deposited spiro-OMeTAD by spin-coating to serve as the
HTL, followed by thermal evaporation of 1 nm Au and 10 nm
MoO,, films and sputtering of 100 nm thick ITO as the top elec-
trode. As a result, flexible perovskite cells with a PCE of
15.02% and an excellent light transparency of around 70%
beyond 700 nm were demonstrated. By coupling such devices
with flexible CIGS cells in a 4T configuration, tandem PCEs as
high as 21.06% were achieved. Such design flexibility
of perovskite/CIGS TSCs is a remarkable advantage over
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traditional silicon-based tandems, since this makes them
viable for unconventional PV applications including BIPVs.

Lastly, it is worth to mention the recent work by Nakamura
et al,*'? who employed a 775-nm spectral splitting mirror to
direct the low-energy photons only to the CIGS cell
(E;=1.02eV) and the high-energy photons to a perovskite
cell based on a CSO.lRbOAOSFA0A75MA0.15PbI1.8Br1A2 System
(Eg =1.59eV). Through this strategy, they obtained an overall
PCE as high as 28.0%. However, the main disadvantages of such
approach are the high costs associated with the optical splitting
system, as well as the complexity of manufacture and scale-up. By
contrast, mechanically stacked and monolithically integrated
perovskite/Si TSCs have demonstrated superior potential for
commercial applications, presenting high efficiency along with
cost-effectiveness and reliability. At present, the record
research-cell PCE for perovskite/CIGS 2T TSCs is 24.2%, as cer-
tified by the NREL,1**! whereas the ultimate record for perovskite/
CIGS 4T tandem devices is claimed to be 27%, obtained by
coupling a 18.6% efficient perovskite top cell with a bandgap-
optimized CIGS flexible bottom cell, as a result of the joint efforts
between the company MiaSolé Hi-Tech Corp and European
Solliance Solar Research.'®*!
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3.3.3. All-Perovskite Tandem Devices

As mentioned in the previous sections, the perovskite bandgap
can be conveniently tuned by engineering the chemical compo-
sition, obtaining values higher than 1.5 eV (suitable for tandem
integration as top cell) and inferior than 1.4 eV (suitable for the
bottom cell).***! For instance, the possibility to produce alloys
between Pb and Sn in metal halide perovskites allows obtaining
narrow bandgaps which can be set down to 1.17 eV if the Sn
amount is in the range 50-60%.”'* In contrast, the bandgap
of lead halide perovskites can be readily tuned from 1.5 to
2.5eV by adjusting the I/Br ratio. Such extraordinary bandgap
tunability enables perovskite—perovskite (all-perovskite) TSCs
to be constructed using a wide-bandgap ST-PSC as the top cell
and a narrow-bandgap PSC as the bottom cell.

The first example of all-perovskite 2T tandem device was
reported in 2016 by Jiang and co-workers,*'>) who engineered
a very simple device structure in which they wused
CH;NH;Pbl; perovskite, FTO as the back electrode, spiro-
OMeTAD/PEDOT:PSS/PEI/PCBM:PEI as the ICL, and a thin
film (40nm) of PEDOT:PSS as the front contact, resulting
in a glass/FTO/c-TiO,/m-TiO,/CH;NH;Pbl;/spiroOMeTAD/
PEDOT:PSS/PEI/PCBM:PEI/CH;NH;PbI;/spiro-OMeTAD/
PEDOT:PSS device stack. However, the noncomplementary
absorption region of the two sub-cells (both based on
CH;3NH;Pbl;) resulted in a limited overall PCE as low as 7%.
Further development of all-perovskite TSCs has mainly benefited
from the advances in the design of efficient narrow-bandgap
(1.1-1.2 eV) perovskite cells, as well as of appropriate semitrans-
parent contacts and ICLs. Figure S3, Supporting Information,
summarizes the efficiency evolution of recent champion
all-perovskite 2T and 4T tandem devices.

Tandems with Narrow-Bandgap Perovskite Bottom Cells: Aiming
at an ideal bandgap matching between the two sub-cells,
researchers began to focus their attention on the fabrication of
efficient low-bandgap perovskite films for the bottom cell to
be coupled with high-bandgap, mixed iodide-bromide perovskite
absorbers in the top cell. As a first groundbreaking report,
Eperon and co-workers investigated the effect of adding Cs to
perovskite to prepare highly stable and efficient all-perovskite
TSCs.*'! In particular, the authors employed a 1.2 eV bandgap
FAg.75Cs0.25510.5Pbo 513 perovskite absorber which was coupled
with a 1.6eV bandgap FAgs3Cso.17Pb(los3Bro17)3 to obtain a
4T tandem device yielding a PCE of 20.3% with an aperture area
of 0.2cm? (16.0% for 1cm? devices). In this configuration, an
ITO layer deposited by sputtering was employed to realize the
top contact of the p-i-n perovskite top cell. A 2T tandem device
was also developed by the authors using a 1.8eV bandgap
FAg 83Cs0.17Pb(Io.sBro 5)3 perovskite in the monolithic structure
in combination with the 1.2eV bandgap FAg75Csoas
SnosPbgsls perovskite; a recombination layer obtained by tin
oxide coated with sputtered ITO was employed, resulting in
PCE values reaching 17.0% (see Figure 14a).

Another experimental investigation worth to mention in
the field of 2T devices is the 2018 work from Zhao and co-
workers, ') who incorporated chloride ions in a narrow-bandgap
perovskite system (x1.25 eV) to improve the grain morphology
and the resulting carrier mobilities. The incorporation of 2.5% Cl
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was found to increase grain size, crystallinity, and carrier mobil-
ity in (FASnl3)g.6(MAPDI3).4:Cl perovskite films with a thickness
of ~750nm, enabling an improved performance of devices
featuring thick absorber layers. Through this strategy, 2T
all-perovskite TSCs showing PCEs up to 21% and promising
operational stability were successfully fabricated. The remarkable
result from the authors was the engineering of a semitransparent
interconnection layer Ag (1 nm)/MoO, (3 nm)/ITO (=120 nm),
possessing a transmittance >60% in the NIR; the transmittance
of the 1.75 eV high-bandgap FA,gCsg,Pb(loBro3)3 perovskite
film (=250 nm) deposited onto glass/ITO/PTAA was also very
high (>70%). Comparable performances had already been dem-
onstrated by the same research group also in the 4T configura-
tion.”™® To this end, the authors thoroughly improved the
thickness (up to 21000 nm), crystallinity and the resulting carrier
lifetimes of the (FASnl;)o¢(MAPDIs)o4 perovskite absorber,
obtaining >80% external quantum efficiency (EQE) in the IR
region as well as carrier lifetimes higher than 0.25 ps; the result
was an impressive PCE of the stand-alone low-bandgap perov-
skite cell equal to 17.6%. The authors stacked this perovskite-
based cell with a ST high-bandgap (=1.58 eV) perovskite top cell
based on FA(3;MA,;Pbl;, obtaining 4T tandem efficiencies
approaching 21%. The ~18% efficient n-i-p top cell was
produced on FTO/glass, while the transparent top electrode con-
sisted in a MoO, (10nm)/Au (8.5nm)/MoO, (10nm) stack
deposited by thermal evaporation; the authors characterized
the transmission spectra of the resulting entire wide-bandgap
cell, finding acceptable transmittance values (>50%) in the
NIR. A further improvement of the 4T tandem PCE up to
23% was obtained by coupling the 1.25eV narrow-bandgap
(FASnI3)o6(MAPDI3)g4 bottom cell with a wider bandgap
ST-PSC based on FA(gCsg,Pb-(Ip7Bro3s)s (1.75€V). In this
new configuration, the authors employed a more transparent
MoO,/ITO electrode in place of MoO,/Au/MoOy, which resulted
in a top cell transmittance up to 70% beyond 700 nm.

Latest Advances toward >25% PCE: The most recent researches
on the field of all-perovskite TSCs have mainly focused on the
optimization of the narrow-bandgap PSC in terms of PV perfor-
mance and device lifetime. An interesting study on the engineer-
ing of mixed Pb—Sn narrow-bandgap PSCs was reported in 2019
by Lin and co-workers,*'”) who leveraged the comproportiona-
tion reaction of tin (Sn + Sn*t -2 Sn”) to improve perovskite
stability; in particular, by introducing metallic tin in the perov-
skite film precursor ink, the resulting MAg 3 FAg;PbgsSngsl3
(1.22 eV) perovskite film presented a higher resistance to oxida-
tion under ambient conditions. As a result, they could increase
the carrier diffusion length up to an outstanding value of 3 pm,
ultimately resulting in PCE values as high as 21.1% for the stand-
alone narrow-bandgap solar cell. By coupling this device with a
wide-bandgap (1.71 eV) Csg ,Fag gPbl; gBr; -based top cell via an
ALD-SnO,-based tunnel recombination junction, they obtained
overall 2T tandem PCEs equal to 24.8% for small-area devices
(0.049 cm?) and 22.1% for large-area devices (1.05 cm?). Their
efforts were mainly focused on characterizing the perovskite pre-
cursor ink to demonstrate the reduction of the Sn** precursor
solution by a blue-shift in the transmittance spectra; indeed,
the Sn*Trich solution was yellowish, whereas the oxidized
Sn** form was red colored. A breakthrough in the morphology
control of mixed Pb-Sn perovskite films was obtained one year
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Figure 14. Representative examples of all-perovskite tandem PVs. a) Scheme of 2T (i) and 4T (ii) all-perovskite TSCs based on monolithic assembly of the
FA0.33C50,17Pb(|0.5Br045)3 (18 eV bandgap) and FA0.75CSO'255n0_5Pb045|3 (]2 eV bandgap); for the 4T tandem, the FAO'33CSO']7Pb(|0.ggBr0'17)3 (]6 eV
bandgap) is employed. iii) EQE spectra of the 1.2 and 1.8 eV perovskite cells; (iv) J-V curves and (v) EQE spectra of the 1.2 eV (also filtered) and
1.6 eV perovskite cells. Reproduced with permission.?'® Copyright 2020, American Association for the Advancement of Science (AAAS). b) i)
Scheme of the high-bandgap ST-PSC using the Csg osFA¢sMAg.15Pbl s5Brg 45 perovskite system. i) Cross-sectional SEM image of the narrow-bandgap
cell based on the GuaSCN-modified (FASnl3;)o6(MAPbI3)o4 perovskite film. iii) J-V curve and (iv) EQE characterization of the tandem device. The
integrated photocurrent density is indicated in the inset. v) J-V curves and (vi) EQE characterization of the top wide—bandgap ST-PSC and the filtered
low-bandgap bottom PSC. The inset shows the integrated photocurrent densities for the two cells. Reproduced with permission.??! Copyright 2019, The
Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science.

later by the same research group, who introduced formamidine
sulfinic acid (FSA) as a suitable additive to reduce the nonradia-
tive recombination and increase the stability of Sn** in narrow-
bandgap perovskite films under ambient conditions."®*? The
authors studied the effect of FSA concentration, finding that
the best performances were obtained at 0.3 mol%, resulting in
a 2T tandem PCE equal to 24.7% (the one certified was
24.2%) on an area over 1 cm? In-lab power conversion efficien-
cies of 25.6% and 21.4% for 0.049 and 12 cm?, respectively, were
also demonstrated.

A remarkable breakthrough in the field of 4T devices was
achieved by Tong et al.,*% who leveraged guanidinium thiocya-
nate (GuaSCN) for improving the structural and optoelectronic
properties of Sn-Pb mixed, low-bandgap perovskite films. The
GuaSCN additive allowed for carrier lifetimes >1 ps and diffu-
sion lengths >2 pm when added at concentration of about 7%
in the 1.25 eV low-bandgap, 1 pm thick (FASnI;)o¢(MAPDI3)g4
perovskite layer. The resulting PCE of the complete narrow-
bandgap cell having glass/ITO/PEDOT:PSS/GuaSCN-
modified(FASnI3)g¢(MAPDI3)g.4/Ceo/BCP/Ag composition was
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>20%. When combined with a semitransparent 1.63 eV wide-
bandgap top cell based on the Csg5FAgsMAg 15PbI; 55Brg4s
perovskite absorber, it was possible to obtain a PCE as high
as 25% in the 4T configuration (see Figure 14b). The top cell
was realized on a glass/ITO substrate onto which PTAA was
deposited by spin-coating to act as the HTL. On top of the perov-
skite film, the semitransparent electron-collecting electrode was
fabricated as follows: Cgo (40nm) was deposited by thermal
evaporation, while ALD was employed to deposit SnO, (6 nm)
and ZTO (2nm); then, the films were covered by a sputtered
250nm thick IZO layer. The NIR transmittance of the
as-fabricated ST-PSC was higher than 60%.

In conclusion, both 2T and 4T all-perovskite tandem devices
have already reached practical PCEs exceeding 25%, demonstrat-
ing performances competitive with those of other perovskite-
based TSCs and offering additional exciting opportunities for
cost reduction and modern PV applications (e.g., flexible PVs).
According to recent analyses, further advances toward commer-
cially viable all-perovskite TSCs can be achieved through a careful
optimization of the device composition (absorber layers, ICLs,
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transparent electrodes) and by improving the stability of the
narrow-bandgap perovskite cells.

4. Challenges and Perspectives

Within a few years of intensive research efforts, ST-PSCs have
experienced tremendous progress and have opened up promis-
ing pathways toward a terawatt-scale PV deployment. The possi-
bility to combine light transparency with sustainable power
generation constitute a unique opportunity to expand the market
potential of solar PVs. The highly modulable shapes, colors, and
aesthetic features of ST-PSCs enable creative applications and an
effective approach to “near-zero energy” building design via
innovative BIPV solutions. Both neutral-colored and colorful
ST-PSCs showing a wide range of PCE-AVT values have been
reported, demonstrating remarkable potential for future integra-
tion as electricity-generating solar windows, facades, or other
architectural elements. Perovskite ST devices with switchable
optical properties have also been developed in the perspective
of smart window applications. Parallelly, the rapid progress of
NIR-transparent PSCs has boosted the efficiency of perovskite-
based TSCs up to the current world record of 29.5%.1*) At pres-
ent, the evolution of ST-PSCs for BIPV and tandem applications
is considered as one of the most effective and feasible ways to
promote the transition from the laboratory to real-world deploy-
ment of PSCs in the near future. To this aim, the following chal-
lenges and possible solutions about device lifetime, efficiency/
transparency trade-off, manufacturing scale-up, and perovskite
toxicity should be seriously considered for future advances.

4.1. Current Issues in Device Design and Manufacturing

4.1.1. Stability of Materials

The main obstacle hindering the commercialization of perov-
skite-based PVs is the short device lifetime. In the case of com-
mercial Si solar panels, a device lifespan of more than 25 years is
typically guaranteed, whereas laboratory-scale PSCs generally last
a few months. The inherent instability of hybrid halide perov-
skites (e.g., thermal decomposition, photo-induced phase segre-
gation, ion migration), as well as their degradation induced by
the permeation of oxygen and moisture from the atmosphere,
are the major reasons, which are common to both opaque
and ST devices. In addition, it was found that the defects and
trap states located at the surface and grain boundaries (GBs)
of perovskite play a critical role in PSC performance deteriora-
tion, influencing the aforementioned decomposition phenom-
ena. Stability issues may not only come from perovskites, but
also from adjacent materials and interfaces; in fact, PSCs are
composed of several layers with different compositions, and
the possible corrosion or formation of complexes induced by
chemical interactions at the interfaces must also be considered.
For instance, the commonly used HTL additives like lithium bis
(trifluoromethanesulfonyl)imide (LiTFSI) and 4-tert-butylpyri-
dine (TBP) can facilitate device degradation by interacting with
moisture (LiTFSI is highly hygroscopic) or forming complexes
with Pbl, (TBP can dissolve PbI,, forming Pbl,-TBP
complexes). As far as the electrode interface is concerned,
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Kato et al. detected iodine from the perovskite at the Ag top con-
tact after aging in the dark under inert atmosphere and proposed
amechanism for Agl formation'*?"); the corrosion was even more
severe when the devices were aged under humidity, thermal
stressing, and light soaking. In addition to Ag, other metals such
as Au or Cu can diffuse and generate impurities inside the
device, resulting in solar cell degradation.’”” Metal diffusion
or self-aggregation may also cause the loss of electrical percola-
tion in UTM film-based TCEs, which would not be no longer able
to extract charge carriers efficiently.l”® In this regard, the conduc-
tivity degradation of TCEs over time is an additional critical issue
in ST solar cells with respect to traditional opaque counterparts.
Thus, a careful choice of materials and interfaces is necessary to
prolong the device lifetime. Moreover, in new applications such
as BIPVs and TSCs, long-term stability of the device appearance
(optical properties, aesthetics) should also be guaranteed, and
this constitutes a fundamental challenge requiring further
attention.

During the last decade, a substantial research emphasis has
been placed on developing effective strategies to prevent both
intrinsic and extrinsic degradation mechanisms, and consider-
able advances have been achieved through rational interfacial
engineering, perovskite composition tuning, defect passivation,
and hermetic encapsulation solutions.**??*! Almost all the stud-
ies reported to date are based on opaque PSC, with only few
reports being focused on ST-PSCs stability. Nevertheless, many
concepts and developments are applicable in both opaque and ST
devices. While degradation from extrinsic environmental factors
can be effectively solved by advanced encapsulation techniques,
perovskite cation engineering is an important strategy to address
thermal instability. The incorporation of inorganic cations (e.g.,
Cs, RDb) in multi-cation perovskites was found to prolong device
lifetime, whereas organic cations (e.g., MA) typically destabilize
materials and devices; however, this interpretation is based on
accelerated ageing tests performed at higher-than-operating tem-
peratures (e.g., 140 °C). Interestingly, a very recent work by Zhao
et al. highlights that the impact of cations is reversed below
100°C (temperature-induced stability reversal), underlining
the importance of the specific temperature regime in which
the solar cell will operate and shedding light on the complex
phenomena behind perovskite decomposition from a kinetic per-
spective.”** In another thoughtful report, Xu and co-workers
developed a strategy to prevent photo-induced phase segregation
in wide-bandgap perovskites: The authors employed triple-halide
alloys (Cl, Br, I) to tailor the bandgap and stabilize the semicon-
ductor under illumination, ultimately demonstrating NIR-
transparent PSCs with less than 4% degradation after 1000 h
at maximum power point operation suitable for tandem integra-
tion.?>! Remarkable device lifetimes as long as 10 000 h have
recently been demonstrated by employing multi-dimensional
perovskites.”2% Parallelly, numerous approaches have been pro-
posed to obtain perovskite crystals with larger grain size (and
consequently reduced GBs) and to passivate the surface/bulk
defects and trap states, including the antisolvent dripping
method, the use of additives, and various surface post-
treatments.[**?**! Tremendous efforts have also been dedicated
to develop novel dopant-free HTLs to replace the traditional
unstable spiro-OMeTAD, with encouraging results. **”) In con-
trast, the incorporation of suitable interfacial layers, diffusion
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barriers, and buffer layers has often proved to be effective in
stabilizing materials and their interfaces, but further efforts
are needed to fabricate devices and TCEs with stable morpholog-
ical and opto-electrical properties. Despite the tremendous prog-
ress achieved during the last years, it is recognized that practical
ST-PSCs would not last as long as a building or a ¢-Si bottom cell.
Nevertheless, ST-PSCs can be potentially installed into BIPV or
TSC systems and replaced periodically in a cost-effective manner,
thanks to the short energy/cost payback times and easy recy-
cling.!”®! In this perspective, precise stability targets and replace-
ment logistics should be defined, and new strategies for periodic
module replacement and materials recycling should be devel-
oped to accelerate market entry.

4.1.2. Efficiency/Transparency Trade-off

In addition to the lifetime, another key parameter to be consid-
ered for assessing the technical feasibility for commercialization
of a given PV technology is the efficiency. In ST-PSCs, obtaining
high PCEs is complicated by the requirement of light transpar-
ency, which varies by application. Generally speaking, to make
ST-PSCs a competitive technology, their efficiency should be
maximized for each transparency level, and their transparency
should be easy to control according to need. For BIPV purposes,
further attention must be paid on the device appearance and aes-
thetic factors, since widespread adoption would require the com-
pound optimization of PCE, AVT, haze, and color metrics. As
previously discussed, ST-PSCs showing PCEs beyond 5-10%
and AVT higher than 25%, along with neutral color and mini-
mized haze, would be suitable for building integration as solar
windows. In this regard, a topic that should be explored more is
the morphological and structural optimization of the perovskite
layer to obtain color neutrality while maintaining high efficiency.
In the context of TSCs, the general aim of the research becomes
that of maximizing the overall tandem PCE. To this end, the
perovskite top cell must be optimized toward the best trade-
off between efficiency and NIR transparency. This article has
reviewed three different tandem technologies, namely perov-
skite/Si, perovskite/CIGS, and all-perovskite TSCs, whose rapid
evolution was mainly attributed to the remarkable advances in
NIR-transparent PSC design. Further improvements in tandem
PCEs can be obtained through an optimal choice of materials and
bandgaps toward the best optical /electrical matching between the
top and the bottom cell, as well as by developing highly transpar-
ent electrodes and advanced light management strategies to
suppress parasitic absorptions and reflections. A more applica-
tion-orientated design aimed at achieving the optimum trade-
off between PCE and NIR transparency in the perovskite top cell
would certainly give perovskite-based tandem PVs an extra push
toward commercialization.

4.1.3. Scale-up and Cost of Manufacturing

To fabricate marketable ST-PSCs, researchers also need to
mitigate the costs associated with the materials used and the
manufacturing process. As widely discussed earlier, solution
processability is one of the key advantages of perovskite cells over
traditional PV devices, as this property allows for the use of low-
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cost solution-based fabrication techniques. However, some of the
PSC components, such as spiro-OMeTAD, are very expensive, at
least at the laboratory scale. Most of the organic HTMs used in
PSCs are synthesized by coupling reaction using palladium, an
expensive metal, as a catalyst, thereby increasing the overall
manufacturing costs. A possible solution consists in employing
low-cost and more stable inorganic HTMs, such as NiOx, CuO,
and CuSCN, which have recently led to respectable PCEs.*?®
The employ of precious metals (Au, Ag) as top electrode materi-
als could represent a further obstacle to a large-scale commercial-
ization. In this regard, the ST technology permits to substantially
reduce the content of such expensive metals by using for example
ultrathin Au or Ag films as transparent electrodes; however,
silver-, gold-, and indium-free TCEs (e.g., carbon-, polymer-,
or copper-based electrodes) should be rather selected for a
cost-effective design. Similarly, the costs associated with ETMs
and perovskites should be reduced, for example, by selecting
heart-abundant materials or replacing the conventional sintering
procedure of metal oxides with other low-temperature processes.

In addition to cost, the other important challenge in ST-PSC
manufacturing is the scaling up. For instance, scaling ST-PSCs
to the sizes necessary for window integration requires the use of
fabrication techniques compatible with the industrial large-scale
production and capable of reproducing the high performance of
the constituent materials and interfaces over a large area. On a
laboratory scale, the spin-coating method has achieved great suc-
cess in fabricating small-area devices, leading to the highest effi-
ciencies reported to date. However, the deposition of uniform
and high-quality perovskite films over large areas using spin-
coating is very challenging; the same issue is valid for the other
layers. Alternative scalable techniques such as slot-die coating,
doctor blading, and inkjet printing should be explored more
for a timely development. In addition to the uniformity and qual-
ity of the perovskite and charge-transport layers, the conductivity
of the TCOs is vital to maintain high performances, and this
could be an issue over large-area substrates that needs to be
addressed before practical use. Adding metal grids can be an
effective strategy on this front, though at the expense of
transparency.

4.1.4. Toxicity Issues

The PV community is also aware about the toxicity issues asso-
ciated with the lead content in perovskite-based PV technologies.
Lead has largely proven to be the superior metal cation constitu-
ent in perovskite PV compounds, both in terms of performance
and stability; however, the environmental impact of its usage is
becoming an important issue for commercial PSC development.
Alternative lead-free perovskite absorbers have been extensively
explored, but the corresponding devices generally suffer from
lower efficiencies and short lifetime. Moreover, the total or par-
tial substitution of the B cation in the perovskite crystal structure
has a substantial impact on the bandgap, making it challenging
to reduce the Pb content in ST-PSCs without compromising on
the performance of the target PV system; this is especially the
case for TSCs, which require an optimal bandgap matching
between the top and bottom cell to achieve high PCEs.
Anyway, it has been calculated that the possible contamination
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from lead-based PSCs would be relatively insignificant compared
to the amount of lead released by other human activities, for
example though a coal burning power station.”””! In addition,
it has been demonstrated that high-efficiency PSCs can also
be fabricated using lead from recycled lead-acid batteries or
isolating Pbl, from previous devices, an encouraging result from
a recycling and lifecycle perspective.>”! Nevertheless, studies on
lead-free PSCs cannot be neglected, and further efforts are
needed in this direction.

4.2. Future Outlook

In summary, the current limitations impeding the commerciali-
zation of PSCs are now well known and tackled by numerous
research groups around the world. PSCs have already reached
excellent efficiencies and acceptable levels of stability. The future
perspectives are encouraging, especially in terms of efficiency-to-
cost ratios: Based on recent analyses, the PSC technology seems
to have all the trumps to emerge as a cost leader in the future
energy market.”*!] Different from conventional applications in
rooftops and power plants, the ST design offers alternative
and potentially faster pathways toward commercialization, even
without achieving PCE comparable to the dominating Si mod-
ules. With preliminary demonstrations already exceeding the
expectations in terms of PCE, AVT, haze, and color metrics val-
ues, ST-PSCs will probably find complementary applications and
markets in the near future, especially in the context of BIPVs. To
this regard, one has to consider the rising global market of
BIPVs, which is expected to have a compound annual growth rate
of 23.9% for the period of 2020-2025.*2/ At the European
Community level, this growth is also sustained by the urgent
need of increasing the energy performance of buildings. This
requirement was in particular defined by the European
Directive 31/2010/EU (effective since 2010) which was, in turn,
based on the Kyoto protocol (effective since 2015) toward strict
emission reduction targets. In this scenario, the future role
played by PSCs might be crucial, given the lower manufacturing
costs compared to silicon-based technologies, as clearly quanti-
fied in some recent studies. By considering PCE values higher
than 22% in the case of single-junction devices and higher than
30% in the case of tandem solar cells, Zafoschnig et al.**? esti-
mated that perovskite-based technology can lead to a reduction of
about 11-19% relative decrease (0.4-0.7 $cents kWh ') of LCOE
compared with silicon-based PVs for utility-scale panels, and to
14-17% relative decrease (0.9-1.1 $cents kWh ') for the residen-
tial panels. In absolute terms, the economic analysis showcases
the great potentialities of PSCs in the residential case. Another
in-depth analysis based on a BIPV system has been provided by
Cannavale and co-workers,”**! reporting as example the head-
quarters of the Regional Departments of Apulia located in
Bari, Italy. They considered the replacement of glazing with
ST-PSCs (PCE =6%), and also shade systems with opaque all-
perovskite tandem solar cells (PCE = 16%). The application of
ST-PSCs returned 27.9 MWhyear !, which can be further
expanded to 42.0 MWhyear™ ' by also including the PV shades.
The authors also estimated the resulting electricity saving up to
18%. Although this investigation is based on an existing
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building, the low PCE numbers clearly underestimate the great
potential of ST-PSCs for BIPVs.

In the context of tandem PVs, the recent progress achieved in
the fabrication of highly efficient (>19% PCE), NIR-transparent
(Tavg > 70% in the 800-1200 nm range) PSCs offers a tremen-
dous opportunity to cut off the LCOE and boost the competitive-
ness of well-established solar PVs by combining them with ST
perovskite top cells in tandem double-junction PV devices.
The review revealed that the efficiency of perovskite/Si 2-J
TSCs is already approaching that of mature GaAs-based tandem
PVs, while CIGS/perovskite and perovskite/perovskite tandem
devices are also reaching competitive performances, offering
additional exciting possibilities to further reduce the manufactur-
ing costs and make the tandem technology compatible with
flexible and transparent solar cell applications. As far as the life
cycle assessment of perovskite-based TSCs is concerned, a recent
holistic estimation from Tian et al. analyzed the beneficial effect
in terms of energy payback time and CO, emission per kWh,
with particular regard to the all-perovskite tandem PVs compared
to the established Si-based PV.***! While the latter shows values
equal to 1.52years and 24.6 x g CO5-eq kWh™", all-perovskite
tandem PVs permits to significantly reduce these numbers down
to 0.35 years and 10.7 x g CO,-eq kWh ™, ultimately offering an
advantageous alternative not just for the economy scale but also
environmentally wise due to the predicted reduction of the
produced CO,. In a subsequent report,?®! the same authors also
highlighted the key role played by rigorous recycling strategies
for single-junction perovskite cells. They investigated the life
cycle assessment, comparing six different types of state-of-the-
art PSC. Recycling significantly reduces the energy payback time
and the greenhouse gas emission to values higher than 70% with
respect to the landfill scenario. Remarkably, recycling perovskite
modules might be a convenient strategy to further reduce the
CO,; emission with respect to the silicon-based panels.

With further research efforts dedicated to addressing stability,
scalability, and toxicity issues, it is expected that ST-PSCs will
experience a transition from laboratory scale to commercial
deployment very soon; looking at the current trends, the 2T
PSC/Si tandem solar cells will likely be the first perovskite-based
technology to enter the PV market. We believe that a more judi-
cious ST-PSC design primarily focused on the target application
would accelerate this revolution, and we hope that our review
succeeded in providing the readers with clear guidelines and
strategic tools to proceed in this direction.
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