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Preface

The sudden outbreak of COVID‐19 disrupted the normal life
of people around the world in 2020. We were combating
the virus in the most primitive way of staying at home to
fight against the pandemic. Out of sheer boredom, I was
thinking maybe we could make full use of the spare time to
summarize the research achievements and insights on
printable mesoscopic perovskite solar cells (PSCs)
(referred to simply as p‐MPSC, also honored to be known
as “Han cells” or “Wuhan cells”) since we can't go out to
continue our research. By doing so, we can set sail for our
work again in a shift manner once the pandemic is over.
Therefore, after a quick discussion with our team, I emailed
Prof. Michael Grätzel at École Polytechnique Fédérale de
Lausanne (EPFL, Swiss Federal Institute of Technology in
Lausanne) in Switzerland. He is a pioneer in dye‐sensitized
solar cells (DSSCs) and we invited him to compile the book
with us. Prof. Michael Grätzel readily accepted our
invitation and recommended us to invite other
internationally recognized scholars to participate in the
work.
Human beings are fragile in face of nature. Any sign of
slight disturbance in the environment can impact people's
life. Over the past century, the greenhouse effect caused by
the excessive emission of carbon dioxide from
overexploitation and usage of fossil fuels has tipped the
balance and led to global warming, glacier and permafrost
melting, and sea level rising, which not only endanger the
balance of natural ecosystems, but also pose threats on the
survival of mankind. COVID‐19 reminds us that humankind
should launch a green revolution and move faster to create
a green way of development and life, preserve the



environment, and make Mother Earth a better place for all.
On September 22, 2020, Chinese president Xi Jinping had
announced at General Debate of the 75th Session of the
General Assembly of the United Nations, “China will scale
up its Intended Nationally Determined Contributions by
adopting more vigorous policies and measures. We aim to
have CO2 emissions peak before 2030 and achieve carbon
neutrality before 2060. We call on all countries to pursue
innovative, coordinated, green and open development for
all, seize the historic opportunities presented by the new
round of scientific and technological revolution and
industrial transformation, achieve a green recovery of the
world economy in the post‐COVID era and thus create a
powerful force driving sustainable development.”
The new generation of ultra‐low‐cost photovoltaic (PV)
technology will be the key to drive carbon neutrality, to
fundamentally reduce the proportion of coal power, and to
advance the development of the “ultimate power source in
twenty‐first century” – hydrogen energy. As the leading
technology of PV industry, p‐MPSC has received
widespread attention from scientific research and business
sectors because of its simple fabrication process, excellent
performance, low‐cost materials constituents, and
enormous commercial value since its invention. p‐MPSC is
based on triple‐layer mesoporous films and takes halide
materials as its light‐absorbing materials and mesoporous
carbon as electrode. All components can be fabricated by
screen printing or slot coating method which shows great
advantages over industrial production and upscaling
module fabrication. This whole process can meet the
demand of ultra‐low‐cost solar cells for PV industry.
The development history of organic–inorganic metal halide
perovskite materials can be traced back to 1893. H.L. Wells
in America was the first to successfully synthesize the



perovskite material based on CsPbX3. In 1958, C.K. Møller
in Denmark took a further step to confirm that CsPbX3 is a
perovskite structure. In 1978, D. Weber in Germany
fabricated organic–inorganic hybrid perovskite materials
for the first time. Subsequently, D.B. Mitzi and C.R. Kagan
from IBM Corporation in America applied this organic–
inorganic perovskite material into LED and TFT devices in
1994 and in 1999, respectively. However, the materials
couldn't be widely used because of their poor stability. The
perovskite material was firstly used in solar cells as liquid
perovskite‐sensitized solar cells by T. Miyasaka Group in
Japan in 2009. But unfortunately, it didn't draw much
attention since it can only work for dozens of seconds
under light‐soaking conditions. Nam‐Gyu Park Group in
South Korea and Michael Grätzel Group in Switzerland
applied this perovskite materials into solid‐state DSSCs for
the first time until 2012, and the device showed a good
stability after 500 hours of preservation in the dark
conditions. Since then, there has been a wave of research
on PSCs.
The first PSC to show promising light‐soaking stability was
obtained by the p‐MPSC based on a triple‐layer mesoporous
films structure and carbon counter electrode. Aided by the
natural strengths in triple mesoscopic films structure like
inhibiting ionic immigration and thermal expansion
mismatch and by introducing the bifunctional organic
molecular, Han Group in China obtained a stability of 1000 
hours in ambient air and successfully passed the main
items of IEC61215:2016 qualification tests. Meanwhile, the
device fabricated by the team has been working for more
than 13 000 hours at a maximum power point of 55 ± 5 °C
under the standard sunlight without obvious decay. M.K.
Nazeeruddin Group in Switzerland also gained p‐MPSCs
with a stability of 10 000 hours at short‐circuit conditions.
Furthermore, WonderSolar LLC. in China has made



tremendous efforts to upscale p‐MPSCs toward
commercialization, both of which have shown wide
application prospect of p‐MPSCs. So far, the instability of
perovskite materials has been satisfactorily solved through
the design of device structure with triple‐mesoscopic
layers.
Compared with conventional p–n junction devices, the
mesoscopic structure with nano‐size pores favors charge
extraction among various dynamic competitive processes
due to the micron‐scale charge diffusion length of
perovskite. When the incident light is fully absorbed by the
perovskite material in ETL, only holes will remain in the
perovskite medium in the part of mesoscopic ZrO2 layer
and carbon layer, so far as there is no need for
conventional hole transport layer within p‐MPSCs. The
hole‐conductor‐free character and the carbon electrode
help reduce the cost of solar cells. Meanwhile, all
functional layers including the back electrode in p‐MPSCs
are fabricated via solution‐processed methods while
evaporation is excluded, which reduces the device
fabrication cost. The inexpensive components and the full
solution‐processable character minimize the cost and make
p‐MPSC a great choice for low‐cost photovoltaics.
This book consists of 10 chapters and the lead authors of
each chapter are the experts on the front line in MSPC
industry. We introduce the structure characteristics and
application on PV device of perovskite materials combining
physical and chemical basic principles and the research
achievements of the lead authors and industry professors.
We focus on the characteristics of p‐MPSCs. Starting from
inorganic framework materials and perovskite materials,
we summarize the characterizations of p‐MPSCs and
analyze the kinetics of carriers in solar cells under
mesoscale conditions. Based on that, we put up with the



strategies of enhancing the efficiency and stability of p‐
MPSCs and make prospect of p‐MPSC commercialization.
Hereby, we would like to express our special thanks for the
contributions and support from Prof. M.K. Nazeeruddin
Group in Switzerland, Prof. Andreas Hinsch Group in
Germany, Prof. Seigo Ito Group in Japan, Prof. Trystan
Watson Group in the UK, and Jian Zhang Group, Wenjun
Wu Group, and Han Group in China.
The authors sought to express accurately in words with
clear illustrations during the compiling, and the editors
reviewed and proofread each chapter carefully. However,
due to limited time and knowledge, errors and omissions
are inevitable. Advice and corrections from readers and
peers will be deeply appreciated for our future reprint.

In HUST, Feb. 2021 
Hongwei Han
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1.1 Background

The deployment of renewable energy sources lies within
the context of prohibiting climate change and achieving
greenhouse gas reduction targets [1]. Solar energy is clean
and abundant; therefore, its usage can fulfill the need for
sustainable development in order to protect the
environment by limiting the consumption of fossil fuels.
Photovoltaic systems convert the sun's energy directly into
electricity through the application of semiconductor
materials that utilize the so‐called photovoltaic effect or
photovoltaic phenomenon.
The photovoltaic phenomenon was first reported in 1839 by
19‐year‐old Edmund Becquerel, who was able to produce



weak electrical current in a prototype cell by employing a
silver‐coated platinum electrode immersed in certain
electrolytes, which was exposed to sunlight. He called this
phenomenon the “photovoltaic effect,” which is the basic
principle that governs solar cell operation that converts
sunlight into electricity [2]. However, it was about forty
years later, in 1876, when the first solid‐state photovoltaic
cell was demonstrated by William Adams and Richard Day
[3]. It employed a junction formed between selenium (Se)
and platinum (Pt) which produced electricity without
having moving parts and led to the development of modern
solar cell systems. Adams and Day also found that “the
ultra‐red or the ultraviolet rays have little or no effect on
the production of energy.” They also observed that the
produced electricity was highly dependent on the
illuminating power of the light, “being directly related to
the square root of that illuminating power” [4]. A few years
later, in 1883, Charles Fritts fabricated the first large‐area
solar cell by pressing a selenium layer between two thin
gold metal foils [5].
In the following years, photovoltaic effects were also
observed in other semiconductor materials such as copper–
copper oxide (Cu:CuO) thin‐film heterostructures, lead
sulfide (PbS), and thallium sulfide (TlS). In these early
devices, a thin semi‐transparent metal layer was deposited
on the semiconductor material to provide an asymmetric
Schottky junction without prohibiting light from reaching
the semiconductor. The discovery of silicon (Si) p–n
junction in the 1950s offered a significant boost to the
development of solar cells as these p–n junction structures
exhibited better rectifying ability than the Schottky ones
and hence delivered better photovoltaic behavior. The first
Si solar cell was reported by Chapin, Fuller, and Pearson in
1954 and converted sunlight to electricity with an
efficiency of 6% [6]. These pioneers used their solar panels



to power a small toy Ferris wheel and a solar‐powered
radio transmitter. A few years later, in 1957, they increased
the efficiency to 8% [7]. Notably, a solar cell based on
cadmium sulfide (CdS) p–n junction was demonstrated in
1954, also producing electricity with an efficiency of 6%.
During the next decades, interest in photovoltaics
expanded to other semiconductor materials such as gallium
arsenide (GaAs), indium phosphide (InP), and cadmium
telluride (CdTe), which, unlike Si, possess a direct
bandgap, and theoretical work indicated that they could
offer higher efficiency. Afterward, the growing awareness
of the need to make use of an alternative to fossil fuel
sources of electricity led photovoltaic production to be
expanded at a rate of 15–25% per year. This has also driven
a sufficient cost reduction which made photovoltaics
competitive for increase in supply in grid‐connected loads
at peak use and in contexts where the conventional
electricity supply was quite expensive, for example, in
remote low‐power applications such as
telecommunications, navigation, and rural electrification.
However, new markets have opened up such as building
integrated photovoltaics, where besides the efficiency and
cost of the photovoltaic system, its easy integration in
building facades and roofs can be facilitated by using
alternative solution‐based materials and fabrication
methods.

1.2 The Principle of Solar Cells

1.2.1 Silicon Solar Cells

A solar cell is an optoelectronic device based on a p–n
junction formed between two oppositely doped regions of a
single semiconductor material, a p–type which has an
excess of free holes and n‐type having an excess of free



electrons [2]. The p‐type and n‐type regions in a Si p–n
junction are created by using appropriate trivalent
(acceptor, having three valence electrons like boron, B;
aluminum, Al; gallium, Ga; and indium, In) and pentavalent
(donor, like phosphorus, P; antimony, Sb; and arsenic, As)
impurities (dopants), respectively, via ion implantation,
epitaxy, or diffusion of dopants. Because the Si
semiconductor owns four valence electrons, doping with
acceptors creates an excess of holes, while doping with
donors results in the formation of nearly free electrons.
Consequently, the concentration of free holes is much
higher in the p‐type region compared to the n‐type region
and vice versa (free electrons are much more in the n‐type
region), which creates a high concentration gradient of
charge carriers across the junction line.
Considering the energy diagram, the Fermi level (EF) shifts
toward the valence band (VB) maximum in the p‐type
region and toward the conduction band (CB) minimum in
the n‐type region, hence creating a discontinuity in energy
across the p–n junction. As a result, free holes (majority
carriers) diffuse from the p‐type region toward the junction
line, while electrons diffuse from the n‐type region and
cross the p–n junction where they subsequently recombine
with holes leaving negatively charged acceptor and
positively charged donor ions at the p‐type and n‐type
regions, respectively. These charged ions continue to
increase and, because they are immobile, they build an
electric field which is directed from the n‐type to p‐type
region of the junction.
Due to this internal electric field, minority carriers (which
are holes from the n‐type region and electrons from the p‐
type region) drift toward the opposite region and
eventually balance and stop the diffusive flow of majority
carriers. At this stage of equilibrium, the two charged ionic
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“layers” on either side of the p–n junction form the so‐
called space charge region of the diode. This central region
is also called as “depletion region” because it is depleted of
free carriers; holes have left the space −xp0 ≤ x < 0 in the p‐
type region and electrons have left the space 0 ≤ x ≤ xn0 in
the n‐type region, where x = 0 corresponds to p–n junction
line. As a result, for xp0 ≤ x ≤ xn0, we have np < ni

2, where n,
p are the concentration of free electrons and holes in the
doped semiconductor, and ni (equal to pi) is the
concentration of electrons (holes) in the intrinsic material
before doping. The width of the depletion region is W = xn0 
+ xp0. Note that, deep in the p‐type and in the n‐type
regions, the semiconductor remains quasi‐neutral, having a
concentration of free holes p = NA and of free electrons n = 
ND in these quasi‐neutral p and n regions, where NA and
ND are the concentrations of acceptor and donor dopants,
respectively.
The internal electric field of the p–n junction defines a
voltage barrier which is called the device's “built‐in”
potential, Vbi, that prohibits further movement of free
carriers, and the diode enters an equilibrium phase where
the drift current of the minority carriers becomes equal to
the diffusion current of majority carriers, hence eliminating
each other. This potential is defined by the following
equation:



If we consider the band diagram of the semiconductor just
before the p–n region is formed, the conduction and VB
edges will line up at both sides, while the Fermi level will
exhibit a discontinuity at the junction (due to different
positioning between EFp and EFn that correspond to the
Fermi levels of p‐type and n‐type semiconductors and lie
near the VB maximum and CB minimum, respectively,
while EFi corresponds to the Fermi level of an intrinsic
semiconductor and lies at the middle of the bandgap,
Figure 1.1a). Statistical mechanics demands that at
equilibrium where the diffusion of opposite carriers is
prohibited by the internal electric field, the Fermi level of
the system is unique and becomes aligned at both sides of
the p–n junction (Figure 1.1b). If we apply an external
forward bias with the positive voltage, Va, applied to the p‐
region, as illustrated in Figure 1.1c, the field in the
depletion region decreases by Va, so that it will not balance
anymore the diffusion of the majority of holes and electrons
flowing toward the opposite directions of the p–n junction
with the drift current of the minority carriers. This will
result in an increased majority hole and electron flow
toward opposite directions that both contribute to a net
current density (Jtot) flowing from the p‐type to the n‐type
regions of the junction. On the contrary, if we apply a
negative voltage, Va, (reverse bias) to the p‐type region, the
electric field in the depletion region will be strengthened
and the associated drift current of the minority carriers will
be larger than the diffusion current. As a result, the diode
is flowed by a small (because the concentration of minority
carriers is extremely low) reverse current (also called as
reverse saturation current, Js). Figure 1.1d illustrates the
qualitative behavior of the diode current density, Jtotal, as a
function of applied bias, Va, and shows that diodes based on
p–n junctions rectify the current flow as follows:
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Figure 1.1 The conduction and valence band edges of the
p‐type and n‐type regions of a semiconductor (a) before
contact and (b) at the equilibrium when p–n junction is
formed. (c and d) The illustration of current generation
under forward bias of a p–n junction and (e) the current
density–voltage characteristic of a rectifying diode.

where e is the elemental charge, kB is the Boltzmann
constant, and T is the absolute temperature. Equation (1.2)
is known as “Shockley” (or diode) equation.
In a Si photovoltaic cell, when a photon is absorbed from
the semiconductor material, it creates a free electron in the
CB, hence leaving a free hole in the VB (Figure 1.2a). Due
to the presence of the “internal” electric field of the p–n
junction, the photogenerated holes in the crystal are forced
to drift toward the direction of the electric field and
accumulate on the p‐type region, whereas the



(1.3)

photogenerated electrons drift to the opposite direction
and accumulate on the n‐type region, thereby producing a
potential difference termed as open‐circuit voltage (VOC) of
the photovoltaic cell. Under reverse bias, the accumulated
photogenerated holes and electrons flow toward the
respective electrodes (the hole selective and electron
selective contact, respectively), and thus a significant
reverse current (termed as photocurrent, Jphoto)
(Figure 1.2b) flows through the device. A representative
current density–voltage (J–V) characteristic of a solar cell
operating in the dark and under illumination is shown in
Figure 1.2c. In the operation in the dark, we obtain the
rectifying behavior of a diode based on the p–n junction.
The curve lying beneath the dark curve shows what
happens under illumination where a reverse saturation
current is obtained even in the absence of an external
voltage. This current is called short‐circuit current (JSC). If
we apply a forward bias, it will compensate the internal
electric field, and we will reach a point where it becomes
zero and thus there is no current flow within the device. At
this point, we obtain the VOC because it is as if the electric
circuit is open.
For efficient solar cell operation, both JSC and VOC should
be maximized. Moreover, the so‐called fill factor (FF)
should approach unity. It is the product of the current and
voltage, according to the following equation:

where JMAX VMAX gives the maximum power.
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Figure 1.2 (a) The PV cell and (b) the production of
electrical current due to the photovoltaic phenomenon
taking place in a p–n junction. (c) The J–V characteristics of
a solar cell in dark and under illumination and (d) the
equivalent electrical circuit of a solar cell.

Finally, the obtained power conversion efficiency (n or
PCE) is calculated according to the following equation:

A photovoltaic cell can be represented by an equivalent
electrical circuit presented in Figure 1.2d. By applying
Kirchhoff's law, we obtain the device current:
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where IL is the photocurrent, I0 is the reverse saturation
current of the diode, Rs is the series, Rsh is the shunt
resistance, and n is the so‐called ideality factor. For
optimum operation, Rs should be minimized, whereas Rsh
should be maximized.
Using the sun as the photon source (the energy of solar
photons ranges from 0.3 to over 4.0 eV), a high‐efficiency
solar cell can be produced only if we overcome the
compromise between photocurrent and photovoltage: a
high photocurrent device harvests the majority of the
sunlight, whereas a high photovoltage solar cell only
harvests the high‐energy (UV) photons. There is, hence, a
limit in the maximum theoretically achieved efficiency in a
single junction device, which is called the Shockley and
Queisser limit and is equal to 30% [8]. This can be only
achieved by an ideal solar cell harvesting UV to near‐
infrared (IR) photons up to 1.1 eV. Silicon solar cells have
progressed considerably over the five decades of their
existence, and the to‐date efficiency record of 26.7% for
single‐crystal‐based Si photovoltaics [9] is approaching the
theoretical limit.

1.2.2 Dye‐sensitized Solar Cells

Dye‐sensitized solar cells (DSSCs) are much different in
their architecture and working principle compared to the
p–n junction Si photovoltaics. They were first demonstrated
in 1972, after the discovery that organic dyes (i.e.
chromophores) coated on the zinc oxide (ZnO) electrode of
an electrochemical cell could produce electricity upon
illumination [10]. Regarding the working mechanism, it
was based on the observation that the absorbed photons



with energy above the bandgap of the chromophore formed
electron–hole (i.e. exciton) pairs in the excited molecule
followed by exciton dissociation and electron injection into
the wide bandgap metal oxide semiconductor, hence
producing electricity (Figure 1.3a). The first demonstration
was followed by intense study on ZnO‐single crystal
electrodes aiming to increase efficiency of these premature
DSSCs. However, due to the limited absorption within the
visible range of commonly used chromophores and small
surface area of ZnO electrode, the PCE remained as low as
1% [12]. Higher efficiencies were obtained upon increasing
the porosity of ZnO electrode to enhance the absorption of
dye over electrode and, subsequently, the light‐harvesting
efficiency (LHE) of the system. However, large
improvements were obtained in 1991 at Ecole
Polytechnique Fédèrale de Lausanne (EPFL), when Michael
Grätzel replaced the ZnO electrode with a titanium dioxide
(TiO2) nanoporous layer with a roughness factor of c. 1000;
this skyrocketed the DSSCs efficiency up to 7% [13]. These
cells, also known as Grätzel cells, were originally co‐
invented in 1988 by Brian O'Regan and Michael Grätzel at
UC Berkeley but were highly optimized by Grätzel's team
during the next years [14].
The main constituent of the DSSC cell is a thick (of the
order of a few micrometers, μm) mesoporous network of
TiO2, which consists of nanoparticles around 10–30 nm in
diameter, prepared as paste in ethanol or water solutions.
The paste can be deposited via spin coating, screen
printing, or doctor blade onto a glass substrate coated with
fluorinated tin oxide (FTO) that serves as the anode
electrode (electron selective contact or anode); afterward,
the TiO2 layer is sintered at 400 °C to avoid decomposition.
In this “mesoporous” layer, the particles form a network
with a high porosity of 40–60%. The mesoporous TiO2 is



sensitized with the organic dye (D) and infiltrated with a
redox‐active electrolyte [15, 16]. During the next years, this
electrolyte was replaced by a solid‐state hole transport
material (HTM) to avoid device failure due to electrolyte
leakage. The photogenerated electrons (produced when
dye is photoexcited with sunlight) are transferred from the
excited states of the dye into the TiO2 and then to the front
contact (FTO). The oxidized dye (D+) is subsequently
regenerated by the redox active electrolyte through a
multi‐charge‐transfer process; generally, four iodide
molecules as well as two holes take place in the
regeneration of dye by creating one triiodide and one
iodide species (i.e. I3

−/I− redox couple, Figure 1.3b) [11,
17]. The triiodide then transfers holes to the counter
electrode (platinum, Pt), where it is reduced to three iodide
species. Hence, the circuit is complete and current flows
through the device. In the case of solid‐state hole transport‐
based DSSCs, the regeneration of dye occurs via initial hole
transfer to the highest occupied molecular orbital (HOMO)
or VB of the hole transporter and then to the cathode
electrode to complete the circuit [18].





Figure 1.3 (a) The DSSC device architecture and the
working mechanism of dye‐sensitized solar cell. (b)
Illustration of the energy levels at the photoactive
heterojunction in a dye‐sensitized solar cell. Light is
absorbed in the dye at energies higher than the optical
bandgap. The open‐circuit voltage (VOC) is set by the
difference in the quasi‐Fermi level for electrons EFn  in the
TiO2 and the equilibrium redox potential of the electrolyte,
I3

−/I−. The loss‐in‐potential from going from the optical
bandgap (hv) to the open‐circuit voltage is clearly
illustrated. Source: Reproduced with permission from
Snaith et al. [11]/John Wiley & Sons.

Grätzel's cell was based on a 10‐μm‐thick, optically
transparent, and colorless with high surface area TiO2
nanoparticle consisting of film. Deposition of a monolayer
of a trimeric ruthenium complex, RuL2(μ‐(CN)Ru(CN)L2′)2,
where L is 2,2′bipyridine‐4,4′‐dicarboxylic acid and L′ is
2,2′bipyridine resulted in a significant coloration of TiO2
film due to the strong absorption of the ruthenium complex
within the visible (absorption onset at 750 nm and
extinction coefficient at 478 nm of 1.88 × 107 cm2 mol−1). As
a result, the device harvested a high portion of nearly 46%
of the incident solar light energy flux and yielded PCE
values between 7.1% and 7.9% in simulated solar light (due
to a large JSC above 12 mA cm−2) as well as 12% in diffuse
daylight. It also exhibited an exceptional stability by
sustaining at least five million turnovers without
decomposition. In 1993, Nazeeruddin et al. achieved a
record efficiency of 10% by using m‐X2Bis (2,2,‐bipyridyl‐4,
4/‐dicarboxylate) ruthenium (II) complexes as dye
sensitizers with absorption onsets up to 800 nm [19].
Further improvements were reported by the EPFL team in
2011 when they demonstrated 12.3% efficient DSSCs that



incorporated a cobalt Co(II/III) tris(bipyridyl)–based redox
electrolyte in conjunction with a custom synthesized donor–
π‐bridge–acceptor zinc porphyrin dye as sensitizer [20].
These authors later demonstrated the record efficiency of
13% holding DSSC, featuring a prototypical structure of a
donor–π‐bridge–acceptor porphyrin sensitizer that
maximized electrolyte compatibility and improved light‐
harvesting properties [21].

1.2.3 Organic Solar Cells

Organic solar cells (OSCs) are layered structures
consisting of an organic photoactive layer sandwiched
between two opposite electrodes (Figure 1.4a) [22]. The
photoactive layer is based on a blend of a polymer donor
with either a fullerene or a non‐fullerene acceptor (NFA),
hence forming the so‐called bulk heterojunction (BHJ)
architecture. This is because of the large Coulombic
attraction between electron and hole pairs, the so‐called
Frenkel excitons, due to the low dielectric constants (about
3.5) of common organic semiconductors [23].
For these excitons to dissociate into free carriers, the
presence of a two‐component system containing the
electron donor (D) and the electron acceptor (A) that is
similar to that of a p–n junction is necessary [24, 25]. The
electron donor should possess a large ionization energy
(IE), whereas the electron acceptor should have a high
electron affinity (EA) for the following reason: Upon photon
absorption, an electron is excited from the HOMO to the
lowest unoccupied molecular orbital (LUMO) of the donor,
hence forming a Frenkel exciton (Figure 1.4b). This exciton
then diffuses toward the D:A heterointerface where it
dissociates via an energy gradient into a hole and an
electron; the latter transfers to the LUMO of the acceptor
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material and forms a charge transfer (CT) complex, which
will be favorable to occur when:

Figure 1.4 (a) Schematic representation of the bulk
heterojunction OSC. (b) Organic solar cell energy‐level
diagram depicting the HOMO and LUMO levels of donor
and the formation of charge‐transfer states between the
donor and acceptor. The process of geminate
recombinations is also illustrated. Source: Reproduced with
permission from Servaites et al. [22]/Royal Society of
Chemistry.

where  and  is the electron affinity of the acceptor
and the donor, respectively, and UD is the binding energy of
the exciton (of the order of few hundreds of meV). This sets
a theoretical maximum for the attainable voltage output in
these cells as being the difference between the donor
HOMO and acceptor LUMO, given by the following
formula:

representing important material design considerations. The
electron/hole pair forming the CT state can also be referred
to as geminate pair and is highly dependent on the
Coulombic attraction between opposite carriers and on the
distance that separates these species [26]. If the latter



becomes larger than the coulomb capture radius, the
geminate pair dissociates into free carriers; otherwise, the
geminate pair will recombine across the donor:acceptor
interface, the so‐called geminate recombination, which
constitutes a common loss mechanism in OSCs [27, 28].
The dissociated electrons and holes can then be
transported through the acceptor and donor domains,
respectively, to the respective electrodes, with electrons
being collected at the cathode and holes at the anode.
In the most efficient OSC architecture, the BHJ one, an
interpenetrating network of pure donor and acceptor
domains, forms the active layer because it strikes a balance
between promoting exciton dissociation at D:A interfaces
and transports charges through the bulk. This implies that
the final and leading loss mechanism in OSCs is charge
recombination during charge transport to the electrodes.
Key objectives in OSCs are the minimization of energy and
charge losses both upon exciton dissociation and through
transport within the BHJ device (the latter is crucial due to
the low carrier mobility and low diffusion length of the
order of 10 nm in organic semiconductors) [1] in order to
enhance the efficiency of devices.
A challenging step that contributes to efficient OSCs
operation is the charge transport and collection at the
electrodes. As most photoactive materials exhibit large
energetic differences of their molecular levels, i.e. the
HOMO of the donor and the LUMO of the acceptor with the
corresponding electrodes, a typical OSC device
configuration, fabricated on a transparent rigid (e.g. glass)
or flexible substrate, usually comprises a hole
transport/extraction layer (HTL/HEL) and an electron
transport/extraction layer (ETL/EEL), which are all
sandwiched between a high work‐function (WF) (anode, the
hole‐selective contact) and a low WF (cathode, the electron‐



selective contact) electrode aiming at reducing these
differences. In principle, the cathode electrode should have
a sufficiently low WF (lower than the LUMO of the acceptor
in the active layer), whereas the anode electrode should
have a sufficiently high WF (higher than the HOMO of the
active layer). An energetic mismatch at any device
interface may lead to barriers for charge extraction, to high
contact resistance, and to space charge formation and
undesirable recombination, thus severely reducing device
performance. Other issues that may influence charge
transport/extraction, even when interfacial energetic
alignment is excellent, are the surface energy mismatch
between the various layers and poor interfacial
compatibility/morphology.
Examples of electron donor materials used in the
photoactive layer of BHJ OSCs are the poly(3‐
hexylthiophene‐2,5‐diyl) (P3HT), poly[[9‐(1‐octylnonyl)‐9H‐
carbazole‐2,7‐diyl]‐2,5‐thiophenediyl‐2,1,3‐
benzothiadiazole‐4,7‐diyl‐2,5‐thiophenediyl] (PCDTBT), and
poly((4,8‐bis[(2‐ethylhexyl)oxy] benzo[1,2‐b,4,5‐
b′]dithiophene‐2,6‐diyl)(3‐fluoro‐2‐[(2‐ethylhexyl)carbonyl]
thieno [3,4‐b] thiophenediyl)) (PTB7). Materials for
electron acceptors are either fullerene such as [6,6]‐phenyl
C71 butyric acid methyl ester (PC71BM) and 1′,1″,4′,4″‐
tetrahydro‐di[1,4]methanonaphthaleno[5,6]fullerene‐
C60(IC60BA) or NFAs such as 3,9‐bis(2‐methylene‐((3‐(1,1‐
dicyanomethylene)‐6,7‐difluoro)‐indanone))‐5,5,11,11‐
tetrakis(4‐hexylphenyl)‐dithieno[2,3‐d,2′,3′‐d′]‐s‐
indaceno[1,2‐b,5,6‐b′]dithiophene (ITIC‐2F). Although the
first OSCs reported in 1984 by Tang exhibit very low
efficiency of 1% (they were two‐layer structures based on a
phthalocyanine/perylene carboxylic derivative bilayer
absorber) [29], recent developments on NFAs have led to a
rapid increase in PCEs, with values of ∼17.1% in ternary



blend single‐junction cells [30] and ∼17.3% in double‐
junction tandem OSCs [31].

1.2.4 Perovskite Solar Cells

Organometallic halide perovskites are materials with a
general formula ABX3 (Figure 1.5a) [34]. Typical examples
of A‐site substitution are monovalent cations such as
organic methylammonium (CH3NH3, MA) and
formamidinium (CH(NH2)2, FA) or an inorganic cation such
as cesium (Cs) and rubidium (Rb), for B‐site occupation, a
heavy divalent metal such as lead (Pb) or tin (Sn) and X is a
halogen anion (i.e. Cl, Br, and I). The first reported
perovskite solar cells (PSCs) had adopted the mesoporous
configuration of their DSSC counterparts, and they were
hence termed mesoscopic PSCs (MPSCs). They were
considered as solid‐state DSSCs in which the dye sensitizer
has been replaced by an organic–inorganic lead halide
perovskite. These first demonstrations of PSCs were based
on the 3‐dimensional (3D) methylammonium lead iodide
(MAPbI3) perovskite, and yielded in mid‐2012 PCEs
between 6% and 10% [35–37], which were doubled within a
few subsequent years only. Immense research to improve
device performance by combining novel perovskite
materials and their processing techniques led to a
remarkable certified PCE of 27.7% in a tandem
configuration [38].
In a typical mesoscopic device architecture (Figure 1.5b), a
thin (∼50 nm) compact TiO2 layer is first coated on the FTO
on glass substrate [32]. Subsequently, the mesoporous TiO2
layer is deposited on top of the compact layer to serve as
the electron transport material (ETM) as well as the
scaffold for the infiltration of the perovskite absorber. After
its post‐annealing at 450 °C, the deposition of the
perovskite absorber layer (300–500 nm thick) takes place.



The device is completed by the deposition of a thin HTM
capped with a metal electrode, such as gold (Au) or silver
(Ag). The working principle of these devices is quite similar
to those of DSSC counterparts and can be split into three
steps, i.e. light absorption by perovskite absorber, charge
dissociation and separation, and charge transport to
respective electrodes. In the first step, light is absorbed by
a thin perovskite layer. An optimum bandgap of perovskite
(∼1.55–1.6 eV) and a high absorption coefficient (∼105 
cm−1) ensure that maximum visible light is absorbed by the
perovskite layer [39]. High‐efficiency PSCs require
negligible light absorption by the TCO and charge
transport/extraction layers such that most absorbed light
reaches the perovskite absorber layer. Next is charge
dissociation and separation. Herein, the low exciton
binding energy of MAPbI3, in the range of a few eV only
[40], suggests that photon absorption leads to the
generation of free charge carriers. This is extremely
desired for a high‐efficiency solar cell operation as no
external force is required to separate the photogenerated
electron–hole pair. The low binding energy and generation
of free charge carriers are among the key reasons for high‐
efficiency PSCs [41]. In other excitonic solar cells, where
photogenerated charge pairs (excitons) are bound with
higher binding energy (300–500 meV), losses during
exciton dissociation and migration account for significant
losses [42].



Figure 1.5 (a) Crystal structure of cubic perovskite with
general chemical formula ABX3. Typical device architecture
of perovskite solar cells. (b) Device architecture of
mesoscopic PSCs. (c) The regular planar (n‐i‐p) PSC
configuration where electrons are collected at the
conducting substrate and (d) the inverted planar (p‐i‐n)
architecture where holes are collected at the FTO
substrate. Source: (a) and (b) Reproduced with permission
from Krishna et al. [32]/Royal Society of Chemistry. (c) and
(d) Reproduced with permission from Lopez‐Varo et al.
[33]/John Wiley & Sons.

The third step that completes the photovoltaic operation in
PSCs is charge extraction toward respective electrodes.
This requires the injection of at least one type of charge
carriers from the perovskite absorber layer into the
transport material (and blocking of the other type). Charge
selective layers that allow only one type of charge carriers
to be extracted are hence employed alongside the



perovskite layer to facilitate their extraction. These
selective contacts heavily influence interfacial
recombination, charge accumulation and extraction, and
consequently play a critical role in determining
photovoltaic parameters in PSCs.
Other architectures besides the mesoscopic cells are the
regular planar (n‐i‐p) or inverted planar (p‐i‐n) structures
(Figure 1.5c,d) in which the mesoporous TiO2 layer is
omitted and the perovskite planar absorber is deposited
directly either on the electron transport (n‐i‐p) or the hole
transport (p‐i‐n) material, which guides photogenerated
charges toward their respective electrode [33, 43]. These
planar devices can be processed at temperature below 150 
°C and, therefore, are advantageous for mass production.
An interesting aspect while designing a PSC is its tunable
electrical properties. From a typically intrinsic perovskite,
their electrical conductivity can be tuned to n‐ or p‐type by
manipulating its defects density. Typical 3D halide
perovskite, for example, MAPbI3 or FAPbI3, shows an
optimum direct bandgap (Eg) of ∼1.6 and 1.5 eV,
respectively [2–4]. Theoretical calculations predict that an
optimized single junction MAPbI3 PSC can deliver PCE of
∼31%. This efficiency corresponds to a photocurrent
density (JSC) of 26 mA cm−2, an open‐circuit voltage (VOC) of
1.3 V, and FF of 91% [44]. However, this requires that
there be no non‐radiative losses within the bulk of the
perovskite as well as the device interfaces. The PSCs still
have to overcome losses due to bulk and interfacial defects
to reach their Shockley Queisser limit.
Another important device architecture with triple‐
mesoscopic layer, which replaces expensive metal contacts
such as Au or Ag with carbon (C), is printable MPSCs, also
called as Han Cells or Wuhan Cells [45–47]. Such



structures, even though lagging in performance compared
to their mesoporous or planar counterparts, provide
improved operational stability and also are cost‐effective .
Moreover, carbon composite electrodes can offer an
affordable, conductive alternative with abundant sources
and blends of carbon black (CB) and graphite (G) being
also chemically resistant toward oxidation/reactions and
can be printed in batch or continuous roll‐to‐roll
processing, hence offering the possibility for fully printable
large area devices [48, 49].

1.3 The Typical Structures of PSC

1.3.1 Mesoscopic Structure

MPSCs are based on a mesoporous ETL such as TiO2 and
SnO2 or an insulating scaffold like Al2O3 and ZrO2 [50]. The
perovskite absorber is then infiltrated in the mesoporous
metal oxide scaffold layer, followed by a solid‐state hole
conductor, which is deposited on top of the perovskite layer
(Figure 1.6a). The reader is referred to Section 1.2.4 for
more details about the MPSC architecture. Notably, the
most efficient PSCs are the mesoscopic ones as they allow
larger portion of the incident light to be absorbed while
also exhibiting a high surface area between the perovskite
absorber and the bottom ETL. Even though in early years
high‐temperature sintering of the metal oxide layer was
generally applied, it was later revealed that using metal
oxides alternative to TiO2 such as SnO2 that demand post‐
treatment at lower temperatures can lead to the possibility
of MPSCs fabrication upon flexible substrates and
multifunctional device architectures [51].



Figure 1.6 Device architecture for (a) mesoscopic (b)
triple layer, (c) regular planar n‐i‐p, and (d) inverted planar
p‐i‐n structure.

1.3.2 Triple‐mesoscopic Layer Structure

Besides the mesoscopic structure using a single
mesoporous metal oxide at the bottom electrode, solar cells
with a double layer consisting of mesoporous oxides such
as TiO2 and ZrO2, where the perovskite film is infiltrated,
have been successfully demonstrated (Figure 1.6b) [46]. In
the first demonstration of this device structure, which was
printable, the metal halide perovskite was infiltrated into
the mesoporous TiO2/ZrO2 scaffold by drop‐casting a
solution through the printed porous carbon (C) layer, which
served as the top cathode electrode [46]. The perovskite



precursor solution contained PbI2 in g‐butyrolactone mixed
with MA and 5‐aminovaleric acid (5‐AVA) cations that
formed a mixed‐cation (5‐AVA)x(MA)1−xPbI3 perovskite. The
hole‐conductor–free cell with the simple mesoscopic
TiO2/ZrO2/C triple layer as a scaffold to host the perovskite
absorber yielded a PCE of 12.84% and good long‐term
stability.
However, for these printable cells, it is difficult to control
the crystallization mechanism of perovskite owing to the
complicated triple‐layer mesoporous structure. Recently, a
solvent evaporation‐controlled crystallization method has
been reported that enabled ideal crystallization of the
perovskite absorber in the mesoscopic structure [52]. It
was based on the adjustment of the evaporation rate of
solvent during annealing in the mesoporous structures. The
FP–MPSCs exhibited a homogeneous pore filling in the
triple‐layer structure without any additives and achieved a
stabilized PCE of 16.26% using ternary‐cation perovskite
absorber.

1.3.3 Regular Planar n‐i‐p Structure

This structure is quite similar to thin‐film inorganic and
OSCs. It consists of a bottom transparent electron selective
electrode (anode), an n‐type thin compact ETL, the
perovskite absorber layer, the p‐type HTL, and the top high
WF metal cathode (hole selective electrode) (Figure 1.6c).
This configuration is based on the mesoscopic structure,
but it does not include the mesoporous metal oxide layer.
One of the maximum efficiencies achieved in this
architecture (PCE of 21.6%) was based on an EDTA‐
modified SnO2 instead of TiO2 as the ETL and Cs‐doped
FAPbI3 as the perovskite absorber, along with a Spiro‐
OMeTAD as the HTL [53]. Notably, PSCs with the n‐i‐p
structure undergo severe degradation when using organic



HTLs while those with inorganic HTMs not only achieve
good PCE but also show comparatively better device
stability.

1.3.4 Inverted Planar p‐i‐n Structure

This device architecture was borrowed from the OSCs
technology where it is considered as the regular structure.
It has a reverse sequence of ETLs and HTLs compared to
the n‐i‐p structure (Figure 1.6d). The bottom HTL is
commonly an organic p‐type semiconductor, whereas the
top ETL is based on fullerene derivatives [54]. However,
appropriate p‐type metal oxides such as NiO have been also
applied as HTMs with sufficient success in terms of
efficiency but, most importantly, stability to ambient air‐
induced degradation [54].
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2.1 Introduction

Characterization techniques are fundamental to enhance
the basic understanding of solar cells and indispensable for
providing a feedback loop that enables device optimization.
In this chapter, a range of characterization methods that
facilitate a deeper understanding of mesoscopic perovskite
solar cells (PSCs) are discussed. Following the order of the
device processing steps, the chapter begins with methods
to study the layer quality of the mesoscopic contact cell
before perovskite filling. Here layer thicknesses, porosity,
and resistances are considered. Then, the necessary
methods to study chemical–physical material and crystal
properties are introduced and their applicability to
mesoscopic PSC is presented. This is followed by discussion



of spatially‐resolved photophysical methods such as
photoluminescence (PL) imaging, which are typically
carried out when the system is in steady‐state. Transient
photophysical methods complete this picture. Finally, the
investigation on current–voltage (I–V) performance
includes transient and steady‐state characterization
methods, as well as certified efficiency measurements and
device stability estimations.

2.2 Printing Layer Quality

2.2.1 Thickness Measurement

The layer thickness, constituting any type of solar cell,
plays an essential role in the efficiency of the PV device. In
mesoscopic cells, the thickness of the carbon‐based back
contact has a direct influence on the electrical series
resistance, where larger thicknesses are desired for
achieving lower resistance losses for high fill factor of the
carbon electrode based perovskite solar cells (C‐PSCs)
under full sun illumination. However, if the thickness of the
carbon‐based contact layer is too large, the perovskite
solution infiltration through such a thick layer becomes
challenging, reducing the number of photogenerated
charge carriers in the underlying photo absorber. The
thickness of the space layer (e.g. ZrO2) also has to be
sufficient to avoid any direct electrical contact between
graphite and m‐TiO2, yet, it cannot be too thick, otherwise,
the solution might not penetrate as well, and/or the
photogenerated holes might not be able to reach the back
contact due to limited hole diffusion length. The thickness
of m‐TiO2 layer also has to be carefully optimized to
facilitate efficient electron extraction and transport.
Finally, the thickness of the ultrathin c‐TiO2 can not only
influence the electron conduction and recombination at the



front contact, but also alter the ion accumulation at the
perovskite/c‐TiO2 interface leading to unwanted hysteresis
effects. All these considerations point out that the layer
thickness in C‐PSCs has to be precisely controlled and
measured, to develop highly efficient perovskite
photovoltaic devices. In the following, a range of
techniques to determine the layer thicknesses are
discussed.

2.2.1.1 Profilometry

One of the measurement tools commonly employed to
evaluate layer thickness is contact profilometry. In a
profilometer, a stylus (e.g. made of diamond) is moved
across a sample to measure the surface height profile,
where the vertical position of the stylus is recorded during
the movement. The analog input from the stylus is
converted into a digital format and can be used to analyze
surface roughness and morphology. Compared to the
measurement obtained on a reference substrate (on which
the layer is deposited), the thickness of a layer under
investigation can be easily calculated. There are also
noncontact profilometers based on confocal microscopy,
optical triangulation, and interferometry, which can
actively slow down the wear process, require less
maintenance, and can sometimes be more accurate,
although may also be limited by the acquisition speed.

2.2.1.2 SEM

The versatile tool scanning electron microscopy (SEM) can
be used for a wide range of applications, including layer
thickness measurement. The advantage of SEM is that it
can acquire highly resolved images with up to nm‐sized
features, making it possible to detect the presence of even
the thinnest layers such as c‐TiO2 (typically around 20 nm).
Taking SEM images at the C‐PSCs cross section provides



(2.1)

an accurate picture of how thick the layers are, how well
they are stacked on top of each other, the homogeneity of
deposited layers, presence of shunts, agglomerates, etc.
Although SEM is a powerful tool to analyze the sub‐
micrometer objects, it cannot provide a broad overview of
the layer thickness and its homogeneity in the entire solar
cell.

2.2.1.3 Ellipsometry

Ellipsometry is an analytical technique in which the change
in the polarization (namely s‐ and p‐components) of light
reflected from or transmitted through the sample surface is
measured. When light is reflected at the surface of a
material, it experiences a difference in polarization. By
analyzing the reflected light beam, polarization change can
be obtained from which information about the refractive
index of the material and the geometrical structure of the
sample surface is found.
When the incident circular polarized light (which can have
a single or multiple wavelengths, depending on the
application) is reflected by the sample, a change in the
amplitude and phase shift of the p and s components of
light is caused. With a compensator, the reflected light is
again linearly polarized, and this polarization is detected
with an analyzer. The p component, in this case, is the
polarization of light parallel to the plane of incidence and
the s component is for the polarization of light
perpendicular to the plane of incidence.
In ellipsometry, the ratio of complex Fresnel reflection
coefficients of p‐ and s‐components is measured, which is
also given by:



From the measurement, Ψ and Δ coefficients are extracted,
which represent the amplitude ratio and phase‐shift of the
s‐ and p‐components of the reflected light, respectively.
After obtaining the coefficients, typically, a model is used to
fit the results to the calculated response based on Fresnel
equations of the specific material and optical parameters.
Therefore, often ellipsometry requires an estimation of the
expected result before the measurement takes place. The
fitting of experimental data to the model results is usually
done by regression with a mean square error (MSE)
estimator quantifying the difference between the model
and the measurement. Once the measurement is well‐
fitting to the model, the material thickness can be obtained.
Ellipsometry is a convenient characterization tool as it is
accurate, nondestructive, quick, and does not require high
vacuum conditions (unlike SEM). Moreover, ellipsometry
can also be used for evaluating pore size and their
distribution in the layer. However, the disadvantage of
ellipsometry is the necessity of having an accurate model
describing the optical parameters of the layer under
investigation.

2.2.2 Porosity Estimation

Since all the layers in standard C‐PSCs are porous, the
porosity of each layer plays a crucial role. For example, if
the pores are too small, only small volumes of perovskite
solution can infiltrate the C‐PSC stack. On the other hand,
layers with different pore sizes can have various effects on
the photovoltaic properties of the cell. Thus, the porosity
evaluation is sometimes necessary to understand the
behavior and improve performance of C‐PSCs.

2.2.2.1 Gas Adsorption (BET Method)
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One method that is often used for evaluating the effective
surface area of the porous substances (e.g. for fuel cell
applications) is the Brunauer–Emmet–Teller (BET) method
[1]. It is based on the theory of multilayer adsorption of
gases (e.g. N2) on a material surface as an extension of
Langmuir theory for the monolayer physisorption process
[2]. A specific volume of a gas, which is continuously
measured by a volume flow meter, is supplied to the sample
at a temperature of 77 K, which is the boiling temperature
of nitrogen. At such temperature, the nitrogen gas will
condense on the porous media, forming adsorbed
multilayers, as described by the BET theory. As the volume
and pressure of the supplied gas are measured, an
isotherm is obtained.
The BET equation to describe the behavior of an adsorption
isotherm is derived as:

where υ is the measured volume of adsorbed gas, p0 and p
are the saturation and equilibrium pressures, respectively,
υm is the volume required to form a complete unimolecular
monolayer of adsorbed gas, and c is the BET constant
related to the heat of adsorption and heat of gas
liquefaction/vaporization.
Plotting p/υ(p0 − p) against p0/p gives a straight line, where
the intercept yields  and the slope is . The linear part
of the isotherm is maintained only in the 0.05 < p0/p < 0.35
region, therefore only this isotherm part is used to obtain
the surface area of the adsorbent. From the slope and the
intercept of the BET plot, the υm and c can be found, which
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are used to extract the total surface area S, given by the
equation:

where NA is the Avogadro number, s is the cross‐sectional
area of the adsorbed molecules, and Vm is the molar
volume of the adsorbing gas. Furthermore, the specific
surface area can be easily found by dividing the total
surface area S by the mass of the adsorbent (i.e. the porous
media), which can later be used to find the pore volume as
well.

2.2.2.2 SEM/FIB 3D Nanotomography

Besides the BET characterization method based on
physisorption, the sample porosity can also be determined
by imaging techniques. Scanning electron microscopy can
give an approximate idea of the pore size (with appropriate
magnification), but cannot produce a quantitative
comparison. As the pores are three‐dimensional objects,
their size cannot be captured by a single microscopy scan
as it gives information about the pore size only in two
dimensions (e.g. x and y). However, the information about
the pore dimensions along z axis, can be obtained by
“cutting out” slices of the sample and scanning the
investigated area again. Such accurate layer removal can
be achieved by a focused ion‐beam (FIB), where after each
ablation a new microscopy image/scan is obtained [3]. The
ion beam is produced by heating metal ions (typically
gallium) at the tip of a tungsten needle, forming a Taylor
cone, which leaves the tip by field‐enhanced thermal
emission in a rounded shape with an end radius of
approximately 5 nm. Applying a large voltage field (e.g. 10 
kV) causes the field emission of the ions in the desired



direction, which are further accelerated and focused by
electrostatic lenses [4]. Once the highly energetic gallium
atoms hit the sample, the surface atoms will be sputtered
away from the surface (Figure 2.1). Repeating this process
produces a 3D image of the layer under investigation and
can be afterward analyzed by an image software to perform
particle/pore segmentation analysis. This SEM/FIB 3D
nanotomography is particularly interesting for pore‐size
engineering, where the pore volumes can be accurately
determined and quantitatively compared.

Figure 2.1 Illustration of focused ion beam (FIB) milling
process.

2.2.3 Sheet Resistance

2.2.3.1 Four‐point Probe Measurement



(2.4)

(2.5)

As the transparent conducting oxide and the carbon‐based
layer of the perovskite solar cell act as a front‐ and back‐
contact, respectively, both of them should have as low
series resistance (Rs) as possible to ensure efficient
conduction of charge carriers to the corresponding
electrode of the PV device. To optimize the resistivity of the
layer, an accurate measurement of the sheet resistance
(also known as surface resistance) is essential, which
represents lateral resistance through a thin square‐shaped
layer (with homogeneous thickness). The main difference
between the standard resistance measurement of material
between two probes and the sheet resistance measurement
is the independency of sheet resistance on the square size
under consideration, providing an accurate and simple
comparison between different conductive materials.
As Rs depends on the cross‐sectional area (A) of the
conductor, the thickness (t) of conducting films also has an
impact on it according to Eq. (2.4):

where ρ is material bulk resistivity, l is the length of the
conductor, and W is the width of the conducting film. The
sheet resistance Rsq is defined as:

As seen from Eq. (2.2), Rsq can be expressed in Ohms, but
only because it is a particular case for the resistance of the
“square” surface. Hence, a more commonly used unit of Rsq
is Ohm‐per‐square (Ω/sq or Ω/□) and therefore represents
sheet resistance of the layer regardless of the size of the



square under investigation, satisfying the conditions of
W = l and Rsq = Rs.

Figure 2.2 Schematic of four‐point probe sheet resistivity
measurements setup.
One of the methods to measure sheet resistance of thin
conducting films (e.g. in PSCs) is a four‐point probe
method, consisting of four electrical probes arranged in
line with an equal distance between each probe
(Figure 2.2). When the current is applied between the
outer two probes (sometimes referred to as force
connections), the voltage drop ΔV between the two inner
probes (also known as sense connections) is measured. The
separation between the force and sense connections allows
to eliminate any additional resistance of the voltage probes
and displays only the voltage drop due to sample
resistance.
Most of the fabricated PSCs employ doped transparent
conductive oxides as front electrodes, due to their low



parasitic absorption and low sheet resistance (usually 7–20 
Ω sq−1). Often in conventional PSCs, the cell's back contact
is made out of a metal, such as gold, silver, copper, or
aluminum with meager sheet resistance (reaching <1 Ω 
sq−1). Naturally, the conductivity of layers made of such
metals is higher than that of the carbon‐based ones,
although effective strategies to reduce their sheet
resistivity down to <5 Ω sq−1 have been demonstrated.
It has to be noted, that during the four‐probe measurement
of thin and fragile carbon‐based layers, the probe might
penetrate through the layer and reach the substrate, on
which it is deposited. Therefore, for an accurate sheet
resistance measurement, an insulating substrate (e.g.
glass) under the carbon‐based film has to be used.

2.2.4 Shunt Resistance of Unfilled Cell

Electrical shunts between the graphite and TCO layer can
represent a severe source for performance losses in
mesoscopic PSCs. A straightforward but powerful method
to assess if there are shunts in the printed layer scaffold is
to measure the ohmic resistance of the unfilled contact
structure. Thereby, the anode and cathode are connected
to a multimeter. If the resistance ranges around or beyond
100 kΩ, the structures can be assessed as “shunt free” and
used for perovskite filling.

2.3 Material and Crystal Properties

2.3.1 X‐Ray Diffraction (XRD) Analysis

X‐ray diffraction (XRD) technique is one of the widely used
nondestructive techniques in PSCs for analyzing the
physical and structural properties of elements and
compounds. Depending on the XRD system, it is possible to
analyze the samples in powder form or in layered form. In



PSCs, the opportunity to examine the layered form helps in
the detailed investigation of the perovskite layer after its
fabrication. For PSCs, the photoactive layer and the charge
transport layer (CTL) can be analyzed using XRD as a
separate entity or collectively. The characteristic properties
analyzed through XRD are atomic spacing, phase
identification, and crystalline size.
XRD diffractograms at different incidence angles can be
acquired. The mode preferred for layers is grazing
incidence and referred to as grazing incidence XRD
(GIXRD). The higher the incidence angle, the deeper is the
layer under investigation. For a multilayered device like
PSCs, it facilitates the analysis of the complete device
through all the layers. The resultant diffraction pattern has
peaks at different 2θ values that correspond to the phases
of crystal. Apart from phase identification and crystal size
analysis, different computation of the resultant
diffractograms helps in the further interpretation of PSCs.
For example, Mathiazhagan et al. showed a comparison of
percentage composition of the area under the peaks
corresponding to PbI2 (2θ = 12.6°) and perovskite
(2θ = 14°) to see the influence of UV treatment of
SnO2/perovskite interface in perovskite degradation [5]. A
similar comparison of PbI2: perovskite percentage to
analyze the effect of various electron transport layers
(ETLs) on perovskite degradation composition has been
carried out by Boldyreva et al. [6].
Even though XRD is a nondestructive technique, in the case
of carbon–graphite‐based perovskite solar cells (CG‐PSCs),
the sample preparation plays a vital role. The presence of a
micrometer‐thick carbon–graphite (CG) counter electrode
absorbs the entire incidence/reflected X‐rays making it
challenging to record the diffraction patterns of the
perovskite embedded into the cell. Thus, it becomes



essential to remove the CG electrode from a complete
device before analyzing the underlying layers. For this
reason, sample preparation for the XRD analysis of CG‐
PSCs poses a challenge to remove graphite without
destroying the layer of interest. For two‐step perovskites,
the graphite could be easily removed by a Kapton tape [7].

2.3.2 UV–Vis–NIR Spectroscopy

Absorption spectra show which wavelength of light is
absorbed by the layer(s) under investigation. The spectra
can further be evaluated to determine the optical bandgap
of the material. Knowing the absorption spectra of
perovskite and the charge transport layers (CTLs)
(individually and collectively) provides the key to evaluate
the light‐harvesting efficiency and respective optical losses
of the device. Ultraviolet‐to‐near‐infrared range (UV–NIR)
spectroscopy is a technique used to determine the
absorption spectra of single or combined layers. The layers
are excited using monochromatic light. The ratio between
the input and the output intensity can be calculated using
Beer–Lambert's law to determine the absorption spectra.
Note that the sample configuration needs to fulfill the
conditions allowing the approximation with this equation. If
this is the case, the absorption A can be calculated from the
logarithm of the ratio between the reference light intensity
I0 and the light intensity after passing through the sample
I, .



Figure 2.3 (a) UV–vis absorption spectrum of MAPbI3.
Inset shows the d[(αhν)2]/d(hν) for a better view of the
peak. (b) Tauc plot. Source: Chatterjee and Pal
[8]/American Chemical Society.

Figure 2.3 shows the absorption spectra of MAPbI3. The
peak wavelength absorbed by the layer can be visibly seen
(Figure 2.3a). It represents the peak transition from the
valance band maximum to the conduction band minimum,
as seen at 740 nm. The second peak at 498 nm is also a
characteristic peak of MAPbI3 perovskite [8] as a result of
the two‐valance‐band model. d[(αhν)2]/d(hν) was plotted in
the inset of Figure 2.3a to see these peaks clearly. Here, α
is the absorption coefficient, h is Planck's constant (6.626 × 
10−34 Js), and ν is the frequency of light. 1.67 eV
corresponds to 740 nm, and 2.5 eV corresponds to 498 nm.
The optical energy bandgap (Eg) can be determined from
the Tauc plot [(αhν)2 vs. energy in eV] plotted using the
data from the absorption spectra (Figure 2.3a,b). A tangent
is drawn from where the curve peaks in the Tauc plot. It
gives the Eg value in eV. However, it is advised to take
more than one tangent line to determine the Eg correctly.



(2.6)

It is essential to note from which side the device or sample
is excited. Usually, it is excited from the glass side. Thus,
for the processing of efficient solar cells, it is significant to
have a CTL (electron transport layer (ETL) in the n‐i‐p
configuration and a hole transport layer (HTL) in p‐i‐n
configuration), which is transparent to the visible
spectrum, i.e. none of the visible wavelengths are absorbed
by this layer.

2.3.3 Raman Shift Spectroscopy

An example of a powerful optical tool to analyze the
molecular vibrations and interatomic bonding of the
substance is Raman shift spectroscopy. Unlike vibrational
transitions seen from the Fourier‐transform infrared (FTIR)
measurements, Raman shifts originate from the electronic
polarization of the molecule induced by the incident light
(usually monochromatic). In this case, the light beam with
frequencies ν and ν ± νi is scattered, where the vibrational
frequency of a molecule νi is detected and presents a
Raman shift (i.e. a deviation from the photon energy of
incident light). Therefore, each molecule has a set of
unique Raman shifts, associated with specific vibrational
interatomic bonds.
According to the elementary classical theory, the dipole P
of a diatomic molecule under illumination (represented by
fluctuating electric field) can be expressed as [9]:

where α is the polarizability of the molecule (α0 is
polarizability at the equilibrium position), E0 is the
amplitude of the applied electric field, (∂α/∂q)0 is the rate



of polarizability change with respect to nuclear
displacement at equilibrium position and q0 is the
amplitude of the molecular vibrations. This equation
describes an oscillating dipole emitting photons with a
frequency ν, resulting in Rayleigh scattering of the incident
light, whereas the second term of the equation describes
the emission of photons with frequencies ν − νi (Stoke shift)
and ν + νi (anti‐Stoke shift), which constitutes Raman
scattering. In such a way, by simulating atomic motions in
the bonds (e.g. using density‐functional theory) it is
possible to obtain Raman shift frequencies/bands for
complex molecules (with the condition that the
polarizability changes during the vibration) and correlate
them with the experimentally obtained spectra.
In theory, Raman shift spectroscopy can be used to analyze
all the layers of the PSC to understand the bonding
environment and how it affects the optoelectronic
properties of the cell. However, perovskite films tend to
quickly degrade under the strong incident light (even at
intensities <1 mW cm−2) [10] of the laser, which is
customarily used for Raman shift measurement. It can
result in misinterpretation of the vibrational bands of the
perovskite and may compromise the measurement.
Nevertheless, it is often used to characterize perovskite
precursor solutions, CTLs, and electrodes (including
carbon‐based ones).
Structural characterization of compact and mesoporous
TiO2 layers, which have a hole‐blocking and electron‐
transporting role in C‐PSCs, can also be done by Raman
shift spectroscopy. The number of vibrational bands
observed in the Raman spectra depends on the polymorph
type of m‐TiO2. For example, in rutile titanium(IV) dioxide,
only four vibrational modes can be observed, whereas, in
the anatase phase, six vibrational modes (with motions



including Ti atom) are present. Additionally, doping the
TiO2 with foreign atoms will result in changes in vibrational
frequencies, arising from the change in polarizability. In
such a way, it is possible to confirm the integration of
dopants and detect changes in the molecular arrangement
and their influence on the optoelectronic properties of the
final C‐PSC.
An accurate evaluation of the graphite crystallite properties
can also be done via Raman shift spectroscopy, as it is a
fast and nondestructive characterization method for such
applications. Typically, in graphite crystals, Raman shift
bands at 1380, 1580, 1620, and 2720 cm−1 can be
observed, which are commonly attributed to D, G, D′, and
2D bands, respectively. The G band is always found in the
graphitic carbon, arising from a doubly degenerate E2g
vibrational mode, caused by an in‐plane vibration of the
hexagonally structured crystalline graphite. The D band is
often observed in disordered carbon structures with crystal
imperfections and symmetry loss and is associated with an
in‐plane A1g vibrational mode. The intensity of the D band
can be correlated with the type and density of structural
defects in a crystal. Therefore, a common method to
evaluate the graphite lattice disorder is by looking at the
ratio of intensities of D and G bands (ID/IG). Naturally, the
graphite crystallites with a lower ID/IG possess a lower
density of structural defects (e.g. pyrolytic graphite),
whereas amorphous and non‐graphitic carbon has a higher
ID/IG ratio, as can be seen from the Figure 2.4. For large
crystallite size (La), where the sheet edge as the only defect
type present, an approximation ID/IG∝ 1/La given by
Tuinstra and Koenig can be used for comparing crystallite
lateral dimensions. The crystal defect density, type, and
crystallite size can have a direct influence on the charge



carrier mobility and, therefore, series resistance and FF of
the PSC. Thus, Raman shift spectroscopy can be very
beneficial for evaluating properties of carbon‐based layers
and developing highly conductive back contacts for
enhancing the efficiency of C‐PSCs.

2.3.4 Scanning Electron Microscopy (SEM) and

Energy Dispersive X‐Ray Spectroscopy (EDX)

2.3.4.1 Scanning Electron Microscopy (SEM)

Electrons are the negatively charged particles of an atom,
orbiting around a nucleus. They can be released by heat or
through an applied electric field. They have 2000 times less
mass as compared to a proton and can reach wavelengths
that are 100 000 times smaller compared to light while
being able to reach high energy levels. Hence, electron
microscopes, among which scanning electron microscopes,
are capable of producing high‐resolution magnified images
– up to 2 million times magnification – through the principle
of electron–matter interactions.
The working principle of an electron microscope is
comparable to that of an optical microscope. The source of
light used to illuminate the sample in an optical microscope
would be replaced by an electron gun – a tungsten filament
is commonly used as the electron source, and
electromagnetic lenses and apertures would replace the
glass lenses used to focus and control the path of the
incident electron beam.
The free electrons are generated by heating the tungsten
filament to temperatures that can reach up to 2700 °C. A
voltage is then applied to the electrons, which allows their
acceleration through the microscope's vacuum‐filled
column and passes through several electromagnetic lenses
and apertures to create a focused beam that hits and scans



the surface of the sample. Depending on the depth of
interaction of the incident electron beam with the inspected
device, different signals would be emitted allowing for
high‐resolution images that can be obtained through the
different detectors that capture the diffused electrons
namely, auger electrons that are emitted at an interaction
depth of 1 nm providing surface‐sensitive information,
secondary electrons (SE) that are low‐energy electrons that
provide information on the morphology of the sample
resulting from inelastic interactions at a depth that ranges
from 5 to 50 nm, and backscattered electrons (BSE) that
are high‐energy electrons that result from elastic
interaction of the beam with the sample and give more in‐
depth morphological and structural information on the
sample [12] (cf. Figure 2.5).





Figure 2.4 Raman shift spectra of the (a) stress‐annealed
pyrolytic graphite, (b) commercial graphite, and (c)
activated charcoal, showing the difference in ratio between
intensities of D and G bands – ID/IG. Source: Tuinstra and
Koenig [11] with permission of AIP Publishing.

Scanning electron microscopy (SEM) provides information
on the topography, morphology, composition, and
crystallography of the investigated mesoscopic PSCs. The
quality of the structural stack forming the mesoporous
layers along with the quality of infiltration of the perovskite
and its homogeneous embedment into the mesoscopic
layers is fundamental to establishing optimal electronic
contact with the layers, and thus obtaining highly efficient
devices. For that matter, SEM allows to inspect and provide
information on the surface, the side view, and the cross
sections of the monolithic mesoporous PSCs. As illustrated
in Figure 2.6 [13], the thickness of the deposited stack (can
reach up to several micrometers for specific mesoscopic
layers), the structural porosity of the mesoporous layers,
the size of its pores, the morphology of the back contact i.e.
carbon layer (flaky or porous or a combination of both for
carbon/graphite composites), and the homogeneity of the
filling of the perovskite are the primary information that is
investigated for monolithic mesoscopic PSCs through SEM.



Figure 2.5 Principle of electron beam interaction.

Figure 2.6 SEM images of FTO/c‐TiO2/m‐TiO2 of unfilled
PSC stack (left) m‐ZrO2 layer (right). Source: Yasaroglu
[13].

2.3.4.2 Energy Dispersive X‐Ray Spectroscopy (EDX)

As a complement to SEM, energy dispersive X‐ray
spectroscopy (EDX or EDS) is a characterization tool that



provides elemental information on different types of
materials in the sample. Among the various detectors
equipped in a scanning electron microscope, an energy
dispersive spectrum detector would typically be featured.
These detectors allow to obtain information on the
elemental composition of a sample through an electron
microscope rather than just obtaining an image of that
sample.

Figure 2.7 SEM image and EDX maps of a mesoporous cell
cross section, indicating the dense distribution of
perovskite (MAPbI3) throughout the mesoporous
TiO2/ZrO2/graphite‐carbon stack. Source: Wagner et al.
[15], American Chemical Society.

EDX uses the emitted characteristic X‐ray of materials,
diffused after the incident electron beam hits the inner
shell of the in‐depth atoms in the scanned surface, to
identify the various compounds present in a sample [14].
Figure 2.7 [15] provides an example of the use of EDX
characterization for mesoscopic PSCs. EDX is especially
effective to examine the homogeneity and the distribution
density of the infiltrated perovskite throughout the
mesoscopic stack. It is also a practical tool to observe the
uniformity of the deposition of doped or functionalized
layers.

2.3.5 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is another nondestructive
microscope technology fundamental to characterizing and



obtaining information on the topography of the thin film
surface of a solar cell at the nanoscale. It allows obtaining
3D magnified images of the investigated samples with the
help of an applied force – either originating from an applied
voltage or an external magnetic field. Thus, allowing the
possibility to also investigate the roughness and surface
quality of nonconductive insulating thin film layers [16].
As sketched in Figure 2.8, the concept of AFM consists of
moving a cantilever across the sample, where a detector
records its vertical displacements due to morphological
differences. In this case, the cantilever should have a lower
spring constant than that found between atoms. By
scanning the cantilever, a 3D image of the surface is
obtained. The resonance of the spring frequency is given by

, where f0 is the resonant frequency of the

cantilever spring, k is the spring constant which Binning et
al. [18]. established needs to be as low as possible to
ensure a soft spring, and m0 is the given effective mass of
the spring. The displacement of the cantilever tip over the
investigated surface is driven by force applied on it, and
three‐dimensional images can be obtained through a
photodiode that detects the force exerted by the closeness
of the tip to the surface of thin film.



Figure 2.8 Schematic diagram of the basic setup of an
atomic force microscope. Source: Grobelny et al. [17] with
permission of Springer Nature.
Depending on the nature of the interaction between the
cantilever tip and the surface, atomic force microscopes
can operate following three different modes, contact mode,
noncontact mode, and tapping or otherwise known as
intermittent contact mode [17].

Contact mode: The cantilever tip is in direct contact
with the surface. This scan mode is selected when the
interaction between the probe and the sample would be
repulsive.
Noncontact mode: This mode allows the
topographical scanning of surfaces with little or no
contact between the tip and the surface. The tip
interacts with the investigated surface through an
atomic force of attraction.
Tapping mode: The cantilever tip is intermittently in
contact with the investigated surface. The tip oscillates



at a close range to its resonance frequency. As the tip is
brought at a proximity to the sample, the nature of the
interaction forces would vary from attraction to
repulsion.

For mesoscopic PSCs, AFM is an effective and fundamental
tool to study the roughness, uniformity, and morphology of
various deposited thin layers namely the compact hole‐
blocking layers (HBL). The compact HBL, c‐TiO2 is typically
used as HBL for monolithic mesoscopic PSCs. As previously
mentioned, is required to be 20–30 nm thick to attune to
the rough fluorine doped tin oxide (FTO) layer surface.
Additionally, tapping mode or contact mode would most
commonly be used to study the topography of the deposited
thin films in PSCs. It would mainly be used to complement
other imaging characterization tools such as SEM. AFM
can also be useful to study the grain structure as well as
analyze the electrical response and charge transport of
perovskite layers through high‐resolution electrical
mapping of the investigated surface. Figure 2.9 shows AFM
images of c‐TiO2 layers.

2.3.6 Contact Angle Measurement

Contact angle (CA) measurement, in general, is used to
analyze the surface properties of the interested layer under
investigation. The surface tension of a solid layer is
analyzed using a testing liquid (commonly deionized
water). The higher the surface tension of a layer, the
higher is the CA measured. As PSCs are multilayered
devices, the wettability of each layer plays a vital role in its
adhesion onto the other layer. It affects the contact
between layers and, eventually, the charge transport in the
complete devices.
In the case of mesoporous layers in PSCs, the wettability of
a layer further affects the infiltration. Considering the case



of graphite‐based PSCs, the infiltration of perovskite
solution comes in as the final step in the device fabrication.
Thus, an excellent wettability is required to result in
complete pore filling of the underlying layer with
perovskite solution. In graphite‐based PSCs, CA
measurement can be measured in unfilled devices. It gives
an idea about the quality of infiltration in the PSCs later. It
can be done by analyzing the change in the CA and the
bubble height H over time [19]. While interpreting the CA
and bubble height over time, care has to be taken to notice
that the base diameter BD of the drop doesn't change
drastically as this could mean evaporation of the drop
rather than infiltration into the pores (Figure 2.10).

Figure 2.9 AFM images of spray‐coated compact TiO2
layers on FTO scanned through tapping mode. Top images:
Surface topography at different scale bars, the dark spots
refer to depth. Bottom images: Phase images at different
scale bars helping to determine surface. Source: Yasaroglu
[13].



The literature shows various methods to improve the
wettability of the underlying layer. A popular way is to treat
the surface at a higher temperature. In the direction of a
low‐temperature solution to improve surface wettability,
UV–ozone treatment [20, 21] and plasma treatments [22]
are widely suggested methods. Another technique is the
use of additives to the corresponding precursor solutions
[23], which forms hydrogen bonds to reduce the surface
tension of the liquid, thereby improving the wettability.
Thus, CA measurement is one of the quality control
methods that can be used to assess how well the perovskite
precursor can infiltrate into the mesoscopic layers.

2.4 Spatially Resolved Steady‐state

Photophysical Methods

Microscopically resolved optoelectronic methods provide
spatial information on the fundamental physical properties
of the solar cell. It is typically achieved by a recording of
different photons emitted by the sample by processes such
as luminescence due to radiative recombination or infrared
light emitted due to joule heating.



Figure 2.10 (a) Representative image of a drop on the
layer of investigation through CA measurement. (b) Change
in the drop height over time for varying thickness of Al2O3
in FTO/mp‐TiO2/sputtered Al2O3 sample (c) Series of
images taken during the CA measurement for a cell with
40 nm of sputtered Al2O3. Source: Mathiazhagan et al. [19],
American Chemical Society.
Focusing first on radiative emission, the generalized
Planck's law tells us that the photon current density, i.e.
the (photo)luminescence intensity, is exponentially
proportional to the difference of the Fermi energies [24].
The quasi fermi level splitting (QFLS) can be regarded as
internal photovoltage, and, non‐surprisingly, in ideal solar
cells the PL intensity correlates with the Voc [25]. However,
as demonstrated by Würfel's group for organic PV [26] and
by Nehers' group for perovskite PV [27], for nonideal
devices there is an offset between the QFLS in the



perovskite bulk and the externally measured Voc that can
be assigned to surface recombination losses at the contact
layers. In the following, a range of steady‐state
luminescence imaging techniques is introduced that also
enable spatially resolved analysis of perovskite layers and
the respective interfaces to contact layers.

2.4.1 Photoluminescence Microscopy Imaging

Optical microscopes are a powerful tool for quality control
e.g. after perovskite filling. Camera‐based microscopes can
be employed to measure the PL image by choosing a
monochromatic light source (e.g. with an LED) and adding
an optical low band pass filter in front of the camera.
Thereby, the light source excites charge carriers in the
perovskite to the conduction band. Upon recombination,
photons with a corresponding wavelength at or below the
bandgap are emitted. As they have a wavelength larger
than the photons from the excitation light, these photons
are able to travel through the longpass filter and can be
recorded with the camera while the excitation light is
blocked.



Figure 2.11 Microscopic PL images of two mesoscopic
PSC (top view from the glass side), comparing devices
process by a DMF‐based (left) and a “molten‐salt”‐based
precursor. The scale bar represents 200 μm.

Thereby, the homogeneity of the filling of C‐PSCs can be
studied with a microscopic resolution as the presence of
perovskite is indicated by its PL emission and can be
sharply distinguished from unfilled spots where no
perovskite and hence no PL is seen. As discussed in the
section on real‐time PL measurement, this approach can
also be employed to visualize the perovskite crystallization
in real‐time. Furthermore, as discussed below, the coupling
to the contact layers can be visualized by recording the PL
images at different electrical biases.
A common artifact from unwanted inhomogeneous
crystallization are bush‐like structures, as displayed in
Figure 2.11. Such structures emerge, e.g. in
dimethylformamide (DMF)‐based precursor solution as this
can lead to the formation and precipitation of intermediate
DMF complexes during crystallization (left image). The
right image shows a homogeneous crystallization with a
high PL signal, as obtained by crystallization from a
“molten salt” precursor [15].



2.4.2 Microscopic Photoluminescence

Spectroscopy Mapping

While the advantages of the above‐described camera‐based
imaging technique lie in its easy implementation and the
real‐time observation, the image does not contain any
spectral information. In contrast, in microscopic
photoluminescence (μ‐PL) spectroscopy, a map of highly‐
resolved PL spectra is produced when scanned along the
probe of the sample. Therefore, the sample is excited by a
microscopically focused excitation laser, and the PL signal
is recorded through a confocal microscope in a grating
spectrometer.
It needs to be noted that due to the intensely focused laser
beam in this method, the excitation photon flux density can
easily exceed that of one sun. Secondly, the sample is only
excited on a small spot, and charge carriers might migrate
to the surrounding and unilluminated areas.
As a general note, PL spectra can also be recorded in a
simpler PL spectrometer without obtaining spatial
information.

2.4.3 Electroluminescence Imaging

Electroluminescence (EL) imaging is closely related to the
PL imaging method. However, here the charge carriers are
not excited optically but electrically. Therefore, an
electrical bias of V > Voc is applied. Figure 2.12 shows the
comparison of an EL and PL image of a spot on an “in situ”
type mesoscopic PSC. The EL image was recorded under a
bias of 1.1 V, while the PL was obtained under blue (405 
nm) LED illumination at an intensity close to one sun at an
open circuit. Note that a different scale for signal intensity
was used. In the PL image recorded at open circuit, the
highest signal is outside of the active area (on the upper



and lower edges of the image) while in the EL image, only
spots that are electrically coupled to the contact layers are
luminescing. As discussed in the next section, this
discrepancy can be overcome by bias‐dependent PL
measurements.
While EL imaging can provide insightful information on
charge carrier dynamics, it is essential to note that for
perovskite PV, this method needs to be treated with
caution. As demonstrated by Soufiani and coworkers, the
PL image changes strongly after application of a bias
voltage, which mandates a profound choice of the time at
which the sample is considered to be in a steady‐state [28].
Similar can be observed for PL imaging and the choice of
the stabilization time after turning on the excitation light.
While for both methods, irreversible degradation cannot be
excluded. Regarding that the devices are optimized for
operation under solar illumination, it could be assumed that
in the optical excitation, the PL method is less detrimental
than the operation in the dark under forward bias. In our
own experience, the required sampling time to obtain
comparable signal‐to‐noise ratios is significantly longer for
the EL methods (several 10 seconds for a bias of e.g. 1.1 V)
in comparison to the PL method (in the range of 0.1 second
for excitation equivalent to one sun).



Figure 2.12 EL image (a) as well as PL image under open
circuit (b) and short circuit (c) of an “in situ” type
mesoscopic PSC. (d) is the subtraction of PLSC from the
PLOC image.

2.4.4 Bias‐dependent Photoluminescence

Imaging

PL imaging is typically carried out in an open circuit (PLoc).
As discussed above, thereby only information on the
presence of perovskite can be obtained. In fact, the highest
PLoc signal is observed outside the active area on the bare
perovskite, where no “quencher layers” is present. PLoc is



not a satisfying indicator to assess device performance.
While outside the active area, high PLoc indicates that
charge carriers are effectively photogenerated, they do not
contribute to the photocurrent. It is informative to record a
PL image under short circuit condition (PLsc), as shown in
Figure 2.12c, to assess charge extraction of
photogenerated charge carriers. We observe a strong
quenching of the PL in the active area while outside the
active area, the PL intensity remains unaltered.
Figure 2.12d shows an image where the PLsc image was
subtracted from the PLoc image. Thereby, we obtain an
image that indicates the regions where charge carriers are
both efficiently generated and extracted [29]. The charge
extraction image (d) resembles – although not exactly –
that of the EL (a). Yet, it needs to be kept in mind that the
direction of the current flowing through the device is
inverse in the two methods.

2.4.5 Real‐time Photoluminescence

Measurement

In addition to steady‐state PL measurement, allowing to
quantify radiative recombination and excess charge carrier
density, PL can also be used to analyze different
crystallization stages of perovskite. When the precursor
solution is deposited on a substrate, it exists in a liquid
form, having no perovskite crystal structure, and hence do
not display perovskite‐type PL. However, as soon as the
perovskite nucleation starts, photoactive perovskite
crystals begin to grow, facilitating charge carrier
generation and recombination processes. In this way, it is
possible to evaluate the nucleation behavior, crystallization
dynamics, and to quantify the crystallization rate.
A key advantage of the mesoscopic structure is that the cell
anode and cathode are both already present at the time of



perovskite crystallization. This allows monitoring the
evolution of the photocurrent during crystallization in
parallel to the PL measurement and hence enables to link
the PV performance with the crystallization process directly
[7].
Several reports have shown how such real‐time PL can be
employed to understand the perovskite crystallization
stages in standard layer‐by‐layer deposited cells as well as
in mesoscopic C‐PSCs. Fundamentally the crystallization of
planar films is different from the one happening inside the
mesoporous scaffolds, as crystals are constrained by the
pore size. Therefore, it can be expected that heterogeneous
nucleation starts easily due to the abundance of the
nucleation sites inside the mesoporous layers. Naturally,
the perovskite crystal size within the mesoporous scaffold
is also much smaller as for free‐standing perovskite films as
it is confined by the pore size, which is typically 5–20 nm in
radius. Despite large differences in the crystallization
dynamics, its stages are similar following the classical
growth mechanisms from precursors:

(1) Increase in precursor concentration.
(2) Supersaturation leading to nucleation.
(3) Perovskite crystal growth.

Looking at the PL signal during these stages, several stages
can be observed. Firstly, the increase of precursor
concentration (e.g. by the evaporating solvent) cannot be
observed from PL, as no solid‐state constituents have been
formed yet. But as soon as the concentration of precursors
reaches supersaturation, the nuclei start to form by several
precursor molecules (in classical nucleation model referred
to as monomers) clustering together. As soon as a specific
(critical) nucleus radius is reached, the crystal growth
starts. Under incident light, it would generate electron–



hole pairs, the radiative recombination of which can be
seen from PL measurement. Therefore, the real‐time PL
measurement can provide information on the perovskite
crystallization dynamics only starting from the beginning of
the nucleation.
In Figure 2.13a, one can see a time evolution of the PL
intensity and its spectral position as well as the evolution of
the photocurrent external quantum efficiency (EQE) during
the 2‐step deposition where perovskite is converted of PbI2
to CH3NH3PbI3 upon introduction of CH3NH3I. In the first
stage, the increase in PL intensity is affiliated with the
continuous nucleation and formation of perovskite
crystallites after the supersaturation. Interestingly, little
amounts of PbI2 at the perovskite grain boundaries can
passivate the perovskite crystals, which is reflected in a
high PL intensity. During the second stage, as all the
precursors are converted into perovskite, the PbI2
passivation is removed, introducing additional energy
traps. Additionally, the bulk non‐radiative recombination
also increases during crystal growth, reducing the PL
further.
In stage three, the PL signal does not change, indicating a
complete conversion to perovskite. Surprisingly, however,
most of the photocurrent does only emerge at this third
stage, highlighting that more processes happen even after
the crystals are formed. The experimental data suggest that
in this third phase, the perovskite material rearranges
inside the mesoscopic contact scaffold. It establishes
efficient electric contact between anode and cathode to
allow the extraction of the photogenerated charge carriers.
An example of real‐time PL monitoring of one‐step
perovskite deposition is the methylamine‐induced
CH3NH3PbI3 liquefaction and recrystallization. Here the



collapse of the ABX3 structure does not happen
immediately after the introduction of CH3NH2 gas (also
referred to as MA0). First, methylamine binds to the
surface of perovskite and diffuses through grain
boundaries, isolating them from each other. As the
perovskite crystal size and number of dangling bonds (due
to CH3NH2 passivation) gets continuously reduced, the
non‐radiative recombination becomes lower, causing a
sharp peak in PL. However, once a certain amount of
methylamine is reached, the perovskite crystal structure
ceases to exist, leading to a complete loss of PL. Once
methylamine is removed from perovskite, a reverse process
happens that resembles the crystallization stages discussed
earlier: (i) nucleation and formation of perovskite (PL
rises), (ii) growth of perovskite crystals and formation of
multiple energy trap states due to increased surface and
bulk non‐radiative recombination (PL decreases). (iii)
Finally, strain‐induced perovskite grain coarsening causes
a decrease in number of grain boundaries and
consequentially the number of surface trap states (PL
increases) [30] (Figure 2.14).



Figure 2.13 (a) Real‐time monitoring of PL intensity and
spectral peak position as well as photocurrent (EQE). (b)
Derived crystallization stages for 2‐step crystallization.
Source: Wagner et al. [7] Springer Nature/CC BY‐4.0.

2.4.6 Dark Lock‐in Thermography (DLIT)

Dark lock‐in thermography () is a camera‐based
nondestructive tool to detect the shunt spots in the solar
cell. An infrared camera is used to acquire the thermal
output signals from a solar device. Figure 2.15 shows the
block diagram of the DLIT setup. DLIT characterization
technique works on the principle of lock‐in. The infrared
camera captures all the signals, including the noise signals
from the device that is triggered through input bias
voltage. It is essential to remove all unwanted noise signals



to see the defect spots clearly. Thus, a lock‐in principle is
used. It is mathematically expressed as:



Figure 2.14 (a) The PL measurement in real‐time on the
glass/ZrO2/graphite device. When the MA0 is supplied
through to a device, the layer turns pale‐yellow, causing a
drop in the PL signal due to the collapse of the ABX3
structure. Once the MA0 gas is removed the methylamine‐
perovskite complex it recrystallizes into perovskite and
causes a rise in PL. When the sample is heated up to ∼70 
°C, it induces a more rapid leave of MA0 and the
subsequent crystallization. The PL images of corresponding
stages are presented below (LC refers to liquefied
methylamine‐perovskite complex). (b) Illustration of
MAPbI3 perovskite recrystallization during desorption of
MA0 from the methylamine‐perovskite complex (also
referred to as MAPbI3  × MA0) or crystalline [PbMA0

4I]I + 
MAI·MA0

x. The double‐sided arrow highlights that the
reaction and mechanisms are reversible. The upper row
depicts the crystal morphology change, while the bottom
row illustrates the interaction of PbI6 octahedra with MA0

and the by‐products in the solution such as MAI‐MA0
x and

MA+·MA0. Source: Bogachuk et al. [30], Royal Society of
Chemistry, CC BY 3.0.



(2.7)

Figure 2.15 Block diagram of LIT system.

where,



(2.8)

(2.9)

when ωg = ωf, R1(t) ∼ G cos δ where, δ = φ – θ. This signal
gives the phase difference between the input and the
reference signal.
In general, two‐channel lock‐in is used to get the signals
from δ = 0° and δ = 90°. They result in an in‐phase
component [R(0°)], and phase‐shifted component [R(90°)],
respectively. These two signals are processed for further
interpretation of the resulting measurement.
Another critical parameter is the lock‐in frequency. It is
calculated based on the framerate (fs) of the IR camera and
the number of frames during lock‐in. It is given by the
formula, . Thus, for a two‐channel lock‐in, n = 4
is used.
The spatially resolved DLIT can be used on PSCs to detect
the spots of power loss in the devices such as pinholes that
introduce ohmic shunts. When a forward input bias voltage
is higher, electrical current passes through these spots,
resulting in high local heat dissipation. This dissipated heat
is captured via the IR camera. Thus, in a DLIT image, high‐
intensity regions correspond to high current flow. With
known voltage and the corresponding global current, the
power dissipated can be calculated using the formula 

.

DLIT images can also be obtained with reverse bias
voltage. However, in PSCs, owing to potential cell damage,
it is often avoided.

2.4.7 Light‐Beam‐Induced Current (LBIC)



Another technique to estimate the performance
homogeneity of the PV device is light‐beam‐induced current
(LBIC), where a monochromatic light can be focused on the
specific point of the cell, and the resulting current under
short‐circuit condition is measured. The LBIC resolution
can reach up to 1 μm, allowing to build a well‐resolved map
of the spatial distribution of carrier generation and
transport if the light spot is scanned over the sample. By
knowing the incident irradiation and sample reflection, the
internal and external quantum efficiencies (EQEs) at
specific wavelengths can be obtained. Furthermore, if one
correlates the integral from the complete EQE curve in the
absorption wavelength range with the EQE obtained from
LBIC at several specific wavelengths, an approximation of
the spatial distribution of cell's Jsc can be obtained. Such a
Jsc map can be used to assess the qualities of the
photoabsorber and charge‐selective layers. It is noted that
careful adjustment of the laser intensity to 1 sun is
required to avoid problems with charge‐limited current
transport.

2.5 Transient Optoelectronic Methods

2.5.1 Intensity‐modulated

Photocurrent/Photovoltage Spectroscopy

(IMPS/IMVS)

For intensity‐modulated photocurrent spectroscopy (IMPS)
and intensity‐modulated photovoltage spectroscopy (IMVS)
measurements, small light disturbances are applied to the
cell in a static state, and the modulated photocurrent or
photovoltage is measured. The output electrical signal of
the solar cell has the same frequency as the applied optical
signal. Still, its phase might be shifted, and the amplitude
altered depending on the excitation frequency. By



sweeping the frequency of the optical signal, information
about the carrier transmission and recombination inside
the device can be obtained.
In fully printable mesoscopic solar cells, IMPS can be used
to characterize the mean transit time of the photoinjected
charge carriers in solar cells under short‐circuit conditions.
IMVS provides information about the electron–hole
recombination time at an open circuit. The time constant
can be calculated by the equation , where f is the
frequency corresponding to the characteristic peak in the
Bode plot.
To illustrate this by an example, Figure 2.16a,b show the
recombination and transit time of fully printable
mesoscopic solar cells prepared based on oxygen‐deficient
carbon black (ODC) and oxygen‐rich carbon black (ORC).
The time constant extracted from the IMVS and IMPS
measurements effectively distinguishes the difference in
charge recombination and charge transport between the
two kinds of devices.

Figure 2.16 (a) The plot of the charge recombination
lifetime and (b) mean electron transit times for ODC‐ and
ORC‐based PMPSCs. Source: Tian et al. [31] with
permission of Elsevier.



In conclusion, IMPS/IMVS measurement can be a useful
tool to study charge transport and recombination
phenomena and to qualitatively compare the respective
properties of different CTL materials.

2.5.2 Transient Photocurrent/Photovoltage

(TPC/TPV)

Transient photocurrent (TPC) and transient photovoltage
(TPV) technologies can be used to measure the charge
extraction time and charge recombination life of complete
solar cell devices. Here, first, the response to pulsed light is
discussed. In the next section, the Voc decay from steady
state is treated. In the measurement of TPC and TPV, the
oscilloscope records the response of the solar cell to pulsed
light. When the device is connected in series with high
resistance (e.g. by setting the oscilloscope input resistance
to 1 MΩ), the device is essentially under open circuit, in
that case the measurement is referred to as TPV. TPV is
generally used to characterize the charge recombination
processes in a device. When a small resistance is connected
in series at both ends of the device (e.g. by setting the
input resistance of the oscilloscope to below 10 Ω), the
external circuit can be regarded as a short‐circuit state,
which is referred to as TPC measurement. TPC is generally
used to characterize the transport process of the device.
In the transient photoelectric measurement process, under
the excitation of the incident pulse light, the light‐
absorbing layer generates free carriers. The migration of
the charge carriers is fundamentally governed by drift and
diffusion mechanisms. The charge collection time (τj) can
be obtained by converting the TPC decay time (τc) and the

photovoltage recombination time (τr): . The
charge collection efficiency (ηc) can be further calculated



using the charge collection time (τj) and the photovoltage
recombination time (τr): ηc = 1 − (τj/τr)/(1 + τj/τr) [32].

The ratio of the amount of charge collected at the electrode
to the amount of charge extracted into the CTL is charge
collection efficiency (ηc), which is primarily dependent on
charge transport and interfacial recombination within the
CTL. ηE is the ratio of the amount of charge drawn into the
CTL to the total amount of photogenerated charge, mainly
depending on charge transport and bulk phase
recombination within the light‐absorbing layer. ηE can be
calculated from EQE and ηC, ηE = EQE/ηC. The most
significant benefit of TPC/photovoltage measurement is the
ability to directly measure the charge transport,
recombination, and charge storage characteristics of
complete devices. The traditional TPC/photovoltage method
can only measure the device characteristics in the short
circuit or open state. In contrast, the opto‐electro‐
modulated TPC/photovoltage (M‐TPC/M‐TPV) configuration
developed by Shi et al. [33]. allows to characterize the
transmission and recombination processes in the device
under arbitrary bias and light conditions. It is enabled by
introducing a low‐pass filter into the conventional TPC/TPV
system.

2.5.3 Open‐circuit Voltage Decay (OCVD)

Analysis for Shunt Detection

Similar to TPV discussed above, the open‐circuit voltage
decay analysis is a technique used to analyze the electron
lifetime in solar cells. The cells under open circuit are
initially under illumination in steady state, which is then
switched off. The Voc decay provides insights to track the
kinetics of charge recombination. Contrary to the
observation in silicon solar cells, PSCs show longer



electron lifetime under dark, particularly in mesoscopic
architecture. Thus, it is vital to understand the
interpretation of OCVD analysis made especially for PSCs.
A typical OCVD graph consists of three phases:

Phase A: The device is under illumination. The open‐
circuit voltage value corresponds to the
photogenerated charges.
Phase B: As the light is switched off, fast radiative and
non‐radiative recombination (due to defects in the bulk)
occur in the pure perovskite. Under phase A, certain
charges are stored in the shallow and deep traps of the
mesoporous ETLs. In phase B, non‐radiative charge
recombination is also contributed at the interface
between the ETL and the perovskite (i.e. electrons in
the shallow traps from the ETL recombination with the
holes in the perovskite).
Phase C: The Voc decay is further monitored as the
device remains in the dark for many seconds. Here, the
reduction in the Voc is often contributed by the charges
in the deep trap states of ETL. A slow recombination
trend is frequently reported under dark (i.e. Voc under
dark is >0 V).

The behavior in phase C could be explained by the
presence of charges with a very long lifetime in the deep
traps of the mesoporous CTLs [34, 35]. Yet, this is still
under debate why such charge storage effect is observed
under dark in mesoporous PSCs. In any case, such an
observation of long‐lived photovoltages indicates that there
are no ohmic shunt pathways through which the charges
are immediately lost. The electron lifetime is calculated
from this phase using the formula [36, 37] 



, where τn is the electron lifetime and 

the thermal energy.

Figure 2.17 OCVD analysis on FTO/mp‐TiO2/carbon‐
graphite (referred to as without space layer – w/o SL) filled
with perovskite [19].

Figure 2.17 shows a graphite‐based PSC without any
insulation layer (FTO/mp‐TiO2/carbon‐graphite) filled with
perovskite where the ETL and counter electrode is in direct
electric contact. While at first sight, this looks like a shunt.
Surprisingly, the OCVD analysis showed that the voltage of
∼500 mV still remained under dark conditions after 40 ms.
A 1 kΩ resistor was connected in parallel to verify the



absence of a shunt. In this case, the Voc immediately
dropped to 0 V after the light was switched off. It shows
that in mesoscopic graphite‐based PSCs, in the absence of
an insulation layer, more non‐radiative recombination but
not ohmic shunts is the cause for low Voc values [19]. To
reduce the non‐radiative recombination further, an
insulating layer needs to be placed between ETL and
graphite [19].

2.5.4 Transient Absorption Spectroscopy (TAS)

Transient absorption spectroscopy (TAS) is also known as
time‐resolved pump–probe spectroscopy. In a typical TAS
test, a laser pulse is split into two beams of light into the
pump beam path and the probe beam path through a
splitting wedge before being introduced into the test
system. Among them, the frequency‐converted pump light
excites a small portion of the sample from the ground state
to the excited state. In the probe optical path, the
fundamental light is converted into a broad‐spectrum
super‐continuous white light through the optical path and
then divided into two almost identical beams by the optical
wedge as the probe light and the reference light,
respectively, which are focused at different positions on the
sample, wherein the probe light and the pump light are
spatially coincident. Finally, two beams of light passing
through the sample are collected by the detector through
an optical fiber. Since the probe light contains light of
different wavelengths, the detector can receive information
of all wavelengths at the same time. Besides, it is also
possible to obtain information about the sample at different
times by adjusting the optical path difference between the
pump light and the probe light. Therefore, a three‐
dimensional spectrum of signal‐time‐wavelength can be
obtained by TAS. TAS can monitor the transient state and
change trend of carriers in the photophysical process in



real‐time, so that the photophysical characteristics and
behavior of internal carriers before the sample reaches
equilibrium can be studied from the time scale.

2.5.5 Time‐resolved Photoluminescence (TRPL)

Perovskite photoabsorbers can be manufactured with
comparably low effort to an astonishingly high degree of
purity. To obtain high‐performing solar cells, minimizing
interface recombination and optimizing charge extraction
of photoexcited charge carriers at the charge extraction
layers (CELs) are a major leverage point. Steady‐state PL
and time‐resolved photoluminescence (TRPL) decay
measurements yield insightful mechanisms on these
mechanisms.

2.5.5.1 Typical Setup: Pulsed (Transient) Excitation

TRPL setups measure the time between optical excitation
and the emission of photons by radiative recombination.
Typical commercially available TRPL systems operate
under the following working principle: the light emitted by
a short laser pulse is divided into two pulses, one strong
and one weak, by a beam splitter, as depicted in
Figure 2.18. The weak pulse light is received by detector A
and converted into a reference pulse to start the time‐to‐
amplitude converter. The second intense pulse is used as
excitation light to excite the sample. An optical filter or
monochromator in front of detector B blocks the excitation
light and allows the PL of the sample to pass. The first
photon emitted by the sample that reaches the highly
sensitive detector B is converted into an electrical pulse
signal to terminate the time‐to‐amplitude converter. In the
time‐to‐amplitude converter, the time difference between
the two signals is converted into an electrical signal with
an amplitude corresponding to the specific time difference
and then stored in the multi‐channel analyzer. These



signals are sequentially stored in different channels in
order of magnitude, and the number of signals for each
channel is counted. Since the probability of detecting a
photon at a specific moment is proportional to the
fluorescence intensity at that moment, the distribution
curve of the cumulative number of pulses vs. the number of
channels in the multichannel analyzer represents the PL
decay curve of the sample.

2.5.5.2 Alternative Setup: Steady‐state Excitation

Suppose the system is in steady state, then any reduction of
the PL indicates that charge carriers are lost by non‐
radiative emission. Hence, as a general rule, in steady
state, a lower PL intensity is unfavorable for the
photovoltage. In the above‐described pulsed setup, the
sample is not necessarily in steady state, and the energy
states in the absorber and contact layers are not filled
accordingly. For a short, excitation of relatively low
intensity, the environment for the photoexcited charge
carriers might thus resemble more that of a device in a
short circuit than under Voc. Therefore, a reduction in PL
intensity e.g. by the addition of a CEL, might indicate an
improved charge extraction of charge carriers into the
empty energy states of the CEL and hence higher device
performance.



Figure 2.18 Schematic setup of a pulse‐based TRPL setup.
While this transient approach can yield insightful
information on charge extraction, the involved physical
processes are challenging to describe. Even more so, to
gain insights on charge carrier recombination, it is
insightful to study the PL decay from the stabilized state. In



recent years, the availability of fast measurement
electronics such as oscilloscope cards has enabled an
alternative TRPL setup that enabled to measure the PL
decay in real‐time. It has the advantage that the sample can
be excited for a long time until a steady state is reached.
Thus, in contrast to the excitation by a short laser pulse, it
can be ensured that all electronic states are filled as in the
case of constant one‐sun illumination under Voc. As shown
in Figure 2.19, the sample is excited by a laser beam that is
widened to ensure homogeneous illumination, ideally at an
excitation power close to one sun. The radiatively emitted
light of the sample is spectrally separated by an optical
filter and measured by a sensitive detector. In this setup, it
is essential that the laser has a shortfall time when
switched off. As the photodetector is constantly
illuminated, it needs to be fast and sensitive. At the same
time, it should not go into saturation. The signal from the
photodetector (photomultiplier) is amplified and
transferred to an oscilloscope. When the sample has been
illuminated long enough to reach steady state, the laser is
switched off. It triggers the measurement at the
oscilloscope, which records the decay of the PL signal in
real‐time. To improve the signal‐to‐noise ratio, the
measurement can be repeated to average over several
measurements.



Figure 2.19 Alternative TRPL setup to measure the PL
decay from the excitation at steady state.
A common application of TRPL measurements is to study
the effect of CELs on the charge carriers in the perovskite.
As this typically leads to a reduction of PL intensity, in this
context, these layers are also referred to as “quenching
layer.” In the following, the measurements are discussed
relating to the pulsed, transient TRPL setup. Note that in
the steady‐state setup, some arguments do not apply.
In the simplest sample configuration, a bare perovskite
layer is deposited onto a dielectric substrate, such as glass.
Ideally, the surface recombination at the interface with the
substrate and air is low enough to allow the assumption
that the TRPL curve represents the recombination in the
“bulk” perovskite. However, in practice, this assumption
needs to be treated with care. The perovskite layer can be
deposited by spin‐coating or by drop‐casting into a



mesoporous dielectric film such as ZrO2. By comparing the
TRPL decay curves of samples without the quenching layer,
the defect concentration and crystallinity of different
perovskite samples can be compared.
Accordingly, devices with quenching layers can be studied.
It includes “half‐cells” where the perovskite is in contact
with only the electron‐ or hole‐selective layer, as well as
“full‐cells” with the complete solar cell device stack. For
the samples with a quenching layer, the PL attenuation
includes charge transfer and non‐radiative recombination
components. Due to the electron selective layer or the hole
selective layer, photogenerated carriers will be extracted
by the selective layer, resulting in quenching of the PL
intensity. In addition, the interface between the selective
layer and the perovskite will introduce some defects, which
will increase the possibility of non‐radiative recombination.
In hole‐conductor‐free, fully printable mesoscopic solar
cells, Han's group has performed a wide range of
measurements on the TRPL of mesoporous double‐layer
half‐cells, such as TiO2/perovskite and graphite/perovskite
samples. [31,38–42]The curve of TRPL is usually fitted with
a double exponential function. It is generally believed that
the fast process corresponds to the charge extraction
effect, and the slow process corresponds to the process of
slow radiation decay. (The latter could be (non‐radiative)
surface recombination as well as (non‐radiative or
radiative) recombination in the perovskite bulk.)



Figure 2.20 PL spectrum (a) and PL decay (b) of
perovskite layers deposited on different quenching layers.
Source: Tian et al. [40] John Wiley & Sons.

Accordingly, the TRPL decay curve of a complete solar cell
device mainly includes the following information: (i) The
extraction or recombination of electrons at the TiO2
interface. (ii) The extraction or recombination of holes by
the porous graphite layer. (iii) Radiative recombination in
the bulk perovskite. (iv) Non‐radiative recombination in
bulk. However, as these processes influence each other and
are not independent, it is challenging to fit such multi‐
exponential functions and extract the time constants
corresponding to each individual process. Based on
literature and experimental results, the fast process of the
double exponential fitting results can be attributed to the
charge extraction process, and the slow process can be
attributed to the interface recombination process.
In addition to the simple analysis under a single excitation
light intensity, the researchers found that as the excitation
light intensity increases, the PL decay curve of the
perovskite material will change from a single exponential to
a double exponential [43–46]. This method of changing the
intensity of excitation light can be used to assess the
concentration of trap states.



To illustrate the TRPL method by an example, Figure 2.20
shows the PL spectrum (a) and the TRPL (b) of a perovskite
film on the bare glass as well as on TiO2 and TiO2(C60)
layers. The TRPL lifetimes are 19.4, 2.25, and 0.88 ns,
respectively. Due to the quenching effect of the ETL, the
perovskite film formed on the glass/TiO2 and
glass/TiO2(C60) substrates exhibit lower PL intensity and
shorter TRPL lifetime. In addition, the curve of the
glass/TiO2(C60)/perovskite delays faster than
glass/TiO2/perovskite, which proves that TiO2(C60) can
transport electrons more efficiently.

2.5.5.3 Some Notes on Sample Preparation

Different from planar solar cells, in the sample preparation
of incomplete mesoporous device structures, there will be
some problems that will not exist in the process of
preparing complete devices. For example, when the
perovskite precursor is filled on the non‐graphite layer, a
capping layer will be formed on the upper surface of the
“half cell.” To reduce the effect of this capping layer on the
measurement, it can be helpful to increase the thickness of
the mesoporous material or reduce the amount of
precursor liquid.

2.5.6 Note on the Extension to Spatially

Resolved Measurements

While the methods mentioned in this section (and some in
the section on material and crystal properties) were
discussed without considering spatial information, the
methods themselves do not necessarily exclude to be
integrated into imaging or mapping techniques. By doing
so, a deep understanding of the homogeneity of the probe
can be gained. For large‐area devices, such as mesoscopic
graphite‐based perovskite modules, evaluation of



performance homogeneity over the device area becomes
essential to identify and resolve potential issues during
upscaling.

2.6 I–V Performance: Transient and

Steady State

2.6.1 I–V Characterization

The I–V characteristic represents the most important
measured property of a solar cell from the application point
of view. For this measurement, the device is placed under
simulated solar light (AM1.5G spectrum) as provided by
class A illumination sources. The optical power density for
such solar simulators is defined as Pin = 1000 W m−2. The
cell is contacted, and an electrical bias is applied while the
photocurrent is measured. By sweeping the voltage
between the open‐circuit voltage (Voc) and 0 V, the I–V

curve is recorded.
Figure 2.21 shows a J–V curve measured from a mesoscopic
PSC. For better comparison, the current density J is plotted
as calculated from the measured current divided by the
illuminated active cell area. The curve resembles a typical
exponential behavior as described by Shockley's diode
equation, shifted by the photocurrent. From this, the J–V

parameters Jsc, Voc, FF:

The open‐circuit voltage (Voc) or photovoltage
represents the voltage at J = 0.
The short‐circuit current density (Jsc) or photocurrent
density represents the current density at V = 0.
The maximum power point Pmpp describes the point of
highest output power density.



(2.10)

The fill factor FF serves as a coefficient to express Pmpp
by Jsc and Voc. It represents the ratio between the
rectangles spanned by Jmpp and Vmpp (marked in green)
and by Jsc and Voc:

Figure 2.21 J–V curve of a mesoscopic PSC curve,
measured in reverse (red) and forward (blue) scan
direction. In green, the Voc, Jsc, and Pmpp are marked.
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From this, the optical‐to‐electrical power conversion
efficiency (PCE) of the cell is calculated by the
equation:

2.6.2 I–V Hysteresis

Hysteretic behavior is a distinct feature of PSCs. A
hysteresis in general means that an effect arises with a
retardation to the cause. In other words, the system
“remembers” its own history. The most prominent
hysteresis in PSC is commonly observed in I–V scans. There
can be a significant difference between the I–V scan carried
out in “forward direction” (from 0 V to Voc) and in “reverse
direction” (from Voc to 0 V). This shows that the system is
in a different state when kept under short circuit (0 V) or
open circuit and the aftereffects last for at least several
seconds (the time of an I–V scan). While a range of sources
for this behavior has been debated, such as ferroelectricity
and capacitive effects, there is strong evidence that ionic
movement plays a vital part in this effect. In consequence,
we can conclude that,

the preconditioning has a strong influence on the shape
of the scanned I–V curve.
the I–V curve recorded from an I–V scan does not
necessarily resemble a unique feature of the device, but
its shape depends on the measurement conditions.

This makes it difficult to compare I–V curves reported in
the literature. If several devices are compared within one
experiment in an un‐stabilized I–V scan, it needs to be at
least assured that the preconditioning needs to be the same
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and it should be reported if the devices have been kept
illuminated or in the dark at which bias for which time
before measurement.
Clearly, the scan speed, measured in millivolts per seconds,
is a key influence on the hysteresis. Ideally, I–V scans
should thus be recorded in a way that, at each voltage
point, the photocurrent is measured long enough to
stabilize completely. On the downside, this can imply very
long measurement times for each sample and might not be
practical when large numbers of devices are to be
measured.
Finally, the sampling procedure of the measurement
system needs to be taken into account. For each voltage
step, typically the bias voltage is applied and the current is
measured. It can make a difference if the reported current
is the average over the time span of the bias step or the last
measurement value at the end of this time span. To give
another example of a potential error source, it needs to be
ensured that the measurement system does not go into an
“idle mode” between the measurement steps where the
bias voltage is not applied.
For a quantitative comparison of the hysteresis, a
hysteresis index can be employed for I–V parameters such
as Jsc, Voc, FF, or PCE. Habisreutinger et al. [47]. suggested
the following definition for the PCE:

2.6.3 Stabilized Efficiency Measurement

The PCE is the key of merit by which solar cells are
compared. However, if efficiency values are taken from the
I–V measurement, the outcome can be strongly influenced



by the hysteresis effect. Revealingly, Dunbar and
coworkers even found that the PCE determined from a
hysteresis‐free I–V scan does not necessarily represent the
stabilized PCE [48] which makes it difficult to compare PCE
values obtained by I–V measurement. Additionally, I–V

measurements also do not represent the final solar cell
working conditions for outdoor power conversion, where
the cell will be continuously operated in steady state at the
maximum power point. For a reliable and comparable
measurement in PSCs, Zimmermann et al. suggest
analyzing stabilized power conversion efficiencies by
tracking it for at least 60 seconds [49]. Analyzing the
stabilized values not only provides reliable efficiencies at
standard working conditions but also provides information
on the effects of light soaking and device degradation over
continuous illumination conditions.
In practice, the simplest way to stabilize PCE
measurements is the so‐called “PCE at fixed voltage”
method. Therefore, voltage close to the actual (but
unknown) steady‐state Vmpp is chosen, e.g. by a J–V sweep,
and the cell current is recorded while the cell is biased at
this voltage. Further, advanced methods are discussed
below in the section dealing with long‐term stability.

2.6.4 Spectral Response/External Quantum

Efficiency (SR/EQE)

EQE is a parameter used to express the sensitivity of a
solar cell to the spectrum of solar radiation. It defines the
ratio of electrons extracted from the solar cell under
illumination, with regard to the incident photons. Ideally,
each incident photon would generate an electron–hole pair
that would have enough energy to travel toward the
respective cell terminals. EQE measurements allow,
therefore, quantifying the amount of generated photo



carriers that have contributed to the overall photocurrent
running through the solar cell [50].

Figure 2.22 External quantum efficiency and spectral
response patterns of 12% certified mesoscopic PSC
reported by Wagner et al. [15].
Fundamentally, spectral response (SR) provides similar
information to the aforementioned EQE measurement.
While EQE describes the number of electrons extracted by
the solar cell relative to the number of photons absorbed by
it, SR represents a ratio of current generated by the solar
cell at a specific wavelength to the incident power at that
wavelength. The equation linking EQE to SR is as follows
[51]:
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where h stands for Planck's constant, c is the speed of light,
q describes the electron charge (As), λ is the wavelength
(nm), and the spectral response (SR) is given by A/W.
Notably, the shape of the SR is different from the EQE as
seen in Figure 2.22. At low wavelengths, the highly
energetic photons will be absorbed by the semiconductor.
Still, the energy difference between the incident photon
and the electron energy, which was excited to the
conduction band by it, will be lost as heat. Therefore, as the
energy of incoming photons gets closer to the bandgap, the
“utilization” of the incoming light improves, as the power
loss becomes reduced. Therefore, at wavelength,
corresponding to the photoabsorber bandgap, the SR is the
highest. At longer wavelengths, SR sharply decreases,
since the photon absorption becomes possible only due to
low number of shallow states close to the conduction band
minimum and valence band maximum that can facilitate the
charge carrier generation.
Measuring SR/EQE in PSCs with a carbon‐based back
contact can provide additional information on the efficiency
of charge collection at different wavelengths, which could
partially be attributed to the difference in the light‐
penetration depth (e.g. long‐wavelength light can excite
electrons in deeper regions of the cell than the short‐
wavelength light). Thus, the photogeneration profile
influences the charge collection efficiency and, therefore
SR and EQE of the cell. These measurements can also
provide information on photoinduced degradation in PSCs
as well as provide an estimate of the optical bandgap of the
perovskite absorber. Furthermore, SR and EQE would
typically be measured for PSCs at a wavelength range of
300–900 nm [52]. Moreover, considering the time scale



required to measure SR/EQE, it is essential to keep in mind
the sensitivity and temperature dependence [53] of PSCs,
consequently, measurements need to be carried out
following a well‐established protocol under a standard test
temperature of 25 °C and a global standard spectrum of
AM1.5G. Another factor that needs to be taken into
consideration is the frequency dependence of EQE
originating from the modulation frequency of the
monochromatic light source applied to the sample. PSCs
have been found to show slow response time which ranges
from milliseconds to seconds on longer timescale
measurements, which can be problematic for EQE, causing
perturbations when estimating the current density (Jsc) of
the investigated devices. For that matter, characterization
setups with different optical chopper frequencies are
recommended to obtain reliable measurements [54].

2.6.5 Voc vs. Light Intensity Measurement

“Voc vs. light intensity” is an insightful measurement to
study recombination mechanisms and investigate the shunt
resistance. Therefore, the Voc for different light intensities
is measured. In comparison to other PV technologies, in
PSC, the Voc typically needs to be stabilized for long
timescales in the range of seconds to minutes. It prohibits
the use of flashlamps as typically used, e.g. for silicon PV.
To avoid disturbing effects of heating and thermal
degradation, it is advisable to measure the stabilized Voc
under intensities that do not exceed one sun. A criterion
that the Voc is stabilized could be that it is not changing by
10 mV over 30 seconds. It can make sense to use optical
filters to change the light intensities. If it can be ensured
that the illumination remains homogeneous and the
spectrum of the light source does not change, alternative
ways are changing the height or input power of the light.



(2.14)

The light intensity needs to be measured by a suited
reference cell or luxmeter, which in turn needs to be
calibrated to one sun intensity.
The obtained Voc values can then be plotted against the
logarithmic axis of the light intensities. In the following, the
theoretical device behavior is discussed, provided that the
cell can be represented by the two‐diode model
(Figure 2.23). In this case, the J–V characteristic follows
the equation:

Herein, J01 and J02 are the dark saturation currents of the
respective diode; Rs is the series and Rp the parallel or
shunt resistance, and Jph is the photocurrent. q is the
elementary charge and kBT the thermal energy (25.8 meV
at room temperature). Note that diode two (J02) accounts
for the “ideality factor n = 2”‐component of the single‐diode
model.

Figure 2.23 Equivalent circuit of the two‐diode model.



As there is no general analytical solution of the two‐diode
equation for Voc in the following, the influence of the
different parameters is explored through an example
numerically calculated from theoretical values.

2.6.6 Effect of Parallel and Series Resistance Rp

The parallel resistance Rp accounts for “external
recombination,” i.e. shunt paths of carriers which have
already been extracted to the contacts (here: graphite and
TCO). In Figure 2.24 we see how the Voc depends on Rp. If
we assume that Jph linearly follows the light intensity, then
the two‐diode equation tells us that Voc generally follows
the logarithm of the light intensity. As Rp is reduced (i.e.
more shunts are introduced), there is a “breakdown” of Voc
at lower intensities. This breakdown point shifts
proportionally to higher light intensities with lower Rp: 10
times lower Rp shifts the breakdown up by 10 times higher
light intensity.



Figure 2.24 Effect of parallel resistance Rp on the Voc vs.
light intensity curve as calculated from the two‐diode
equation from theoretical values.Source: Wagner [55]
Reproduced with permission from Lukas Wagner.

In the model, Rs has no effect on the Voc, since J(Voc) = 0.

2.6.7 Effect of Saturation Current J01 and J02

J01 and J02 account for carrier recombination in the solar
cell. Essentially, J01 represents recombination mechanisms
“limited by one carrier type” (usually by minority carriers),
while J02 represents recombination mechanisms “limited by
two (inversely charged) carrier types.” Which



recombination mechanisms this implies for perovskite is
quite difficult to say. We refer to Tress et al. for an
insightful discussion of this question [56].
As can be seen from the two‐diode equation, beyond the Rp‐
breakdown point, we can derive from the slope of the Voc
vs. light intensity curve if the device is dominated by J01 or
J02. In the parameter regime where J01 is dominating, the

two‐diode equation can be simplified to .
At room temperature, we expect a slope of 60 mV per
decade whereas a slope of 100 mV per decade signifies that
the device is dominated by J02.

As can be seen in Figure 2.25a, if the device is J01‐
dominated, an increase of J01 leads to a shift down of the
Voc at a constant slope.

In Figure 2.25b, we start from a point where the device is
dominated by J01 (black line). As J02 is increased, we shift
to a regime where the curve is increasingly dominated by
J02. First, the slope changes to is 100 mV per decade
(leaving Voc at 1 sun unaffected), then the Voc shifts down
at constant slope, similar to the behavior in Figure 2.25a
for J01.

In the one‐diode equation, the domination by J01 or J02 is
expressed by the diode ideality factor nid, ranging between
1 and 2.
The diode ideality factor is given by the formula, 

 where, is the thermal energy. A

straightforward understanding of the diode ideality factor
for PSCs is still under discussion. Contrary to the common



belief that high niD values result in low photovoltage, high
Voc values along with niD = 2 have been reported [57]. In
parallel, low Voc values (<1 V) with low niD values have also
been published [58]. The effect is believed to be caused by
the difference in the work function because of the
electrodes resulting in low built‐in potential. This effect
also reduces the charge separation in PSCs.

Figure 2.25 Effect of saturation current J01 (a) and J02 (b)
on the Voc vs. light intensity curve as calculated from the
two‐diode equation from theoretical values.
PSCs have different and specific layers for electron and
hole transportation. Thereby, the electrons and holes could
follow different recombination orders. One could follow the
trap‐assisted monomolecular recombination having niD = 2,
and others could follow bimolecular recombination with
niD = 1 [57]. The presence of various CTLs could also be a
cause for the vague understanding of niD in PSCs. It is still
unclear whether a high or low ideality factor is ideal for
high device performance in PSCs. However, most PSCs
report niD values of 1.5, which is a combination of both
recombination orders [57].



2.6.8 Certification of PV Performance

Certified efficiency measurements are the “gold standard”
for the determination of comparable solar cell performance
values. The highest certified values for different PV
technologies are reported in prestigious tables such as the
“solar cell efficiency tables” issued bi‐annually by Green et
al. [59]. or the NREL efficiency tables [60]. Certificates are
issued by accredited test centers such as the ones of NREL
(USA), AIST (Japan), Fraunhofer ISE (Germany), Newport
(USA), or CSIRO (Australia).
The measurement procedure to determine a calibrated
efficiency value as issued by the calibration laboratory at
Fraunhofer ISE is as follows:

(1) Determination of the designated area. This is
typically defined by the manufacturer through an
aperture mask.
(2) Measurement of the spectral response (SR) at Jsc
conditions (approximate for 30 minutes). This is used to
determine the spectral mismatch for accurate
measurement in the next step.
(3) Determination of stabilizing temperature (25 °C)
under one sun by stabilizing Voc or by tactile
temperature measurement.
(4) Under simulated solar light (AM1.5G, 1000 W m−2),
the I–V curve is measured in both sweeping directions.
(5) Right after this, the devices are biased close to Vmpp
(as determined from the I–V sweep) and the output
power is iteratively maximized by variation of the
voltage. At the point of highest output power, both the
voltage and current are recorded over 300 seconds. The
average over 300 seconds is referred to as “steady‐state



Pmpp” in the calibration report where also the evolution
of the output power over the 300 seconds is reported.
(6) Right after this, the I–V curve is measured again in
both scan directions again and this scan is reported in
the calibration report.
(7) If the cell performance improves, the procedure is
repeated from step 4 on.

Further details on the measurement procedure can be
found under reference [61] and in the exemplary
calibration reports as provided in the SI of these
publications [15, 62].
Hence, there are a range of criteria that the solar cell
should fulfill before it can be sent to a certification lab:

(1) The device must not degrade during the shipping.
(2) The device must not degrade during the
measurement procedure. This means that the device
needs to be stable for an operation of approximately 30 
minutes under Jsc (during the SR measurement) and Voc
(for the adjustment of the steady‐state temperature).

PSC are typically deposited on a so‐called superstrate
configuration, i.e. the light passes through the rigid glass
support on which the actual solar cell is deposited. This
poses two challenges for the measurement: first, the
devices need to be contacted appropriately. This is typically
achieved by a contact chuck. Second, the test standard
requires that the cell is operated at 25 °C under one sun
illumination. This requires a thermal sink to cool the cell
during illumination. Therefore, the cell is fixed by vacuum
on a temperature‐controlled table. Hence, the contacting
chuck needs to provide thermal coupling between the cell
and the table.



2.6.9 Long‐term Stability Measurement

International Electrotechnical Commission (IEC) test
conditions (# IEC61646) have to be met for thin‐film solar
cell technology to be commercialized. However, the test
conditions mentioned are related to the silicon solar cells,
the working principles of which are well‐known. The
physics of perovskite and other organic photovoltaics
(OPVs) are different from silicon solar cells. Hence, the
same test conditions cannot be followed to test and approve
PSCs and OPVs. In 2011, Krebs and team renewed test
conditions for short‐ and long‐term stability analysis of
OPVs [63] and also for PSCs [64]. The time taken by the
device to reduce to 80% of its initial PCE (referred to as
T80) is the main parameter to compare between devices to
analyze its stability. For PSCs, International Summit on
Organic Photovoltaic Stability (ISOS) test conditions are
suggested to be followed instead of IEC61646 as they
concentrate more on the environmental aspects [65]. These
test conditions are required to reliably compare the
efficiencies of various device architectures, different
working groups, etc. Following the test conditions, T80
values as high as 10 000 hours under one sun illumination
have been reported for carbon‐based PSCs [66].
As discussed above, the simplest way to measure the
stabilized efficiency is the “PCE at fixed voltage” method,
where the cell is biased at a constant voltage close to Vmpp.

A related alternative represents the “PCE at fixed
resistance” method. Here, instead of applying an external
bias, a variable resistor (potentiometer) in series with a
fixed resistor can be attached to the cell. By measuring the
voltage drop over both resistors, the output power from the
solar cell can be determined. Now the Pmpp can manually
be adjusted by varying the potentiometer. This simple setup



has the advantage that one does not need to care if the
electronics apply the electrical bias constantly or only
during the measurement interval (which could falsify the
measurement due to hysteretic effects). Moreover, as long
as the light source is turned on, the cell remains at the
working point even if the measurement electronic fails
during a long time of recording.
The disadvantage of these two methods is that they do not
react optimally in case there is a change of the maximum
power point in case the cell degrades. This can be ensured
by employing an MPP tracker. The design of such a system
for PSC can be challenging. Different approaches to
determine the MPP are discussed by Rakocevic et al. [67].
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3.1 Introduction

Commercialization of perovskite solar cells (PSCs) relies on
three critical factors: performance, stability, and cost.
Recently, the performance and stability of laboratory‐scale
PSCs (<1.0 cm2) are gradually improved through material
research and fabrication processes, approaching that of
silicon solar cells [1, 2]. However, when the device area is
increased to prepare perovskite solar modules (PSMs), the
performance and stability tend to decrease [3, 4]. These
upscaling losses are due to the inhomogeneous fabrication
of all functional layers with a large area, including
perovskite layer, electron‐transport layer (ETL), hole‐
transport layer (HTL), and back electrodes [5]. Hence, the
fabrication technologies to prepare high‐quality large‐area
thin films become crucial. In addition, the cost, such as
levelized cost of electricity and life‐cycle assessment [6, 7],
is used to assess PSMs' competitiveness when compared
with other photovoltaic technologies. The cost can be
lowered by establishing industrial production lines for
PSMs. Hence, the fabrication technologies with higher and
faster throughputs toward industrial‐scale production
should be considered.



Currently, various fabrication technologies have been
developed [5]. Figure 3.1 shows a timeline of fabrication
technologies for the deposition of perovskite layers [8],
which can be divided into solution‐based methods (e.g. spin
coating, blade coating, slot‐die coating, etc.) and vacuum‐
based methods (e.g. chemical vapor deposition, etc.). As
the pioneering reports are shown in the timeline, it is
interesting to find that most researchers have mainly
focused on solution‐based methods than vacuum‐based
methods. This is because solution‐based methods have
attractive low costs. In comparison, the vacuum‐based
methods require specific vacuum pressures and precise
evaporation processes, causing high operating costs and
low reproducibility [5, 9]. In addition to depositing
perovskite layers, the solution‐based methods are also
commonly used to deposit ETL, HTL, and back electrodes.
For example, the chemical bath deposition (CBD) is used to
deposit ETL, such as TiO2 and SnO2 [10, 11]; the screen
printing is used to deposit a triple‐layer scaffold of
mesoporous TiO2 (m‐TiO2)/mesoporous ZrO2 (m‐
ZrO2)/carbon electrode [12].



Figure 3.1 Timeline of fabrication methods for PSCs and
PSMs. The methods are divided into solution‐based and
vacuum‐based methods. The symbology indicates that the
methods are applied to modules, multi‐cation/multi‐halide
compositions, or achieve NREL record efficiency. Source:
Soto‐Montero et al. [8]/AIP Publishing/CC BY‐4.0.
In this chapter, we provide an overview of the solution‐
based technologies for PSCs. These technologies include
traditional technologies (spin coating, blade coating, slot‐
die coating, and bar coating), patternable technologies
(spray coating, inkjet printing, and screen printing),
specifical technologies (CBD), and emerging technologies
(soft‐cover deposition and brush painting). We will
introduce these solution‐based technologies from several
following aspects: fundamental principles, deposition areas,
universality, material utilization, production capacity, and
reproducibility.

3.2 Solution‐Based Technologies

3.2.1 Spin Coating



As the most efficient method to fabricate PSCs in lab‐scale,
spin coating is a procedure that can effectively deposit thin
films on flat substrates. The coating material is usually
dissolved or dispersed in solvents to prepare a precursor
solution. After applying the precursor at the center of the
substrate, the substrate is rotated at a high spin speed/rate
(revolutions per minute, RPM) to spread the coating
material by centrifugal force (Figure 3.2a). The solvents in
the precursor are usually volatile and simultaneously
evaporate during the rotation. Typically, the higher the spin
rate, the thinner the deposited film. The thickness of the
film also depends on the viscosity and concentration of the
precursor, and the solvent [16]. The spin coating could
easily obtain pinhole‐free perovskite layer, ETL, and HTL
with good morphology and crystallization [17]. Hence, most
laboratory‐scale PSCs with record efficiencies are prepared
by spin coating [18, 19].



Figure 3.2 (a) Schematic diagram of spin coating. Source:
Rong et al. [13] Reproduced with permission of American
Chemical Society. (b) Schematic diagram of static
antisolvent (SAS) process and dynamic antisolvent
quenching (DAS), and photographs of the SAS‐processed
and DAS‐processed 10 × 10 cm2 perovskite film. Source: Bu
et al. [14], Reproduced with permission from John Wiley &
Sons. (c) Schematic diagram of single‐tip pipette (SC)
process and multi‐tip pipette (MC), and photographs of the
SC‐processed and MC‐processed 10 × 10 cm2 perovskite
film. Source: Wang et al. [15], Reproduced with permission
from Elsevier.
However, spin coating is not a suggested commercial
method for PSMs now. Firstly, since most of the precursor
spins off the substrate as the rotation proceeds, the
material utilization ratio of spin coating is as low as 1%,
increasing costs and making it feasible only for fabrication
on lab‐scale [20]. Secondly, spin coating is not able to
deposit uniform films on a large scale. This unevenness will
be magnified when the scale enlarges and thus causes
efficiency loss [14, 15]. To solve the above problems, two
optimized spin‐coating methods are reported, which are
called a dynamic antisolvent quenching (DAS) process and
multi‐tip pipette (MC) process [14, 15]. In DAS process, a
moving pipette continuously dropped the antisolvent from
the center to the edge (Figure 3.2b) [14]. Compared with
static antisolvent (SAS) process, DAS process allowed



antisolvent to interact with the whole perovskite wet film
almost simultaneously to form homogenous nucleation,
thus forming an even and pinhole‐free perovskite films. The
principle of MC process was similar to that of DAS process,
but the operation was relatively simpler (Figure 3.2c) [15].
Both methods were successful in fabricating PSMs. A DAS‐
processed 10 × 10 cm2 PSM obtained a certified PCE of
17.4% under a certified aperture area of 53.64 cm2. An
average PCE of 60 MC‐processed 5 × 5 cm2 modules was
15.71% with a standard deviation of 0.42%, showing a
higher reproducibility. DAS and MC processes suggest that
it is possible to adapt spin coating to industrial fabrication
by optimizing the dropping method of solutions. If the
movement of the pipette and the volume of solutions could
be dynamically adjusted by machine, large‐area films with
high quality and good reproducibility could be obtained and
the cost could be reduced at the same time.
Moreover, as the most widely used deposition method on
lab‐scale, spin‐coating is almost compatible with any kind
of solution and possesses quite a high reproducibility. Thus,
it can always be used to fabricate control devices and
compare the influence of the precursors on the formation of
films and device performance. Besides, the crystal growth
kinetics of perovskite and other materials can be
investigated by spin‐coating prepared samples, promoting
the understanding of the deposition and formation process
of the desired films. Therefore, continuous research on spin
coating is also very essential for other solution‐based
methods.

3.2.2 Blade Coating

Great effort has been devoted to developing industrial‐scale
deposition technologies, and meniscus coating is the main
one of them. The meniscus coating is a noncontact



processing method for the deposition of homogeneous wet
films with high cross‐directional uniformity and
reproducibility. In the coating process, the solution takes
on a meniscus shape under the guidance of coating tools.
Meniscus‐coated films will be affected by the shape of the
meniscus and coating process. According to the type of
coating tool, meniscus coating methods contain blade
coating, slot‐die coating and bar coating (Figure 3.3) [5].
These three coating methods have already been used to
deposit perovskite films and other functional layers of
PSMs and can be integrated into a roll‐to‐roll (R2R) process
on flexible substrate [5, 21].

Figure 3.3 Schematic diagram of meniscus coatings. (a)
Blade coating; (b) Slot‐die coating; (c) Bar coating. Source:
Li et al. [5] Reproduced with permission of Wiley‐VCH.

The blade coating is the earliest and relatively simple
method to be used to produce large‐area PSMs [22]. In
blade coating, a knife‐type coating tool moves linearly
across the substrate, spreading the solution and forming a
thin liquid film (Figure 3.4a). After annealing, a solid thin
film is fabricated. Compared with spin coating, blade
coating has a wider precursor‐processing window (up to
∼8 minutes), which provides more fault tolerance for
industrial production. In addition, a slow solvent‐drying
process of wet films in blade coating resulted in perovskite
layer with higher coverage and better quality [26].
In blade coating, there are two regimes, which are called
evaporation regime and Landau–Levich regime
(Figure 3.4b). These two regimes have different properties



that affect the thickness of perovskite films. As shown in
Figure 3.4c, when the coating speed increases, the film
thickness first decreases and then increases [25]. This is
because, in evaporation regime, faster coating speed
causes shorter residence time per unit length, resulting in
a reduced amount of accumulated solute [24]. On the
contrary, in Landau–Levich regime, liquid film is pulled out
by viscous forces and then dried [24]. Obviously, a high‐
throughput blade coating method in Landau–Levich regime
is required for industrial production. It has been reported
that an optimal surfactant called l‐α‐phosphatidylcholine
could reduce the surface tension and suppress the flows,
thus obtaining a smooth perovskite layer (Figure 3.4d)
[25]. With the surfactant, an estimated annual production
capacity of 236 MW with a 1 m‐wide production line was
expected to achieve. In addition, the coating and annealing
processes also influence film thickness, uniformity, and
crystallinity, such as solution volume, coating speed, gap
between blade and substrate, and substrate/airflow
temperature [22, 23].
At present, a champion PCE of 15.3% for a PSM with an
aperture area of 205 cm2 was achieved by blade coating
perovskite layer and HTL [27]. This PCE was higher than
previously reported for comparable sizes and printing
technologies. Moreover, an all‐layer blade except the metal
electrode PSM was achieved by overcoming the challenges
of blading a thin ETL on a rough perovskite layer [28]. This
PSM with an area of 25.03 cm2 had an aperture PCE of
19.3%, which was the highest efficiency of inverted PSMs
by blade coating.

3.2.3 Slot‐Die Coating

Different from blade coating, slot‐die coating delivers
solutions through a fixed slot gap onto the substrate
(Figure 3.5a). The solutions are filling the gap between the



die and the substrate and form the coating bead. Notably,
slot‐die coating belongs to pre‐metered coating processes,
whereby all the supplied solution is steadily and
continuously deposited on the substrate with no waste. It
can handle a broad range of viscosities for the coated
solution and coating speed [31]. The thickness of the
coated solution layer or the wet film can be preset and
precisely controlled by adjusting the flow rate of the
solution fed into the die and the coating speed [29]. The
quality of slot‐die‐coated film can be affected by many
complex factors, including coating speed, flow rate coating
gap, and liquid viscosity. These factors have been reviewed
in detail [29], which has high theoretical guiding
significance for slot‐die coating in PSMs. Currently, the
slot‐die‐printed PSMs achieve champion PCE of 20.42% and
19.54% with an active area of 17.1 and 65.0 cm2,
respectively [32].



Figure 3.4 (a) Schematic diagram of blade coating.
Source: Mallajosyula et al. [23] Reproduced with
permission of Elsevier. (b) Schematic diagram of
evaporation regime and Landau–Levich regime. Source: Le
Berre et al. [24]. Reproduced with permission of American
Chemical Society. (c) The thickness of a MAPbI3 film as a
function of coating speed on a 145 °C preheated substrate.
Linear fitting determines the evaporative and the Landau–
Levich regimes. Source: Deng et al. [25]. Reproduced with
permission of Springer Nature. (d) Schematic diagram of
the directional microscale solution flow toward perovskite
island during ink drying and the suppressed solution flow
dynamics in the presence of surfactant. Source: Deng et al.
[25]. Reproduced with permission from Springer Nature.



Figure 3.5 (a) Schematic diagram of slot‐die coating.
Source: Ding et al. [29]. Reproduced with permission of
Wiley‐VCH. (b) Schematic diagram and photographs of R2R
slot‐die coating process. Source: Burkitt et al. [30].
Reproduced with permission from Royal Society of
Chemistry.

Due to the advantages of rapid deposition, well‐controlled
areas, and little solution waste, slot‐die coating is widely
considered to be compatible with continuous R2R
technology. As Figure 3.5b shows, a R2R slot‐die coating



process was developed [30]. The appropriate length
meniscus guides were used as part of the coating head for
each ink rheology. Four R2R slot‐die coated layers,
including PEDOT:PSS, perovskite, PCBM, and BCP, were
fabricated at the same continuous speed to avoid
bottlenecks in production rate and an overall slowing of
process speed or needing to perform large amounts of
parallel processing. Finally, the back electrode was
evaporated and the entire device were divided into small
cells. After optimizing drying conditions for perovskite
layer and developing multi‐solvent blend systems for
electron collection layers, a stabilized PCE of 12.2% under
an illuminated area of 0.09 cm2 was obtained. Although the
area and PCE were far away from those of the champion
PSMs, this work demonstrated the feasibility of a R2R
fabrication process for PSCs. With R2R process, a closed
loop for production, deployment, operation, and
decommissioning was generated, reducing the costs of
materials, and speeding and simplifying fabrication
processes [30]. It is very meaningful for PSCs' industrial
production.

3.2.4 Bar Coating

Bar coating is a well‐known scalable method to deposit thin
films for various optoelectronic devices [33]. It uses a
cylindrical wirebar (or D‐bar) as the coater, while the
solutions are filled in the gap of the wire, which is similar
to the feed slot in the slot‐die coating (Figure 3.6a). During
spreading the solutions over the substrate, the solutions
within the gap of the wire are drawn by the rod owing to
the meniscus force upon moving the bar at a constant
speed [35]. The thickness of a wet film is directly
proportional to the gap of wire with passing a little solution
through it. Therefore, bar coating deposit thin films with
high reproducibility and material utilization [33].



In 2017, bar coating was first used to deposit laboratory‐
scale perovskite layers [36]. In 2018, Toshiba Corporation
(Tokyo) reported a PSM with 802 cm2 and a certified PCE
of 11.6%, which is still the largest certified module until
now [1]. According to public information, its perovskite
layer was prepared by two‐step bar‐coating process
(Figure 3.6b) [5]. However, more detailed information is
not disclosed.
In the past three years, more works are focused on bar
coating in PSMs with good results [35, 37], but there are
still challenges to understand the complex fluid dynamics in
the gap of the wire. Recently, Yoo et al. theoretically
investigated the effect of the contact angle of the
perovskite precursor solution on the substrate during bar
coating from the perspective of nucleation kinetics. They
concluded that a small contact angle provided a wettable
interface to the perovskite, leading to a better crystallinity
and full surface coverage [35]. After solvent engineering
and surface passivation, a 31 cm2 aperture area PSM with
PCE of >20% was fabricated. This is the best‐performing
PSM prepared by bar coating to date. In addition to the
perovskite layer, bar coating could also be used to deposit
ETL. Mandati et al. achieved a uniform and conformally
covered compact TiO2 layer followed by uniform and
desirable thick mesoporous TiO2 layer on 5 × 5 cm2

substrate by bar coating (Figure 3.6c) [34]. Because bar‐
coated TiO2 layers had high uniformity, the bar‐coated
devices had better spatial homogeneity than spin‐coated
devices. The results show that bar coating has potential to
be applicable to the fabrication of larger‐area PSMs.





Figure 3.6 (a) Schematic diagram of bar coating with
optical microscope image and illustration of the coating
bar. Source: Khim et al. [33]. Reproduced with permission
from John Wiley & Sons. (b) Schematic diagram of bar
coating with two‐step process. Source: Li et al. [5].
Reproduced with permission of Wiley‐VCH. (c) Schematic
diagram and photographs of bar coating and spin coating
employed for the large‐area TiO2 layer deposition. Source:
Mandati et al. [34]. Reproduced with permission from
Elsevier.

3.2.5 Spray Coating

Spray coating can be classified into four steps (Figure 3.7a)
[40]. (i) precursor solutions are sheared into a mist of
micrometer‐sized droplets and sprayed through a nozzle.
(ii) The spray mist is guided to the substrate with the
assistance of a shaping gas. (iii) The droplets arrive at the
substrate and converge to form a wet film. (iv) The solvents
evaporate by heating to form a solid film. According to the
methods of generating mist, spray coating can be divided
into pneumatic spraying and ultrasonic spraying.
Pneumatic spray coating is achieved by forcing a solution
through a narrow aperture or nozzle, which is simple and
easy to implement. The compact TiO2 layer was often
deposited by this method [5]. Later, it is found that the size
and uniformity of the droplets have great impact on the
sprayed perovskite layer. Hence, ultrasonic spray coating is
developed by using more sophisticated ultrasonic coaters
equipped with piezoelectric transducers to break up the
solution (Figure 3.7b). Ultrasonic spray coating could
obtain smaller and more uniform droplets to deposit
smooth perovskite films. According to the calculation, using
frequency under 1 MHz generates over 10 μm droplets with
broad size distribution [41]. Further, a megasonic spray
coating with 1.7 MHz megasonic nebulizer was developed



and could generate droplets with sizes of 2–4 μm [39]. With
small droplets and narrow size distribution, Park et al.
were able to fabricate a large‐area (7.5 × 7.5 cm2)
perovskite layer with high quality.

Figure 3.7 (a) Schematic diagram spray coating. Source:
Swartwout et al. [38]. Reproduced with permission from
John Wiley & Sons. (b) Schematic diagram ultrasonic spray
coating. Source: Park et al. [39]. Reproduced with
permission of Wiley‐VCH. (c) Photographs and SEM images
of large‐area spin‐coated and spray‐coated CsPbI2Br
perovskite films. Source: Park et al. [39]. Reproduced with
permission from John Wiley & Sons.



Besides the methods of generating mist, the solvents affect
the quality of the spray‐coated films. For example, the
boiling point (b.p.) of the solvent in the precursor
significantly influences the quality of the spray‐deposited
films. If the b.p. of the solvent (such as chloroform with b.p.
63 °C) is too low, the sprayed solution will dry before
reaching the substrate, obtaining films with abundant
pinholes and significant variation in film thickness. If the
b.p. of the solvent is relatively high (such as
dimethylsulfoxide (DMSO) with b.p. 189 °C), the sprayed
solution may need a relatively prolonged drying/annealing
process to obtain dry films, which will cause shrinkage of
the wet films on the substrate and variations of the
thickness in large area.
Recently, Heo et al. reported an effective, orthogonal
processable spray‐coating approach to fabricate graded,
inorganic CsPbI3−xBrx perovskite layer (Figure 3.7c) [42].
This graded structure broadened the absorption
wavelength range and increases carrier lifetime. With this
method, they obtained a 112 cm2 PSM with 13.82%. In
addition, some studies have shown that large‐area spray‐
coated ETL and HTL had better performance than spin‐
coated ones, such as TiO2, SnO2, NiOx, and Spiro‐OMeTAD
[43–46]. This is because spray coating could deposit a
dense and uniform layer on the substrate, allowing the
fabrication of efficient PSCs. Generally, spray coating can
provide high production capacity, precise control over
directional deposition, efficient utilization of materials, and
compatibility with a variety of substrates.

3.2.6 Inkjet Printing

Similar to spray coating, the inkjet printing directly drops
miniscule ink volumes onto substrates from the nozzle.
With fine control of droplet size and trajectory, inkjet



printing has the freedom of printing arbitrary design
patterns at low material consumption [47, 48]. This feature
means inkjet printing removes the necessity for laser
etching of photoactive films as required in common PV
module fabrication [9], which is beneficial to reduce
production processes and thus reduce the cost. Inkjet
printing enables intricate cell shapes for particular
functions, such as small and portable power supplies and
building‐integrated photovoltaic, which were more
compared to those obtained from the standard screen‐
printing route [49]. According to the method used to
generate ink droplets, inkjet printing can be classified as
continuous inkjet printing (CIP, by surface tension) and
drop‐on‐demand inkjet printing (DOD, by pressure pulse)
(Figure 3.8a) [47]. DOD is more commonly used than CIP
because it enables more material saving.
By using homogeneous molecular or colloidal liquid phase
inks, inkjet printing can achieve versatile deposition. For
example, Schackmar et al. fabricated inverted planar PSCs
with inkjet‐printed NiOx, perovskite layer, PCBM, and BCP
(Figure 3.8b) [50]. Verma et al. achieved triple mesoscopic
PSCs by inkjet printing all of the oxide layers in the stack
and perovskite precursor (Figure 3.8c) [49]. Pendyala et al.
inkjet‐printed arrays of inert transparent pillars to provide
digital control of both the transparency and efficiency of
the cells, thus fabricating semitransparent PSCs
(Figure 3.8d) [51]. These results are a promising next step
on the way to fully inkjet‐printed PSCs, including both
electrodes as well.



Figure 3.8 (a) Schematic diagram of two main inkjet‐
printing methods: continuous inkjet printing and drop‐on‐
demand inkjet printing. Source: Karunakaran et al. [47].
Reproduced with permission of Royal Society of Chemistry.
(b) Schematic diagram of inverted planar PSCs with inkjet‐
printed absorber and extraction layers. Source: Schackmar
et al. [50]/John Wiley & Sons/CC BY‐4.0. (c) Schematic
diagram of triple mesoscopic PSCs with inkjet‐printed oxide
layers in the stack and perovskite precursor. Source:
Verma et al. [49]/Royal Society of Chemistry/CC BY‐3.0. (d)
Schematic diagram of semitransparent PSCs with inkjet‐
printed arrays of inert transparent pillars. Source:
Pendyala et al. [51]. Reproduced with permission of
American Chemical Society.



However, inkjet printing has not been able to prepare
large‐area PSMs, and the largest inkjet‐printed PSCs were
only 4.04 cm2 with a PCE of 14.5% [52]. This is because
there are still challenges to achieve precise control over
the nozzle jetting and strict requirements for ink
composition [5, 53]. During the printing, the ink crystallizes
quickly and the printed perovskite film becomes
discontinuous with increasing defects. Hence, ink
engineering for inkjet printing is very important.

3.2.7 Screen Printing

Inspired by the work on DSSCs, PSCs made breakthroughs
based on the mesoscopic structure with mesoporous TiO2
as the scaffold for hosting perovskite absorber. Previously,
screen‐printing technique has been widely used to fabricate
large‐area DSSCs toward practical applications [54, 55].
Now, it is commonly utilized to deposit mesoporous
scaffolds and carbon electrodes in PSCs [12].



Figure 3.9 (a) Schematic diagram of screen printing.
Source: Rong et al. [13]. Reproduced with permission of
American Chemical Society. (b) Photograph of a screen‐
printed 10 × 10 cm2 triple mesoscopic PSM. Source: Xu et
al. [56]. Reproduced with permission from Elsevier. (c)
Photograph of a 7 m2 fully printable perovskite solar panel.
Source: Hu et al. [57]. Reproduced with permission from
John Wiley & Sons. (d) Photograph of a 110 cm2 power
system with triple mesoscopic PSMs. Source: Rong et al.
[58]. Reproduced with permission from American
Association for the Advancement of Science ‐ AAAS.
Screen printing is a widely used film deposition technique,
for which a mesh (screen) is used to transfer paste (ink)
onto a flat substrate (Figure 3.9a). The printed patterns are
determined by the open mesh apertures of the screen. The
non‐printed areas are made impermeable to the paste by a
blocking stencil. The paste is placed on the non‐printed
areas, and a printing squeegee is moved across the surface



of the screen to fill the open mesh apertures with paste.
The paste that is in the mesh apertures is pumped or
squeezed by capillary action to the substrate in a controlled
and prescribed amount (the printed wet film is proportional
to the thickness of the mesh and or stencil). As the
squeegee moves toward the rear of the screen, the tension
of the mesh pulls the mesh up away from the substrate
(called snap‐off) leaving the paste upon the substrate
surface. The thickness of the printed films is determined by
the mesh size, the thickness of the mesh screen, and the
material ratio of pastes.
For screen printing, the deposition area can be as large as
several square meters. At first, Han and coworkers
developed triple mesoscopic PSCs with 0.8 cm2 active area
by screen printing [12]. Because scaling up the perovskite
layer actually means scaling up the triple‐layer scaffold,
triple mesoscopic PSCs can be easily scaled up via screen
printing [5]. Soon after, they developed 10 × 10 cm2 triple
mesoscopic PSMs and used them to assemble a 7 m2 fully
printable perovskite solar panel, showing high
reproducibility of screen printing (Figure 3.9b,c) [57].
Further, WonderSolar (China) launched a 110 m2

perovskite PV system with screen‐printed triple mesoscopic
PSMs (3600 cm2 for each PSM) (Figure 3.9d) [58]. These
reports demonstrate the unique advantage of screen
printing in scaling up PSMs.
Moreover, the production capacity might be determined by
the following drying and/or sintering process, not limited
by the screen‐printing process. And the material utilization
can be as high as 100% for continuous process. To sum up,
screen printing has great potential on the road to mass
production and commercialization for PSCs.

3.2.8 Chemical Bath Deposition



CBD could also be used to fabricate perovskite films.
However, one‐step CBD process is difficult to obtain
thickness‐controllable, uniform, and high‐quality perovskite
thin films. Hence, sequential CDB processes, including two‐
step and three‐step deposition methods, are developed. In
two‐step method, a PbI2 layer is first coated by other
deposition methods, such as spin coating and thermal
evaporation (Figure 3.10a) [17, 62]. Then the PbI2‐coated
substrate is dipped into in MAI solution. During dipping
process, MAI intercalates into crystallized PbI2 lattice to
start perovskite formation, where the intercalation starts at
grain boundaries and defect sites in PbI2 [63]. After
annealing, a MAPbI3 perovskite film is obtained. Yaghoobi
Nia et al. fabricated a 10.1 cm2 PSM with a PCE of 13%
through two‐step CBD [64]. In three‐step method, water‐
based metal precursors (M) are first deposited followed by
iodination leading to MI2. Then, the MI2 is chemically
converted to MAPbI3 perovskite films (Figure 3.10b) [65].
Using water‐based metal precursors is to solve the
problems of poor solubility of PbI2 and utilization of toxic
solvents in two‐step method. Gozalzadeh et al. employed a
toxic solvent‐free route based on CBD to deposit PbS as the
lead metal precursor film and fabricated perovskite layers
[65]. However, less studies have focused on depositing
perovskite layer through CDB due to the lower
improvement in device efficiency.



Figure 3.10 (a) Schematic diagram of the perovskite films
by a two‐step CBD method. Source: Zhao et al. [59].
Reproduced with permission of Royal Society of Chemistry.
(b) Schematic diagram of the perovskite films by a three‐
step CBD method. Source: Cota‐Leal et al. [60].
Reproduced with permission of Elsevier. (c) Schematic
diagram of the SnO2 films fabricated by CBD. Source: Tong
et al. [61]/Springer Nature/CC BY‐4.0.

Unlike perovskite layer, CBD is widely used to deposit
metal oxide (Figure 3.10c), such as TiO2, SnO2, and NiOx

[10, 11, 66]. In CBD, there are two critical steps, namely,
nucleation and particle growth [67]. (i) The substrate is



immersed in an aqueous solution containing the metal ion,
such as TiCl4, SnCl2, and NiSO4. (ii) The oxide is grown on
the surface via hydrolysis of the cations, which are then
precipitated onto the substrate as an oxide. The
composition of aqueous solutions is usually complex
because some additives are needed to initiate the
hydrolysis of the cation and aid nucleation at the substrate.
For example, using urea, acids, and glycerol as a binder,
stabilizer, and retarding agent, respectively, could improve
the morphology of CBD‐processed SnO2 films [19, 68].

Because CBD can uniformly and completely deposit a dense
and conformal layer on the underlying substrate [11], the
PSCs with CBD‐processed SnO2 have achieved a certified
PCE of 25.5% [19]. Moreover, CBD can be easily applied to
deposit large‐area films, as reflected in a rapidly growing
number of large‐area CBD‐processed PSMs with high
performance [14, 61]. However, the size of the film
deposited by CBD is less than 100 cm2 at present [14, 69],
which is still far from industrial scale. This might be due to
the low uniformity of CBD‐processed large‐area films, or
the limitation of other functional layers, so more research
is needed. In addition, the necessity of frequent bath
replacement and the large volume of solution waste are key
challenges to consider when applying CBD in large‐scale
fabrication.

3.2.9 Soft‐Cover Deposition

Soft‐cover deposition is an emerging solution‐based
technology. This deposition used a soft cover with high
surface wettability cover on the top of wet perovskite films.
Then the substrate is heated and the soft cover is peeled
off. After exposure to ambient air, the solvent in the
precursor starts to evaporate and the perovskite
crystallization simultaneously occurs (Figure 3.11a) [59,



70]. The crystallization process is mainly affected by the
heating temperature, peeling speed, and precursor
compositions. Polyimide and polytetrafluoroethylene were
chosen as the soft covers due to their high heat deflection
temperature. In addition, the deposition system mainly
consists of a computer‐controlled mechanical hand to peel
off the soft cover at a certain speed. With soft‐cover
deposition, the perovskite films exhibit superior uniformity
and excellent quality.

Figure 3.11 (a) Schematic diagram of soft‐cover
deposition. Source: Ye et al. [20]. Reproduced with
permission of Royal Society of Chemistry. (b) Schematic
diagram of soft‐cover deposition with the assistance of
pressure treatment. Source: Chen et al. [70]. Reproduced
with permission of Springer Nature.
Ye et al. first developed soft‐cover deposition and kept
optimizing it. From the very beginning, they could already
obtain 51 cm2 high‐quality perovskite films and fabricated a
PSC with a PCE of 17.6% upon an active area of 1 cm2 [20].
Moreover, the material utilization ratio was up to ∼80%.
Later, they developed a low‐temperature soft‐cover
deposition [71]. Following this idea, an improved soft‐cover
deposition with the assistance of a pressure treatment was
developed (Figure 3.11b) [70]. As a result, an orthorhombic
perovskite crystal structure with good crystallinity and



large grains was formed in air at room temperature.
Correspondingly, a certified PCE of 12.1% with an aperture
area of 36.1 cm2 was obtained. Recently, they extended
soft‐cover deposition to fabricate large‐scale, compact and
homogeneous TiO2 layers, and a 16 cm2 PSM exhibited a
PCE of 14.01% [72].
These results show that soft‐cover deposition has the
potential to relatively enlarge the device area and
fabricated modules with much higher material utilization
ratio. But at current level, it is still challenging for these
methods to further increase the area of PSCs from mini‐
modules to modules. For example, more studies are needed
to further enlarge the device area, such as soft‐cover
wettability, solution viscosity, and the selection of a soft
cover.

3.2.10 Brush Painting

Recently, a brush painting method which was inspired by
an old Chinese calligraphy tradition was developed to
deposit solution‐processable thin films (Figure 3.12a) [73].
The Chinese ink brush of “Maobi” was employed to coat
active layers and polymer electrodes with tunable thickness
from nanometers to micrometers for organic solar cells and
modules, which may also be able to deposit the perovskite
active layers and various charge transport layers for PSCs
and modules. Maobi is usually made from animal hairs
(mainly goat, weasel, and rabbit hairs). Dipping into the
ink, the ink is firstly absorbed and stored inside/between
the hairs. When the hairs are pressed upon the surface of
the substrate, the ink slides to the tip and is delivered to
the substrate. As the painting direction and pressure
change, continuous and patterned handwriting is thus
formed under shear stress and capillary force [77]. Lee et
al. first fabricated a fully brush‐painted PSCs with the



exception of an evaporated metal electrode on flexible
substrates (Figure 3.12b) [74]. They used a purchasable
flat paint brush with nylon synthetic hair to coat perovskite
and electron acceptor layers. The thickness and
morphology of brush‐painted films can be controlled by the
concentration and substrate temperature.



Figure 3.12 (a) Schematic diagram of brush painting by
“Maobi.” Source: Mao et al. [73] Reproduced with
permission of Royal Society of Chemistry. (b) Schematic
diagram of fully brush‐painted PSCs. Source: Lee et al.
[74]. Reproduced with permission of Elsevier. (c)
Schematic diagram of brush painting by liquid chalk.
Source: Zhu et al. [75]. Reproduced with permission of
Elsevier. (d) Schematic diagram of brush painting by a
sheet of paper. Source: Zarabinia et al. [76]/Elsevier/CC
BY 4.0.

Besides “Maobi,” a liquid chalk and a sheet of paper were
also developed for brush painting. Zhu et al. demonstrated
a liquid chalk, which had a cuboid made of polyester fibers
as the tip of liquid chalk (Figure 3.12c) [75]. The porous



structure in a liquid chalk could hold solution steadily in it.
Moreover, the large‐scale and flat tip allowed liquid‐chalk
release solution onto the substrate uniformly. Recently,
Zarabinia et al. used a sheet of paper as an antisolvent‐
soaked applicator for coating the perovskite films
(Figure 3.12d) [76]. In this process, a precursor solution
was first dropped on a preheated substrate. Then a sheet of
paper, which was soaked in antisolvent, was pulled
manually from one side to the other of the substrate with
no additional pressure apart from that exerted by the
weight of the paper applicator. The paper absorbed parts of
precursor solutions and left a thin wet film at the trailing
end of the paper. After the remaining solvent evaporated, a
solid thin film was formed. The solvent‐absorbing capacity
of the paper affected the quality of perovskite films.
Brush painting has many technical advantages, such as
ease of patterning, high material utilization ratio,
processability on various substrates, and good compatibility
with large‐area production. However, the quality and
thickness of a painted film are difficult to control
accurately, so the brush painting is still hard to realize
mass production on account of little storage of solution and
small uniform area. In addition, although brush painting is
an inexpensive method, these different brushes may not be
reusable, thus raising the cost.

3.3 Conclusion and Outlook

In this chapter, present progresses of solution‐based
technologies are reviewed. Most solution‐based
technologies already have the ability to prepare large‐area
films and PSMs. Among them, spin coating could fabricate
laboratory‐scale PSMs with the best performance. Blade
coating, slot‐die coating, and bar coating could deposit
>100 cm2 perovskite films. Spray coating and CBD could



deposit >100 cm2 electron collection layers. Screen
printing could deposit 3600 cm2 triple mesoscopic
scaffolds. Obviously, there is still a certain distance from
the fabrication of industrial‐scale PSMs. The good thing is
that more and more researchers are focusing on large‐scale
fabrication and many companies have invested in building
>100 MW mass production line for PSCs.
Although the industrialization of PSCs has a promising
future, more work should be done to reduce performance
degradation, improve the stability and reduce the cost of
PSMs. Significantly, for solution‐processed technologies,
after depositing the wet films, the drying or annealing
process play an essential role in controlling the morphology
and obtaining high‐quality dry films. Besides the drying
temperature, atmosphere, vapor pressure et al., this
process is also influenced by the compositions of the
precursor, such as the solvents, and the crystal growth
kinetics. Compared with obtaining uniform wet films, it is
more complicated and challenging to obtain homogeneous
and compact dry films. Notably, this process can be hardly
tuned by adjusting the depositing parameters, which only
affect the deposition of wet films, not the dry films. Thus, in
the next step, besides developing more industrial‐scale
methods to deposit films for the fabrication of PSMs, a
deeper understanding of the crystal growth kinetics and
tuning strategies of perovskite are also required. In
addition, the characteristics of the substrates, such as F‐
doped tin oxide (FTO) or indium tin oxide (ITO), have
limited discussion, therefore, researchers commonly use
commercially supplied standard materials. However, the
morphology of substrates directs that of the deposited thin
films [78]. A too‐rough surface tends to lead to FTO spikes
or pinholes into the absorbers and lower adhesion between
functional layers, resulting in fast electron/hole
recombination and lower efficiencies [78]. The FTO



roughness also affects the wettability of the deposited
solution, thereby affecting the solid surface coverage and
crystallinity [79]. It can be inferred that the effect of
substrate roughness is greater for larger‐area devices, so
the substrate also needs to be studied.
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4.1 Introduction

Commercialization of photovoltaic module requires three
characteristics, which are “high stability,” “low cost,” and “high
efficiency.” Thin‐film‐type organo‐lead halide perovskite solar cells
(PSCs) recorded a high photoenergy conversion efficiency (Eff) of
over 25% [1, 2]. However, expensive Au back contacts have been
utilized for normal PSCs. Hence, it should be replaced with cost‐
effective materials, which would be carbon ink printed on perovskite‐
crystal layer, as a fully printed PSC (over 16% Eff) [3]. Moreover, Au
must be coated by vacuum deposition, which can also rise up the
processing cost. And Au can dissolve into perovskite, resulting in low
stability [4]. Regarding the stability, scientists have improved it to
pass the industrial standard tests (durability at 85 °C and 85%RH)
[5]. For the real commercialization and 25 years guarantee of
photovoltaic modules, industrial companies have adopted much
through durability tests on solar cells (e.g. over 100 °C test, in private
communication). For the outer‐space application on satellite and
space ship, the stability test has been performed at 120 °C (in
conference information from JAXA). Hence, more severe tests are
quite important for the commercialization of solar modules.
As such ultra‐durable PSCs, multiporous‐layered‐electrode perovskite
solar cells (MPLE‐PSCs) have been investigated by the group of
Hongwei Han (Huazhong University of Science and Technology:
HUST) [6, 7] (illustrated in Figure 4.1a,c). Afterward, NiO‐cathode
MPLE‐PSC has been introduced by the group of Mingkui Wang
(Figure 4.1b,d) [8]. The super stability of MPLE‐PSC has been
confirmed with 1100 hours at 85 °C and 85%RH [9], 4500 hours
stability at 100 °C [10], and 10 000 hours stability at 60 °C [11].
However, the highest photoenergy conversion efficiency of MPLE‐



PSC is just 16–17% [8, 12, 13]. Hence, the studies of MPLE‐PSC to
improve the Eff are quite important due to the ultrahigh stability and
the low cost for the real commercialization. Of course, the
photoenergy conversion efficiency should be improved by over 20% in
the near future. At present, without NiO HTM, the photovoltaic
characteristics of the best MPLE‐PSC are 17.01% of Eff, 23.9 mA cm−2

of Jsc, 981 mV of Voc, and 0.73 of FF [13]. With NiO HTM, the
photovoltaic characteristics were 17.02% of Eff, 23.40 mA cm−2 of Jsc,
1008 mV of Voc, and 0.72 of FF [8].

Figure 4.1 Cross‐sectional illustration of multi‐porous‐layered
electrodes perovskite solar cells (MPLE‐PSC) with (a) and without (b)
porous hole conducting layer, and the energy diagram with (c) and
without (d) porous hole conducting layer.

In this chapter, the information of anode and cathode materials in
MPLE is explained (Figure 4.1). The anode has been n‐type
semiconductor, TiO2 (in our knowledge, we couldn't find another
material in publication). The cathodes are carbon (Figure 4.1c) or p‐



type semiconductors (NiO and so on) (Figure 4.1d). At first, the
fabrication methods are illustrated, and the information of each
material is described. The detailed information of spacer layer
<mesoporous‐ZrO2 (shown in Figure 4.1 as, “mp‐ZrO2”)>, which can
be replaced with Al2O3, will be described in another chapter.

4.2 Fabrication Methods

Figure 4.2 illustrates the fabrication scheme of MPLE‐PSC. The
electrode is composed of <glass/fluorine‐doped tin oxide (written as,
“FTO”)> substrate, <compact TiO2 (written as “c‐TiO2”)> layer,
<mesoporous TiO2 (written as “mp‐TiO2)> layer, <mesoporous TiO2
(written as “mp‐TiO2)> layer, <mp‐ZrO2> layer, and <mesoporous
carbon (written as, “mp‐carbon)> layer. The <glass/FTO> can be
purchased from Glass Company (Nippon Sheet Glass Co. Ltd.
[Pilkington Group Limited], etc.). The <c‐TiO2>can be prepared by
spray‐pyrolysis deposition (SPD), basically. But, ALD, CBD, CVD, and
spin coating may work for it. The mesoporous layers have been
fabricated by screen printing and annealing. As a typical method to
fabricate mesoporous layers, the mesoporous TiO2 layer (≈800 nm)
was screen printed onto the compact TiO2 layer and sintered at 773 K
for 40 minutes (TiO2 paste (30NR‐T) was purchased from Greatcell
Solar (Australia) and dispersed in terpineol with a weight ratio of 1: 
4.5). And then, the ZrO2 layer (≈2.5 μm) and the carbon electrode
layer (≈10 μm) were subsequently screen printed on the mesoporous
TiO2 layer and sintered at 673 K for 40 minutes (ZrO2 paste and
carbon paste were purchased from WonderSolar Co. Ltd.) [13].
Perovskite crystal is inserted in the mesoporous layers by drip‐casting
of the precursor solution and annealing.



Figure 4.2 Fabrication scheme of multi‐porous‐layered electrodes
perovskite solar cells (MPLE‐PSC); (a) coating of compact n‐type
layer; (b) coating of mesoporous n‐type layer and coating of
mesoporous insulating spacer layer; (c) coating of mesoporous carbon
back‐contact layer; and (d) coating of perovskite.



Figure 4.3 Structure of laboratory cells; (a) a single MPLE; (b)
MPLEs on a substrate, which can be cut into 10 single cells. Source:
Tsuji et al. [14], MDPI, CC BY 4.0.
Figure 4.3a shows a lab‐scale MPLE, which can be cut out from a
substrate (Figure 4.3b) to be 10 single MPLE [14]. For the fabrication
of MPLE, the FTO layer has to be etched by chemical reduction or a
laser scriber. The chemical‐reductive etching can be performed by
putting zinc powder on aimed FTO area, dripping 10% HCl aqueous
solution, and scribing by a cotton bar. The aimed FTO area can be
regulated by sealing material such as adhesive tape. This small cell is
for research works in laboratory. For the outdoor application, large
photovoltaic panels are necessary. Figure 4.4 is a screen‐printing
design example of MPLE‐PSC sub‐module for University's laboratory
and/or student demonstration. Due to the cell separation by chemical
etching and screen printing, the cell gap is 3‐mm wide, which is too
large for the real application. For real applications, the cell can be
separated by laser scribing, resulting in 0.4‐mm wide separation [15].
In the next section, the fabrication schemes of each layer are
described one by one.



4.3 Comact Layer (TiO2)

In order to prevent the hole carrier flow from perovskite crystal to
FTO layer, a compact anode TiO2 layer (called as “c‐TiO2,” “blocking
TiO2 layer,” “TiO2 under layer,” etc.) should be coated on FTO
(Figure 4.1). Mostly, it has been prepared by SPD, but can be
fabricated by spin coating [16], chemical bath deposition [17], and
atomic layer deposition (ALD) [18]. Although the basic material has
been TiO2 for the MPLE‐PSC, SnO2 also can work for the compact
layer with 13.77% of photoenergy conversion efficiency [19]. In order
to improve the conductivity, Nb5+‐doped SnO2 and zinc tin oxide
(ZTO) have been utilized to be 13.5% and 15.86% of Eff, respectively
[20, 21].



Figure 4.4 Screen‐printing design example of MPLE‐PSC
submodules for university laboratory and/or student demonstration
(the number of unit is “mm.”).

Figure 4.5 shows the schematic image of SPD for the compact TiO2
layer. The FTO substrate should be set at hot temperature of 350–



550 °C. The temperature should be set higher than the pyrolysis
reaction temperature of source material (c. 300 °C) (titanium
isopropoxide acetylacetonate [TAA] for c‐TiO2) but lower than the
deterioration temperature of FTO conductivity (c. 600 °C). Basically,
it can be around 450 °C. The typical SPD source solution has been
TAA in ethanol, which can be splayed on the hot FTO substrates using
atomizer as mist (small droplet) (Figures 4.2a and 4.5a). Near the
substrate, the solvent (ethanol) in small droplets can be evaporated,
and the solution in droplet can be denser (Figure 4.5b). If the
substrate temperature is quite high, all of the solvent can be
evaporated and the droplet can't reach to the FTO surface for SPD.
When the droplet can attach to FTO surface, the solvent (ethanol) can
evaporate, explosively (Figure 4.5c). The TAA can be remained on the
hot FTO substrate and react with oxygen in the air (Figure 4.5d),
resulting in the TiO2 layer (Figure 4.5e). If the temperature is too low,
the amount of ethanol can be large and the FTO temperature can't be
high enough for the oxidative pyrolysis reaction, resulting in the not
smooth TiO2 layer.

Figure 4.5 Schematic image of spray‐pyrolysis deposition of compact
TiO2 layer: (a) splayed droplet of TAA in ethanol approaching the hot
substrates; (b) evaporation of solvent from the droplet; (c) explosive
evaporate; (d) reaction with oxygen; and (e) formation of TiO2.



Figure 4.6 Photocurrent density–voltage (J–V) curves of solid‐state
dye‐sensitized solar cells using different deposition atmosphere for c‐
TiO2. Source: Adapted from Snaith and Grätzel [22].

The carrier gas should be air or oxygen gas in order to remove the
carbon contamination and the defects in c‐TiO2 layer. If it may be
deposited using argon or nitrogen, the c‐TiO2 layer will have
significant defects in it and will deteriorate the photovoltaic
performance [22] (as Figure 4.6).



4.4 Mesoporous Anodes (n‐Type

Semiconductor: TiO2, etc.)

In order to fabricate the mesoporous anodes, we have to prepare the
aiming screen‐printing paste. We can buy the screen‐printing
anatase‐TiO2 paste from companies specialized for PSCs (Solaronix
SA (Switzerland) and Greatcell Solar (Australia)). They can provide
several types of screen‐printing anatase‐TiO2 pastes, and we have to
select the material based on the research works. In order to control
the thickness of mesoporous anode, we have to change the screen‐
printing mesh and dilute the screen‐printing anatase‐TiO2 paste by
adding solvent (α‐terpineol) to be the aiming thickness.
We have to think about the particle size to control the physical
phenomena, listed in Figure 4.7a [23]. The physical phenomena of
mesoporous TiO2 layer such as “pore size (geometry)” and “light
diffraction and penetration (photonics)” can be changed by variation
of the TiO2 particle size.



Figure 4.7 (a) Photonic–electronic‐materials effects of anode particle
size on photovoltaics of multi‐porous‐layered‐electrodes perovskite
solar cells (MPLE‐PSCs); (b) variation of porosity with different
particle‐sized TiO2 anode layer; and (c) variation of optical diffusion
with different particle‐sized TiO2 anode layer. The numbers (nm)
show the TiO2 particle sizes. Source: Adapted from Ito et al. [23].

Figure 4.7b shows the relationship between TiO2 particle size (from
14 to 54 nm) and the mesoscopic geometry (pore size and volume)
[23]. It can be noticed that the pore diameter projects the particle
size. It looks that the smaller TiO2 nanoparticle has larger pore
volume, but the volume ratio of pores can be calculated by the
integration of the multiplied value of x‐axis (pore size [Rp]/nm) and y‐
axis (dVp/dRp), resulting in the similar value. The pore volume can be
related to the amount of organic binder (ethyl cellulose), resulting in
40–80%. The pore size can also be changed with the amount of
organic binder [24].



The photonics in a nanocrystalline‐TiO2 electrode, the light diffraction
and the light transmission (penetration), are dominated by the Mie‐
scattering theory, which follows the photonics law that the effective
light diffraction can occur in particles that are half the size of the
incident wavelength [25]. Figure 4.7c shows the haze (light‐
scattering) ratios of the mesoporous‐TiO2 layers with different
particle sizes [23]. It can be noticed that the layer using larger
particles scatters visible light effectively but can pass longer
wavelength light (in the red region). Contrary, the layer using smaller
particles can pass visible light effectively, but shorter wavelength
light (in the blue region) is scattered.
For the optimization of TiO2 nanoparticles, we have to synthesize
them to change the particle size. There are two ways for the TiO2
synthesis, acidic and basic routes, shown in Figures 4.8 and 4.9,
respectively. The particle size of acidic route can be 15–20 nm with
round shape [26]. Contrary, the particle size of basic route can be ca.
30 nm with angular shape [27]. If you can get TiO2 powders in several
sizes, you can prepare the TiO2 paste using the powders using
mortar, ultrasonic horn, and evaporator (Figure 4.10) [28].
In order to improve the photoenergy conversion efficiency further,
another new material to replace mesoporous TiO2 should be
considered. In our knowledge, however, no other material has been
published for MPLE‐PSC. For the flexible thin‐film PSCs by spin‐
coating and low‐temperature processing, Zn2SnO4 anode has been
utilized with 14.85% of Eff [29]. The Zn2SnO4 nanoparticles can be
synthesized under low temperature at 90 °C. However, it needs
hydrazine, which is quite toxic material and should be very much
careful for the health of researchers and students.



Figure 4.8 Acidic‐route synthesis scheme of nano‐TiO2 colloid (d = c.
18 nm) for mesoporous TiO2 layer. Source: Adapted from Ito et al.
[26].



Figure 4.9 Basic‐route synthesis scheme of nano‐TiO2 colloid (d = c.
30 nm) for mesoporous TiO2 layer. Source: Adapted from Ito et al.
[27].

Figure 4.11 shows the picture of hand‐processed screen‐printing,
which is good system for the number of devices less than 200 pieces,
but it can be changed by the technique of printing persons (students).
Hence, for the larger number of screen printing more than 200,
and/or in order to avoid the technical variation of printing person,
semi‐automation screen‐printing system can also be used.
Figure 4.12 shows the scheme of screen printing. At first, the screen‐
printing mesh should be set above the aiming substrate (an etched‐
FTO glass with c‐TiO2 layer). For the polyester mesh, the gap
between the screen‐printing mesh and the substrate would be 2–4 nm,



and the squeegee angle would be close to normal (80°–85°). For
stainless mesh, contrary, the gap between the screen‐printing mesh
and the substrate would be 1–2 nm, and the squeegee angle would be
lower (60°–75°). Next, the substrate is removed, and the TiO2 paste is
set on the printing mesh (Figure 4.12a) and filled in the patterned
mesh using the squeegee (Figure 4.12b,c). Afterward, the aiming
substrate is set below the printing mesh (Figure 4.12d), and the TiO2
paste in the printing mesh is transferred to the substrate with
keeping the designed patterns (Figure 4.12d–f). The TiO2‐printed
substrate is removed from the screen‐printing stage (Figure 4.12f)
and transferred on a hot plate at 125 °C to evaporate the solvent (α‐
terpineol) to fix the structure [26]. Again, TiO2 paste should be set in
the printing mesh for the next printing.



Figure 4.10 Powder‐based preparation of TiO2 screen‐print paste for
mesoporous TiO2 layer. Source: Ito et al. [28]/with permission of John
Wiley & Sons.



Figure 4.11 A picture of screen print procedure: (a) hands with
squeegee on the printing mesh; (b) standing Figure 4 in front of the
printing stage. The arrows in the pictures show the direction of
printing movement.



Figure 4.12 Screen print procedure: (a) setting printing mesh,
squeegee, and paste; (b and c) filling in the paste in the patterned
mesh; (d) inserting the substrate for printing; (e) printing; (f)
finishing print and taking out the substrate.

4.5 Mesoporous Cathodes (NiO and Co3O4)

One of the best performing MPLE‐PSC contains mesoporous‐NiO
cathode (Figure 4.1b,d) with 17.02% of Eff. [8]. Basically, Voc with
HTM layer can be larger than that without it.



In order to improve the Eff using NiO‐HTM MPLE‐PSCs, Cu was
doped in NiO, resulting in the improvement of Eff by 2% (from
10.49% Eff (reverse scan) to 12.79% Eff (reverse scan)) (Table 4.1)
[30]. In place of NiO, Co3O4 can also be used for HTM [31]. The Eff

with Co3O4 can improve by 2% from that without it (Table 4.2).

Table 4.1 Solar cell parameters for carbon‐based cells with and
without Cu:NiOx with an aperture of 0.8 cm2 under 1 Sun (100 mW 
cm−2) light illumination.

Parameters Standard carbon With NiO With Cu:NiO

Reverse Forward Reverse Forward Reverse Forward

Voc (V)  0.89  0.89  0.95  0.94  1.00  0.98
Jsc (mA 
cm−2)

21.13 21.75 22.09 21.98 22.15 22.65

FF  0.49  0.49  0.50  0.51  0.57  0.57
PCE (%)  9.21  9.48 10.49 10.53 12.79 12.65

Source: Bashir et al. [30]/with permission of Elsevier.

Table 4.2 Solar cell parameters for standard carbon cell without and
with Co3O4 layer with an active area of 0.09 cm2 under 1 Sun (100 
mW cm−2) light illumination.

Parameters Without Co3O4 With Co3O4

Reverse Forward Reverse Forward

Voc (V)  0.86  0.85  0.88  0.85

Jsc (mA cm−2) 21.64 21.78 23.43 23.52
FF  0.60  0.57  0.64  0.65
PCE (%) 11.25 10.62 13.27 13.11

Source: Bashir et al. [31]/with permission of Royal Society of Chemistry.

4.6 Back‐Contact Porous Carbon

From the first investigation of MPLE‐PSCs [6], the back‐contact
porous carbon has been studied intensively, which is the key material
to improve the photoenergy conversion efficiency. The group of
Hongwei Han (HUST) reported 17.01% photoenergy conversion



efficiency without HTM using porous carbon layer [13]. From their
publication, the fabrication method of carbon layer is, “2 g carbon
black powders (particle size: 30 nm) was mixed with 6 g graphite
powders in a 30 ml terpineol solution, and then 1 g of 20 nm ZrO2
nanopowders and 1 g of ethyl cellulose were added into the solution,
followed by stirring vigorously using ball milling for two hours” [32].
In our group, the infiltration effects of perovskite precursor solution
between two types of graphite (amorphous and pyrolytic) were
compared for the mesoporous‐carbon electrodes [14]. It was
confirmed that the amorphous graphite can soak up the perovskite
precursor solution, which can't reaches enough to the mesoporous
TiO2/ZrO2 layers (Figure 4.13a, left), resulting in the lower incident
photon‐to‐current efficiency (IPCE) value in the blue light region
(Figure 4.13b). This low IPCE in the blue light region is due to the
blue light scattering and the red light penetration by the mesoporous
TiO2/ZrO2 layers without perovskite crystal (as Figure 4.7c).
Contrary, the pyrolytic graphite can pass the perovskite precursor
solution, effectively (Figure 4.13a, right), and showed a higher IPCE
value (Figure 4.13b). Hence, the transportation effect of perovskite
solution through the mesoporous‐carbon layer is quite important.
By the collaborations between ISE (Germany) and our group,
different types of graphite particles were compared for mesoporous‐
carbon electrodes in MPLE‐PSCs [33]. Figure 4.14 shows that the
pyrolytic graphite performed the best FF value (74%) due to the high
conductivity (4 Ω sq.−1) and low charge transfer resistance. However,
scaly graphite performed the best Eff of 14.63%, which may be due to
the transportation properties of perovskite precursor solution through
the mesoporous‐carbon electrodes (see Figure 4.13).



Figure 4.13 Schematic soaking image of perovskite precursor
solution (a) and variation of IPCE (b) with different carbon
(amorphous or pyrolytic). Source: Tsuji et al. [14]/MDPI/CC BY‐4.0.



Figure 4.14 Photovoltaic characteristics of reverse (red) and forward
(blue) voltage sweeps of MPLE‐PSCs with mesoporous‐carbon
electrodes made of different graphite types. Source: Bogachuk et al.
[33]/Elsevier/CC BY 4.0.

4.7 Photovoltaic Measurements

For the accurate photovoltaic analysis of MPLE‐PSCs, we show two
important points in this section [34]. The first point is about J–V
measurements under 1 sun (AM 1.5) irradiation. Although the short‐
circuit photocurrent density under 1 sun (written as Jsc(1 sun) below)
is almost constant from the initial stage (0 minute), the FF and Voc
can be activated with light activation (Figure 4.15). Hence, MPLE‐
PSC requires several measurements for the Eff analysis.
The second point is about IPCE measurements. In order to perform
accurate photovoltaic measurements of solar cells, IPCE should be
measured, and simulated Jsc should be calculated by integration of
IPCE multiplied with AM 1.5 spectrum (shown as “Jsc(IPCE)” below).



However, due to the mismatching between Jsc(IPCE) and Jsc(1 sun) of
MPLE‐PSCs, several papers have been published without IPCE
results. In this section, we have introduced the accurate
measurement method and analysis of IPCE for MPLE‐PSCs [34].
Figure 4.16 shows the set‐up of weak‐light activation for IPCE
measurements (a), variation of IPCE (b), and light‐activation time
course of Jsc(1 sun) and Jsc(IPCE) (c). It can be noticed that saturation
timing for light activation is different between Jsc(1 sun) and
Jsc(IPCE).

For Figure 4.16c, we have used enough‐light‐activated devices (12 
minutes‐activated in Figure 4.16b) for IPCE measurements. But, Jsc(1
sun) and Jsc(IPCE) shows still a big difference without weak‐light
activation (Figure 4.16a) at 0 minute. Hence, 1‐sun activation for J–V

measurements and weak‐light irradiation for IPCE activation are
different. Please be careful about the IPCE measurements.



Figure 4.15 Repeated J–V measurements of MPLE‐PSC with time
interval. Source: Tsuji et al. [34]/ECSJ/CC BY‐4.0.



Figure 4.16 IPCE activation effects: (a) activation setup; (b) IPCE
spectra with different activation times; and (c) time course of Jsc(1
sun) and Jsc(IPCE). Source: Tsuji et al. [34]/ECSJ/CC BY‐4.0.

4.8 Conclusion

This chapter is about electrode materials in MPLE‐PSCs for students
and researchers who are starting their research works. The basis of
knowledge has been progressed in the field of dye‐sensitized solar
cells with 30 years of history. Although we may have missed some
information due to the rapid progress of this field, we have tried to
show the details of important information that can't be written in a
normal scientific paper. The progress of PSC is still rapidly ongoing. I



hope that students and researchers can obtain the progress of PSCs
based on the knowledge in this book.
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5.1 Introduction

Insulating layers, also known as “spacer layers,” refer to
the material that separates the anode and cathode in
mesoscopic perovskite solar cells (MPSCs). The insulating
layer is an important component of printable MPSCs, which
plays a crucial role in obtaining high‐performance devices.
The insulating layer mainly performs three important
functions in efficient printable MPSCs. First, the core
mission of the insulating layer is to prevent the direct
transport of electrons from the electron transport layer
(ETL) to the hole transport layer (HTL). This requires the
insulating layer to have a wide bandgap without cracking.
Second, the perovskite confined in the mesopores of the
insulating layer can absorb photons transmitted through
the perovskite/TiO2 composite layer and contribute to the



photocurrent. Furthermore, holes generated in the
perovskite/TiO2 layer should go through the
perovskite/insulating layer to reach the carbon electrode,
while the electrons generated in the perovskite/insulating
layer need to go through the perovskite/insulating layer to
reach the TiO2 ETL. The results demonstrate that
compared with printable MPSCs without the insulating
layer, printable MPSCs with the insulating layer have
significantly improved photovoltaic performance.
The most widely used materials for insulating layers
include ZrO2 [1–3], Al2O3 [4–6], SiO2 [7–9], and their
composites [10]. Figure 5.1 presents the crystal models of
monoclinic ZrO2, α‐Al2O3 and cristobalite SiO2, which are
all indirect bandgap semiconductors with high lowest
unoccupied molecular orbitals (LUMO). Among them, ZrO2
and Al2O3 possess wide bandgaps of 4.14 and 5.57 eV,
respectively, and SiO2 is also a wide bandgap insulator with
an Eg range of 9–11 eV. Based on these, electrons are
difficult to inject and can only be transported within the
perovskite active layer, thereby reducing charge
recombination and providing printable MPSCs with
enhanced photovoltaic performance, especially in terms of
open‐circuit voltage (Voc) and fill factor (FF).



Figure 5.1 The crystal model of (a) monoclinic ZrO2, (b) α‐
Al2O3, and (c) cristobalite SiO2.

5.2 ZrO2‐Insulating Mesoscopic

Layers

Zirconium dioxide, chemical formula ZrO2, is the main
oxide of zirconium. As shown in Figure 5.2, ZrO2 is usually
a white, odorless, and tasteless crystal, which is difficult to
dissolve in water, hydrochloric acid, and dilute sulfuric
acid. Due to its stable chemical properties, high melting
point, high resistivity, high refractive index, and low
thermal expansion coefficient, ZrO2 has been widely
applied in the fields of optics, electronics and
optoelectronics, ceramic insulating material, and high‐
temperature resistant material.
Dash et al. [11] calculated the energy bands and density of
states (DOS) of ZrO2 in cubic, tetragonal, monoclinic, and
rutile crystal systems using the first‐principle calculation
method. According to the calculation results, all structures
of ZrO2 have a wide bandgap near the Fermi level, and the
bandgap is larger than 4 eV, so ZrO2 belongs to the



category of insulators. In addition, both high‐purity ZrO2
and doped ZrO2 exhibit high insulating properties at room
temperature, and their resistivity is greater than 1010 Ω 
cm. In conclusion, ZrO2 is an excellent insulating material
because of its large bandgap and high conduction band
(CB) energy level, which can effectively prevent the
recombination of electrons and holes. Therefore, ZrO2 has
been widely used as the insulating layer in the field of next‐
generation solar cells, such as dye‐sensitized solar cells
(DSSCs) and emerging perovskite solar cells (PSCs).

Figure 5.2 (a) High‐purity ZrO2 powders, (b) High‐purity
ZrO2 beads.

In monolithic DSSCs, to improve the absorption capacity of
sunlight, Kay et al. [12] used a mixture of rutile TiO2 and
ZrO2 to prepare an astigmatic spacer layer, which achieved
a PCE of 6.67%. Thompson et al. [13] studied the role of
spacer layer in monolithic DSSCs, and they used ZrO2 and
TiO2 as spacer materials, respectively. Experiments proved
that a higher Voc had been obtained when ZrO2 was used as
the spacer material, mainly derived from the fact that ZrO2
effectively inhibits the recombination pathway of electrons



from TiO2 to carbon electrode. Hinsch et al. [14] studied
the influence of the thickness of spacer layer on the
limiting current of DSSCs and found that the limiting
current value increased with the decrease in the thickness
of spacer layer.
In 2013, Ku et al. [15] developed a carbon‐based, hole‐
conductor‐free, fully printable mesoscopic perovskite solar
cells (FP‐MPSCs), which is a new type of PSCs based on the
triple‐mesoscopic scaffold of mp‐TiO2/mp‐ZrO2/mp‐Carbon
(mp: mesoscopic), as illustrated in Figure 5.3. Soon after,
in 2014, Mei et al. [16] innovatively introduced 5‐
aminovaleric acid (5‐AVA) iodide as an effective
bifunctional additive into the MAPbI3‐based perovskite to
form the new mixed‐cation perovskite (5‐AVA)xMA1−xPbI3
with better pore filling and lower defect concentration as
well as more compact contact with the triple‐mesoscopic
scaffold. Most notably, a certified PCE of 12.84% was
obtained with excellent light and thermal stability, and the
initial PCE remained undecayed after >1000 hours under
full illumination in the atmospheric environment. Inspired
by the study of ZrO2 in DSSCs, the authors employed ZrO2
as the spacer layer to prevent short circuits in FP‐MPSCs
(see Figures 5.3 and 5.4). The invention of FP‐MPSCs
marks the milestone progress of PSCs toward industrial
application [17].



Figure 5.3 Schematic structure of carbon‐based, hole‐
conductor‐free FP‐MPSCs (utilizing ZrO2 as spacer layer).
Source: Reproduced with permission from Ku et al. [15].
Copyright 2013, Springer Nature.

Figure 5.4 (a) Cross section of the triple‐mesoscopic FP‐
MPSCs. (b) Energy level diagram of the triple‐mesoporous
FP‐MPSCs. Source: Reproduced with permission from Mei
et al. [16]. Copyright 2014, American Association for the
Advancement of Science.

ZrO2 slurry is generally prepared by mixing commercial
ZrO2 nanopowders or nanoparticles with ethyl cellulose
and α‐terpineol, followed by vigorous stirring by ball
milling for several hours. Then, the mixture was evaporated
at 50 °C using a rotary evaporator to obtain ZrO2 slurry.
Subsequently, ZrO2 slurry is first printed on top of the
mesoscopic TiO2 layer by screen printing technique, and



then the ZrO2 wet film is sintered in air at 450 °C for 30 
minutes to burn the organics. Finally, a mesoscopic ZrO2
layer is fabricated on top of the mesoscopic TiO2 layer as
an insulating layer to prevent electrons in the TiO2 ETL
from reaching the carbon electrode.
On the basis of the above research, a series of studies have
been carried out on the effects of the thickness [18, 19] and
morphology of the spacer layer [2, 20], nanoparticle size
[19], spacer material type [1], and the ratio of ZrO2
nanoparticles to ethyl cellulose [2] on the photovoltaic
performance of FP‐MPSCs. For instance, in view of the
problem of uneven ZrO2 spacer layer caused by the
agglomeration of ZrO2 nanoparticles, highly dispersed
TiO2@ZrO2 nanoparticles were designed as building blocks
for ultra‐flat and crack‐free ZrO2 spacer layer in FP‐MPSCs
[20]. A flat and crack‐free spacer layer is preferred to
achieve better insulating properties and to form defect‐free
and intimate interfacial contact between perovskite film
and carbon electrode for efficient hole extraction and
avoiding the short‐circuit.
Meng et al. [1] conducted systematic research on spacer
layer to compare the effects of ZrO2 and Al2O3 on printable
MPSCs. As shown in Figure 5.5a,b, the authors used the
field emission scanning electron microscopy (SEM) to
observe the effect of the morphology of different insulating
layers on the infiltration and crystallization process of
perovskite. Comparing with Al2O3 spacer layer, ZrO2
spacer layer shows a relatively large particle size and
pores, which is favorable for the permeation of perovskite
precursor solution in the interstitial space and the
crystallization and growth of (5‐AVA)xMA1−xPbI3 perovskite
in the pores, facilitating the transport of photogenerated
charge. In addition, as can be seen from the cross‐sectional



SEM images of the printable MPSCs based on Al2O3
(Figure 5.5c) and ZrO2 (Figure 5.5d) insulating layers, TiO2
layer, and carbon electrode are completely separated by
Al2O3 or ZrO2 insulating layers. Especially, compared with
small pores in the Al2O3 insulating layer, larger pores can
be formed by the ZrO2 insulating layer, which is beneficial
to the infiltration of perovskite precursor solution into the
triple‐mesoscopic architecture.



Figure 5.5 SEM images of (a) Al2O3 and (b) ZrO2
mesoscopic layers; cross‐sectional SEM images of FP‐
MPSCs based on (c) Al2O3 and (d) ZrO2 insulating layers,
respectively. Source: Meng et al. [1]/Reproduced with
permission from Elsevier.



They also measured the nitrogen adsorption–desorption
isotherms to analyze the Brunauer–Emmett–Teller (BET)
surface area and pore size distribution of ZrO2 and Al2O3,
respectively (Figure 5.6). Both isotherms show relatively
high adsorption at the high relative pressure, indicating the
existence of large mesopores. The pore size distributions
(inset of Figure 5.6) of ZrO2 and Al2O3 samples have a wide
distribution range of 2–100 nm with a peak pore diameter
of 53 nm for ZrO2 and 18 nm for Al2O3. Obviously, the
larger pores of ZrO2 insulating layer could provide
sufficient space for the permeation of (5‐AVA)xMA1−xPbI3
perovskite. Moreover, BET surface areas were obtained to
be 21 m2g−1 for ZrO2 and 152 m2 g−1 for Al2O3,
respectively. Although Al2O3 insulating layer possesses
larger specific surface areas, however, its small pores
hinder the filling of perovskite into the mesoporous
architecture. Therefore, the larger pores of ZrO2 insulating
layer are favorable for the infiltration and crystallization of
(5‐AVA)xMA1−xPbI3 perovskite, generating large grains to
reduce the crystal boundaries. Hence, ZrO2 owns superior
insulating ability than Al2O3 as insulating layer for FP‐
MPSCs.



Figure 5.6 Nitrogen adsorption–desorption isotherms and
pore‐size distribution curves (inset) of Al2O3 (a) and ZrO2
(b) insulating layers. Source: Reproduced with permission
from Meng et al. [1]. Copyright 2018, Elsevier Ltd.
For the effect of the thickness of ZrO2 on the device
performance of FP‐MPSCs, Liu et al. [2] optimized the
thickness of ZrO2 to enhance the light‐harvesting ability
and reduce the hole transporting resistance. Figure 5.7a
presents characteristic parameters from the typical
photocurrent density–voltage (J–V) curve of FP‐MPSCs with
different ZrO2 thicknesses and device parameters are listed
in Table 5.1. The device without ZrO2 presents rather poor
photovoltaic performance, delivering a PCE of only 1.56%.
Here, electrons in the CB of TiO2 may directly leak to the



carbon electrode, leading to large undesirable energy
losses. In contrast, even with a thin 0.3 μm thick ZrO2,
device performance is improved markedly to 5.92%. When
the thickness of ZrO2 increases to 1 μm, the short‐circuit
photocurrent density (Jsc) of the device is significantly
enhanced, resulting in a higher PCE of 10.30%. However,
when the thickness of ZrO2 is much larger than 1 μm, Voc
and FF of the device decreased, which could be attributed
to the limit of the carrier diffusion length. Moreover,
conventional MPSCs (e.g. the structure of TiO2/MAPbI3/Au
or TiO2/MAPbI3/Carbon) show a depletion layer due to the
charge transfer between MAPbI3 and TiO2. Mott–Schottky
analysis was conducted in FP‐MPSCs (Figure 5.7b). The
junction capacitance indicates the existence of a built‐in
electric potential that is conducive to the separation of
carrier. The authors concluded that there is an optimal
thickness of ZrO2 because of balancing factors, such as
needs of light harvesting by MAPbI3 confined in spacer
layer, width of built‐in electric field, and quality of spacer
layer.



Figure 5.7 (a) Typical J–V curves for FP‐MPSCs with
different thickness of ZrO2 insulating layers measured at a
simulated AM1.5G solar irradiation. (b) Mott–Schottky
analysis of device A (high pore filling and uniform
morphology prepared by two‐step method) and device B
(low pore filling and uncontinuous morphology prepared by
one‐step method) measured at 1 kHz. The built‐in potentials
of device A and device B are calculated to be 0.77 and 0.67 
V, respectively.

Table 5.1 Photovoltaic parameters of FP‐MPSCs based on
ZrO2 with different thickness.

Thickness

(μm)

Jsc (mA 

cm−2)

Voc

(mV)

FF

(%)

PCE

(%)

0 7.03 594 37  1.56
0.3 11.52 799 64  5.92
0.5 15.74 852 67  9.02
1.0 17.42 901 66 10.30
1.4 19.60 856 55  9.29

Liu et al. [19] conducted a systematic study on the effects
of nanoparticle size and layer thickness on insulating
properties of ZrO2 spacer layer and device performance of



FP‐MPSCs. They adopted five sizes of ZrO2 particles with 5,
10, 20, 60, and 100 nm, respectively (referred to S5, S10,
S20, S60, and S100 spacer, respectively), as spacer
building blocks to construct ZrO2 spacer layer. Figure 5.8a–
e present that there is a large difference in surface
morphology with different nanoparticle sizes. As can be
seen from Figure 5.8a–e, there are many cracks in S5 and
S10 spacers and micrometer scale pore in S100 spacer,
while the surface of S20 and S60 is uniform, no obvious
defects are observed. Figure 5.8f shows XRD patterns of
ZrO2 insulating layer with different particle sizes,
indicating that the majority phase of five insulating layers
is tetragonal crystal phase.
As observed by the high‐resolution transmission electron
microscope (TEM) image (Figure 5.9a), the mesopores of
ZrO2 spacer layer are fully filled with perovskite crystals,
providing continuous channels for charge carriers. The
crystal size of perovskite in insulating layers is strongly
influenced by the mesopore size of ZrO2. As seen in XRD
patterns (Figure 5.9b), there is a clear trend that the peak
intensity of (110) crystal plane increased with the increase
in particle size of ZrO2. The infiltrated perovskite precursor
started to nucleate onto the heterogeneous surface of ZrO2
nanoparticles with high surface area, resulting in multiple
nucleation centers and small crystal size. The calculated
sizes of perovskite from XRD spectra are 4.3, 3.9, 6.2, 11.5,
and 12.6 nm, for the S5, S10, S20, S60, and S100 insulating
layers, respectively. The band‐edge emission spectra of
perovskite film deposited on ZrO2 spacer layer were
exhibited in Figure 5.9c to evaluate the effect of ZrO2
nanoparticle size on physicochemical properties of
perovskite films. Apparently, as the particle size of ZrO2
decreased, a blue shift of the band‐edge photoluminescence



(PL) occurred, and line width is broadened. The peak
position of perovskite emission spectra can be tuned in the
range of 33 nm through varying the pore size of ZrO2. The
increase in emission line width at grain boundaries can be
attributed to the disorder and defects in perovskite films,
which also decreased lifetime in time‐resolved PL
(Figure 5.9d). Perovskite films grown on bare glass show a
lifetime of 141.9 ns. However, perovskite films grown in
different ZrO2 decreased to 0.5, 8.4, 24.1, 37.2, and 53.7 
ns, for S5, S10, S20, S60, and S100, respectively.

Figure 5.8 SEM images of ZrO2 insulating layers with
particle size of (a) 5 nm, (b) 10 nm, (c) 20 nm, (d) 60 nm,
and (e) 100 nm, respectively. (f) XRD patterns of insulating
layers with different ZrO2 building block sizes. Source: Liu
et al. [19]/Reproduced with permission from Royal Society
of Chemistry/CC BY‐NC 3.0.



Figure 5.9 (a) High‐resolution TEM image of
perovskite/S20 spacer film composite. (b) XRD patterns of
perovskite/spacer film composite. (c) Steady PL spectra
and (d) Time‐resolved PL of perovskite/spacer film
composite. Source: Liu et al. [19]/Reproduced with
permission from Royal Society of Chemistry/CC BY‐NC 3.0.

The size of ZrO2 nanoparticles also has a remarkable effect
on insulating ability of ZrO2 spacer layer. The authors
designed FTO/ZrO2 spacer/carbon configuration to
measure the insulating ability of ZrO2 insulating layers with
the same thickness. Under ideal conditions, the resistance
between carbon and FTO, defined as insulating resistance
(RI), should be infinite, indicating that there is not any
leakage current from ideal‐insulating spacer. However, all
the RI has finite values from 300 Ω to 1.5 KΩ for ZrO2 space



layers with the same thickness but different nanoparticle
size that is summarized in Table 5.2. Obvious trends of RI
changing with different ZrO2 nanoparticle sizes are
observed. It was found that the S100 spacer layer has the
lowest RI, indicating the poorest insulating ability. In
addition, the S100 spacer layer was very loosely packed
even after sintering at 500 °C for one hour. The authors
speculated that the difference of RI in ZrO2 insulating
layers originated from the quantum size effect dominated
by surface to bulk atom ratio of ZrO2 nanoparticles.

Figure 5.10a shows the cross‐sectional SEM image of
carbon‐based, hole‐conductor‐free FP‐MPSCs with ZrO2 as
spacer layer. The influence of ZrO2 nanoparticle sizes on J–
V curves of FP‐MPSCs based on (5‐AVA)xMA1−xPbI3
perovskite with and without ZrO2 spacer layer is illustrated
in Figure 5.10b and photovoltaic parameters are
summarized in Table 5.2. The device without ZrO2 spacer
layer has a low PCE of 6.52%, featuring a low Voc of 605 
mV. The Voc increased significantly to above 808 mV when
ZrO2 spacer layers were introduced into the devices. The
perovskite films in devices with S100 ZrO2 spacer layers
have the best crystallinity and longest time‐resolved PL
lifetime, are expected to have excellent performance.
However, S100 device has a particularly low Voc of 808 mV
and low PCE of 10.10%. This resulted from the poorest
insulating ability of S100 ZrO2 spacer layers. Due to the
balance between perovskite films confined in ZrO2 spacer
layers and insulating properties of ZrO2 spacer layers, FP‐
MPSCs with S20 ZrO2 spacer layers had the best
photovoltaic performance with PCE of 11.86%. It is
common sense that FP‐MPSCs with large perovskite



crystals with low trap density may achieve a Voc
approaches to the limit of theoretical value [21, 22]. The
blueshift of the band‐edge PL and decreased lifetime of
perovskite in ZrO2 spacer layers may explain the relatively
low Voc in FP‐MPSCs (less than 1.0 V) relative to the Voc of
conventional planar PSCs (more than 1.1 V), because the
size of perovskite crystals was larger than 500 nm in
conventional planar PSCs. Therefore, ZrO2 spacer layers
with large pore sizes and excellent insulating properties
are expected to further improve Voc of FP‐MPSCs.

Table 5.2 Photovoltaic parameters of FP‐MPSCs based on
ZrO2 with different building block sizes.

Spacer

layer

Time‐resolved PL

lifetime (ns)

RI

(Ω)

Jsc

(mA 

cm−2)

Voc

(mV)

FF

(%)

PCE

(%)

No
spacer

— 30 16.21 605 66  6.52

S5  0.5 1500 16.06 871 67  9.42
S10  8.4 970 18.26 908 71 11.77
S20 24.1 960 19.10 871 71 11.86
S60 37.2 800 18.19 865 70 11.08
S100 53.7 300 18.62 808 67 10.10



Figure 5.10 (a) Cross‐sectional SEM image of FP‐MPSCs
with ZrO2 as spacer layer. Source: Liu et al.
[2]/Reproduced with permission from Elsevier. (b) J–V

curves of FP‐MPSCs based on ZrO2 spacer layer with
different building block sizes. Source: Reproduced with
permission from Liu et al. [19]. Copyright 2019, Royal
Society of Chemistry.

Hereafter, a detailed study from the points of insulating
ability and impedance was conducted to clarify the
mechanism on how thickness of ZrO2 spacer layers affects
the photovoltaic performance of FP‐MPSCs. In monolithic
DSSCs, the thickness of ZrO2 spacer layers usually exceeds
4 μm, while in FP‐MPSCs, due to the high absorption
coefficient of perovskite, 1 μm‐thick perovskite can
completely absorb all visible light, and a thicker spacer
layer will only increase the probability of carrier
recombination. Figure 5.11a exhibits photovoltaic
parameters depending on the thickness of ZrO2 spacer
layer in FP‐MPSCs. Dark current (Figure 5.11b) is
suppressed by increasing the thickness of ZrO2 spacer
layers, which agrees well with that Voc reached a maximum
value and remained stable when the thickness is above
2.64 μm. The Voc has coincident trends with RI. Therefore,



Voc has a strong relationship with insulating properties of
ZrO2 spacer layers when other conditions are the same. Jsc
reached a maximum value and remained stable when the
thickness is above 3.31 μm. Jsc decreased with more than 5 
μm‐thick ZrO2 spacer layer resulting from recombination,
and PCE reached a maximum value when the thickness is
about 4.84 μm. There is no doubt that the device without
ZrO2 spacer layers has the poorest Voc due to the severe
recombination of electrons and holes. The dependence of
Jsc on thickness of ZrO2 spacer layers and different trends
between Jsc and Voc indicates that perovskite confined in
ZrO2 spacer layers can generate charge carriers, playing a
similar role in perovskite‐capping layers in conventional
mesoporous/planar bilayer PSCs. The FF was not linearly
decreased with the increase of the thickness of ZrO2 spacer
layers, although the transport distance of charge carriers
was increased. This result was different from DSSCs, where
FF decreased linearly when the thickness of the spacer
layer was increased.





Figure 5.11 (a) Photovoltaic parameters and (b) dark
current of FP‐MPSCs based on different thickness of ZrO2.
(c) Insulating resistance (RI) of ZrO2 spacer layer with
different thicknesses. Source: Reproduced with permission
from Liu et al. [19]. Copyright 2019, Royal Society of
Chemistry.

Impedance spectra (IS) were used to elucidate the
relationship between the thickness of ZrO2 spacer layer
and the photovoltaic performance of FP‐MPSCs, as well as
the charge transport in ZrO2 spacer layer. To assure
reliability, IS were characterized by varying the thickness
of ZrO2 spacer layer, with or without mp‐TiO2 layers. The
typical Nyquist plot and Bode plot of FP‐MPSCs with
different thicknesses of ZrO2 spacer layer measured at 0.3 
V, under weak illumination is plotted in Figure 5.12.
Figure 5.13a–d presents the fitting resistance and
capacitance, which was normalized with active area. Under
the condition of weak light (0.1 sun), series resistances (Rs)
are between 10 and 15 Ω cm2, remaining constant in the
whole bias voltage range while high‐frequency resistances
(RPerovskite) increased with increasing the thickness of ZrO2
spacer layer and associating capacitance decreased with
increasing the thickness of ZrO2 spacer layer. Integrating
IS features, the authors concluded that the high‐frequency
semicircle is related to both perovskites confined in ZrO2
spacer layer and carbon/perovskite interface, and the
change in high‐frequency semicircle originates from the
thickness varying of ZrO2 spacer layer. It can be concluded
that the thick ZrO2 spacer layer of more than 2.5 μm with
enough insulating ability would increase the charge carrier
transport length through the spacer layer and cause severe
recombination, considering the relatively smaller
perovskite nanocrystals.



Figure 5.12 Nyquist plot (a, b) and Bode plot (c) of FP‐
MPSCs with different ZrO2 spacer layer thickness
measured at 0.3 V, under weak illumination (0.1 sun).
Source: Reproduced with permission from Liu et al. [19].
Copyright 2019, Royal Society of Chemistry.



Figure 5.13 Parameters obtained from high frequency
(∼102–106 Hz) semicircle IS analysis of FP‐MPSCs with
different ZrO2 spacer layer thickness measured at between
1.1–0 V, under weak illumination (0.1 sun). (a) Series
resistance (Rs). (b) Resistance related to perovskite
(RPerovskite). (c) Capacitance related to perovskite
(CPerovskite) and (d) associated constant phase value.
Source: Reproduced with permission from Liu et al. [19].
Copyright 2019, Royal Society of Chemistry.
Combined with the exploration and analysis of the effect of
the nanoparticle size and the layer thickness of ZrO2, it can
be concluded that the advanced insulating layer features
pore size larger than 100 nm, high porosity, and
simultaneously ideal insulating ability with layer thickness
as thin as possible. In addition, the melting point of ZrO2 is
about 2700 °C, therefore, the particle size of ZrO2 must be



small enough to be sintered at the allowable temperature,
because the FTO glass substrates will soften when T > 550 
°C.

5.3 Al2O3‐Insulating Mesoscopic

Layers

Alumina (Al2O3) is widely applied in electrolytic aluminum,
ceramics, electronics, machinery, medicine, and many
other applications. Al2O3 has many isomorphous crystals,
mainly including three crystal configurations, namely α‐
Al2O3, β‐Al2O3, γ‐Al2O3, the properties of different crystal
structures are completely different, in which α‐Al2O3 is the
most stable phase structure. In particular, α‐Al2O3 is a wide
bandgap insulator (Eg ∼ 9–11 eV) with excellent stability.
Therefore, α‐Al2O3 can be employed as an alternative
insulating layer in hole‐conductor‐free FP‐MPSCs. Similar
to ZrO2 spacer, Al2O3 spacer in FP‐MPSCs is usually
prepared from Al2O3 slurry through various deposition
methods. The Al2O3 slurry could be commercially available
or made from Al2O3 nanoparticles with ethyl cellulose as
the binder and alpha‐terpineol/ethanol as the solvent [23–
26]. For example, Li et al. [27] applied Al2O3 as the spacer
layer in FP‐MPSCs by screen printing with the device
structure of c‐TiO2/mp‐TiO2/mp‐Al2O3/Carbon/single‐
walled carbon nanotubes (SWCNTs) (as shown in
Figure 5.14), which is similar to the device structure used
by Han's group. By doping the graphite/carbon counter
electrode with a certain amount of SWCNTs, CH3NH3PbI3‐
based FP‐MPSCs achieved an improved PCE of 14.7% with
a Voc up to 1 V.



Figure 5.14 (a) Schematic architecture of FP‐MPSCs
based on Al2O3 as spacer layer and SWCNT‐added
graphite/Carbon as counter electrode. (b) Typical cross‐
sectional SEM image of Al2O3‐based FP‐MPSCs. Source: Li
et al. [27]/Reproduced with permission from Royal Society
of Chemistry.

In 2016, Chan et al. [28] adopted a mesoporous device
configuration based on FTO/c‐TiO2/TiO2/Al2O3/Carbon, in
which Al2O3 was also used as spacer layer (see
Figure 5.15). Notably, they developed a simple drop‐
casting method to grow dense and uniform perovskite
nanocrystals via solvent extraction at room temperature
without annealing. Then in 2017, Tsai et al. [24] fabricated
FP‐MPSCs with different precursor solvents, in which the
device with N‐methyl‐2‐pyrrolidone solvent achieved the
best PCE of 15.0% with slow crystallization.
Commercial Al2O3 slurry was used by Huang et al. [26],
and the Al2O3 layer was deposited by spin‐coating a
commercial Al2O3 slurry (Figure 5.16a). They investigated
FP‐MPSCs with different mesoporous spacer layers to
understand the role of mesoporous materials in the
performance of different devices, including mesoporous
TiO2 (mp‐TiO2), mesoporous Al2O3 (mp‐Al2O3), mp‐TiO2 and
mp‐Al2O3 (mp‐TiO2 + Al2O3), mp‐TiO2, and mp‐ZrO2(mp‐



TiO2 + ZrO2). As shown in Figure 5.16b, the characteristic
diffraction peaks of FA0.4MA0.6PbI3 perovskite do not
change, indicating that different insulating mesoporous
materials do not affect the crystal structure of mixed‐cation
perovskite. Also note that perovskite films deposited on the
mp‐TiO2 + Al2O3 insulating mesoporous layer have better
crystallinity than that of the other structures, which is more
favorable for solar energy absorption and conversion.

Figure 5.15 Schematic illustration to fabricate a carbon‐
based, hole‐conductor‐free FP‐MPSCs using solvent‐
extraction crystal growth: the corresponding device
configuration with Al2O3 as spacer layer and the energy
level diagram of each functional layer. Source: Reproduced
with permission from Chan et al. [28]. Copyright 2016,
Royal Society of Chemistry.
Time‐resolved PL was measured for FP‐MPSCs with
different mesoporous spacer layers (Figure 5.16c). The
device (bl‐TiO2) shows the longest electron lifetime of



97.24 ns, indicating the charge carriers cannot be
effectively transferred, resulting in inferior photovoltaic
performance. The electron lifetime for devices with a
spacer layer is shorter than those with a single‐layer
structure. The device with mp‐TiO2 + Al2O3 is 77.98 ns,
which is shorter than that with mp‐TiO2 + ZrO2 (87.11 ns),
suggesting the employment of Al2O3 as the mesoporous
spacer layer is more favorable for extracting electrons from
perovskite. These are correspond with the device
performance. Compared with the device (bl‐TiO2), the
performances of devices with mesoporous scaffolds were
significantly improved and the device performance with
insulating layers (mp‐TiO2 + Al2O3 and mp‐TiO2 + ZrO2) are
better than that with single‐layer mesoporous structures
(mp‐Al2O3 and mp‐TiO2), as shown in Figure 5.16d. This is
because the mesoporous layers improve electron exaction
and hinder the photogenerated electrons from recombining
with holes, while the ZrO2 or Al2O3 are insulating layers
that separate the carbon cathode from the ETL. The
performances of devices with mp‐TiO2 + Al2O3 and mp‐TiO2 
+ ZrO2 are similar, although the device with the mp‐TiO2 + 
Al2O3 frame structure has the highest PCE of 11.3%, with
Voc of 0.97 V, and a Jsc of 23.77 mA cm−2.

The mp‐Al2O3 layer could be deposited by spin‐coating
diluted Al2O3 slurry. Instead of the conventional carbon
electrode, Li et al. [29] fabricated Au: NiOx electrode that
serves as HTM and conductive electrode (Figure 5.17).
With the optimization of the annealing parameter and the
modification of the mesoporous layer thickness (mp‐TiO2
and mp‐Al2O3), a PCE of 10.25% was delivered. The mp‐
Al2O3 layer with a thickness in the order of micrometers
always has an effective insulating ability, serving as the



spacer layer in FP‐MPSCs, while it is in nanometers, it
shows a blocking effect that could be served as a buffer
layer or an interface modification film between the
perovskite and electron transport material (ETM) [30–32].
This is because Al2O3 is an insulating material, which can
hinder the photogenerated electrons from recombining
with holes and reduce the electron–hole recombination
rate.



Figure 5.16 (a) Carbon‐based, hole‐conductor‐free FP‐
MPSCs based on the device structure of FTO/bl‐TiO2/mp‐
TiO2/mp‐Al2O3/Perovskite/Carbon. (b) XRD patterns and
(c) Time‐resolved PL spectra of perovskite films fabricated
on various spacer layers. (d) J–V curves of FP‐MPSCs based
on various spacer layers. Source: Reproduced with
permission from Huang et al. [26]. Copyright 2019,
Elsevier Ltd.



Figure 5.17 The schematic structure and cross‐sectional
SEM image of PSCs with Au:NiOx electrode. Source: Li et
al. [29]/Reproduced with permission from American
Chemical Society.

5.4 SiO2‐Insulating Mesoscopic Layers

SiO2 is another wide bandgap insulator (Eg ∼ 9–11 eV) and
exhibits excellent optical transmittance in the visible‐light
range (400–800 nm). Therefore, SiO2 could be employed as
an alternative insulating layer in hole‐conductor‐free FP‐
MPSCs. In addition, SiO2 is abundant on earth, where Si
element is more than 1000 times of Zr element. The cost of
FP‐MPSCs could be further reduced if ZrO2 is replaced by
SiO2.

In 2016, Cheng et al. [8] successfully introduced a
mesoporous SiO2 layer into FP‐MPSCs by spin‐coating
method. The SiO2 slurry was prepared by ball milling SiO2
nanoparticles, ethyl cellulose, terpineol, and ethanol
together for 24 hours. The as‐prepared SiO2 slurry was
further diluted using single, double, triple, and quadruple
amounts of ethanol to fabricate 1/2, 1/3, 1/4, and 1/5 SiO2
slurry, respectively. As shown in Figure 5.18, (i)
corresponds to electron transfer from CB of CH3NH3PbI3
perovskite to TiO2, (ii) corresponds to hole transfer from



valence band of CH3NH3PbI3 perovskite to carbon
electrode, (iii) charge recombination process from CB of
TiO2 to carbon electrode, when pinholes exist in the
perovskite film. When FP‐MPSCs are fabricated on double‐
layered TiO2/SiO2 layers, the insulating SiO2 layer will
separate the electron‐conducting TiO2 layer from the hole‐
conducting carbon electrode, thereby suppressing the
charge recombination.
The variation of PCE with the thickness of SiO2 layer is
studied. The thickness of the SiO2 film is about 190 nm for
the 1/5 SiO2 slurry and gradually increases with higher
concentration of SiO2 slurry. The maximum thickness of the
SiO2 film is 630 nm for the 1/2 SiO2 slurry, but the film
quality is not excellent. As the perovskite infiltrated into
the mesoporous TiO2 and SiO2 layers, the thickness of the
perovskite layer will increase with the thicker SiO2 layer,
inducing better light absorption. As shown in Figure 5.19,
the device performance of FP‐MPSCs with SiO2 spacer
layer is better than that without SiO2 spacer layer, because
the insulating SiO2 layer separates the hole‐conducting
carbon electrode from the electron‐conducting TiO2 layer
and reduces the charge recombination, leading to a larger
Voc and FF. However, the Voc and FF decreased in FP‐
MPSCs with 1/2 SiO2 slurry, probably due to the too‐thick
perovskite layer, which increases the charge recombination
rate. When 1/3 SiO2 slurry is employed, the insulating SiO2
layer with a thickness of ∼370 nm and device shows a
superior PCE of ∼12% and exhibits good long‐time stability
for 30 days.



Figure 5.18 Schematic diagram showing the transfer
process of electron and hole in hole‐conductor‐free FP‐
MPSCs fabricated on (a) TiO2, and (b) TiO2/SiO2,
respectively. Source: Reproduced with permission from
Cheng et al. [8]. Copyright 2016, Elsevier Ltd.



Figure 5.19 (a) J–V curves and (b) corresponding
photovoltaic parameters of FP‐MPSCs with pristine SiO2
and TiO2/SiO2 spacer layers with different concentrations
of SiO2 paste. Source: Reproduced with permission from
Cheng et al. [8]. Copyright 2016, Elsevier Ltd.

In 2018, Liu et al. [9] also used mesoporous SiO2 layer in
FP‐MPSCs and discussed the effects of SiO2 layer thickness
on the device performances, while they used (5‐
AVA)xMA1−xPbI3 perovskite. The schematic structure and
the cross‐sectional SEM image are described in
Figure 5.20. The SiO2 slurry was fabricated by ball‐milling
SiO2 powders in ethanol with ethylene glycol (5% in volume
ratio) as binder, which is a little different from Cheng's
work [8]. In addition, they regulated the thickness of the
SiO2 layer by adjusting the concentration of the SiO2 slurry.

From Figure 5.21a, without SiO2 spacer, the device shows
the worst performance (PCE ∼ 5%) because of the direct
contact between TiO2 ETL and carbon electrode. After the
introduction of SiO2 spacer, device performance is boosted
in all four parameters due to the retarded charge
recombination contributed by the SiO2 spacer. Besides, the
relationship between device performance and the



concentration of SiO2 slurry is displayed in Figure 5.21b.
The device performance is worse and disperses from 5% to
10% when the SiO2 concentration is relatively higher (1.26
or 1.68 M). This is because the concentration of SiO2 slurry
determines the thickness of SiO2 films. When the
concentration of SiO2 is 1.26 or 1.68 M, the SiO2 film
thickness is thicker than 2 μm and the films become uneven
and crack (see Figure 5.22). At higher concentrations, SiO2
spacer cracks and direct contact are possible between
carbon electrode and TiO2 ETL, which will cause charge
recombination and deteriorate device performance.
However, at relatively lower concentrations, uniform SiO2
layer is obtained, which leads to a narrowed distribution of
device performances. So, according to the device
performance, the concentration of 0.84 M with a thickness
of ∼1.5 μm is optimum for SiO2 spacer in this work.



Figure 5.20 (a) Cross‐sectional SEM image of FP‐MPSCs
based on SiO2 spacer layer. (b) Preparation process of
carbon‐based, hole‐conductor‐free FP‐MPSCs using SiO2 as
spacer layer. Source: Liu et al. [9]/Reproduced with
permission from Elsevier.



Figure 5.21 (a) J–V curves and (b) key photovoltaic
parameters of FP‐MPSCs with respect to different
concentrations of SiO2. Source: Reproduced with
permission from Liu et al. [9]. Copyright 2018, Elsevier Ltd.



Figure 5.22 SEM images of (a) mp‐TiO2 film, SiO2 layers
prepared from slurry with a SiO2 concentration of (b) 0.42 
M, (c) 0.84 M, (d) 1.26 M, and (e) 1.68 M. Insets in (c) and
(e) depict corresponding cross‐section images. (f)
Relationship between film thickness of SiO2 layer and
concentration of SiO2. Source: Liu et al. [9]/Reproduced
with permission from Elsevier.
Additionally, they compared the FP‐MPSCs using SiO2 or
ZrO2 as spacer layer. FP‐MPSCs using either SiO2 or ZrO2
display similar PCE but with a slight difference in Voc. SiO2‐
based devices show a relatively higher Voc than those based
on ZrO2 spacer. The stability of SiO2‐based FP‐MPSCs
(without encapsulation) had been tested. After being stored
for 104 days (relative humidity 50∼70%), 94.19% of the
initial PCE was maintained. Moreover, operational stability
was tested for 10 hours illumination, the PCE decreased to
86.93% for the first 1 hour, then remained unchanged for
the afterward 9 hours. After being stored in the dark for 2
days, the PCE is recovered. The stability results indicate
that SiO2‐based FP‐MPSCs exhibit good stability.



5.5 Multilayer Insulating Mesoscopic

Layers

5.5.1 Al2O3 + ZrO2

In 2018, Xiong et al. [10] inserted an Al2O3 interlayer
between TiO2 ETL and ZrO2 spacer layer. The Al2O3
interlayer not only serves as an insulating layer along with
ZrO2 but also modifies the interface between the ETM and
perovskite, and thus effectively retards the recombination
at ETM/perovskite and perovskite/carbon electrode
interfaces simultaneously. Figure 5.23a displays the
fabrication processes of bifunctional Al2O3 interlayer. Al
thin film was deposited on mp‐TiO2 layers by vacuum
evaporation. After the removal of organics in calcination,
the Al film became porous Al2O3 film and some of Al2O3
went into the mesopore channels of TiO2 layer to form a
modification layer of TiO2 (TiO2(Al2O3)). Figure 5.23b,c
show the schematic structure and energy level diagram of
Al2O3 interlayer‐based FP‐MPSCs, respectively. It is worth
noting that both the Al2O3 capping layer and the ZrO2 film
serve as spacer layers to separate the ETM and carbon
electrode, while the Al2O3 interlayer modified the interface
of ETM/perovskite.



Figure 5.23 (a) Formation processes of bifunctional Al2O3
interlayer; schematic structure (b) and energy band
diagram (c) of FP‐MPSCs with Al2O3 interlayer. Source:
Reproduced with permission from Xiong et al. [10].
Copyright 2018, Wiley‐VCH.

From the XPS and XRD results in Figure 5.24a–d, the
Al2O3‐modified TiO2 ETM did not affect the crystallization
of perovskite. However, the charge transport character at
ETM/perovskite was influenced, as suggested by time‐
resolved and steady‐state PL results (Figure 5.24e,f).
By varying the thickness of Al2O3 and ZrO2 films, the device
performance was discussed (Figure 5.25a). With the
introduction of an Al2O3 interlayer, the Voc increased, then
decreased a little with the increase of ZrO2 thickness. This
is because the increase of ZrO2 thickness will improve the
insulating ability to retard recombination at the
perovskite/carbon interface, however, the transport



distance of carriers will increase which adds the possibility
of recombination if the ZrO2 thickness is too large.
Alternatively, with the increase of Al2O3 thickness, the Voc
increased quickly and then decreased sharply. This is
because the insulating ability boosts with the increase of
Al2O3 thickness, but the thicker Al2O3 makes the device
difficult to be infiltrated by perovskite. The cross‐sectional
images of a typical FP‐MPSCS with Al2O3 interlayer are
displayed in Figure 5.25b. It is easily found that the Al2O3
interlayer is much more compact than the mesoporous
ZrO2 layers, which is conducive to the improvement of
device performance. J–V curves of FP‐MPSCs based on
various architectures were taken, as shown in Figure 5.25c.
Without the spacer layer, the FP‐MPSCs shows the worst
performance due to the quick recombination at
perovskite/carbon interface and device performance booted
after the introduction of the spacer layer, which reveals the
critical role of spacer in hole‐conductor‐free FP‐MPSCs.
Specifically, the device with 10 nm Al2O3 interlayer (60 nm
in real thickness) shows the same Voc as 1 μm ZrO2 spacer,
indicating the excellent insulating ability of Al2O3
interlayer. The highest Voc of 950 mV is obtained for FP‐
MPSCs with 10 nm Al2O3 interlayer and 1 μm ZrO2, as it
has the most insulated spacer layer with the modified TiO2
surface.





Figure 5.24 XPS spectra of Al 2p (a) and Ti 2p (b) and
UPS spectra (c) for TiO2, TiO2/Al2O3, and TiO2(Al2O3) films;
(d) XRD spectra of TiO2/Al2O3/ZrO2/Pero and
TiO2/ZrO2/Pero films; (e) time‐resolved PL decays and (f)
steady‐state PL spectra of TiO2/Pero and TiO2(Al2O3)/Pero
films. Source: Reproduced with permission from Xiong et
al. [10]. Copyright 2018, Wiley‐VCH.

5.5.2 Al2O3 + NiO

Nickel oxide (NiO), a p‐type semiconductor with wide
bandgap, favorable thermal, and chemical stability, is
widely employed as an electron blocking layer due to its
high CB (−1.8 eV). Wang et al. [5] prepared FP‐MPSCs with
the structure of TiO2/Al2O3/NiO/carbon (Figure 5.26). Both
NiO and Al2O3 films serve as the spacer layer to separate
the TiO2 and carbon electrode, while NiO film also plays a
role of the HTL in the system. The device based on
TiO2/Al2O3/NiO/carbon (device B) achieves a Jsc of 21.62 
mA cm−2, FF of 0.76, Voc of 915 mV, achieving a PCE of
15.03%. For comparison, the device with
TiO2/Al2O3/carbon (device A) shows a lower PCE of 11.20%
(Jsc = 17.59 mA cm−2, FF = 0.71, and Voc = 896 mV). In FP‐
MPSCs, the Voc can be ascribed to the energy level
difference between the electronic Fermi level in the TiO2
and the hole Fermi level in the excited MAPbI3 formed at
the MAPbI3/TiO2 junction. The NiO spacer layer effectively
accelerates the charge extraction to the external circuit,
which improves the cell performance. Additionally, the PCE
of unsealed device B lowered to 93.2% of the initial value
when they were stored in ambient atmosphere at room
temperature (relative humidity 40%) without light for 1000 



hours. It also exhibited good stability in an oven at 60 °C in
the dark (relative humidity 10%).

Figure 5.25 (a) Voc as a function of various Al2O3/ZrO2
thickness. (b) Cross‐sectional SEM images of FP‐MPSCs
with Al2O3 interlayer before and after perovskite
infiltration. (c) J–V curves of FP‐MPSCs with various spacer
layers. Source: Xiong et al. [10]/Reproduced with
permission from John Wiley & Sons, Inc.



Figure 5.26 (a) Schematic structure of FP‐MPSCs based
on the structure of TiO2/Al2O3/NiO/carbon (CH3NH3PbI3).
(b) Energy band diagram of the fabricated FP‐MPSCs.
Source: Reproduced with permission from Cao et al. [5].
Copyright 2015, Elsevier Ltd.

Figure 5.27 (a) RCE at the counter electrode interface, (b)
Rct, and (c) the apparent electron lifetime (τ) at the
TiO2/MAPbI3 interface obtained from impedance
measurements on TiO2/Al2O3/carbon (MAPbI3) (device A,
black) and TiO2/Al2O3/NiO/carbon (MAPbI3) (device B,
red) in the dark. Source: Reproduced with permission from
Cao et al. [5]. Copyright 2015, Elsevier Ltd.

In Figure 5.27a, device B presents a smaller charge
transfer resistance (RCE) at the counter electrode interface,
indicating a faster transport of holes from perovskite and



NiO to carbon electrode, which contributed by a better
interfacial connection between NiO/carbon than
Al2O3/carbon. In Figure 5.27b, device B presents a larger
interfacial charge recombination resistance (Rct) at the
TiO2/MAPbI3 junction. The clear electron lifetime τ shows
an exponential decrease with increasing current in
Figure 5.27c. An increased lifetime was observed when the
interlayer of NiO was adopted compared to the device
structure without the NiO layer. Therefore, it is concluded
that the performance enhancement of device B could be
mainly derived from the higher carrier lifetime in the
device.
Two years later, Liu et al. [25] applied the triple‐cation
perovskite Cs0.05(FA0.4MA0.6)0.95 PbI2.8Br0.2 instead of
CH3NH3PbI3 in FP‐MPSCs based on the
TiO2/Al2O3/NiO/carbon structure. Notably, they found that
partial substitution of FA/MA with Cs increased the
bandgap and exciton binding energy of
Csx(FA0.4MA0.6)1−xPbI2.8Br0.2 perovskite, and an optimal
PCE of 17.02% could be obtained. This work once again
demonstrates the potential of Al2O3/NiO based mesoporous
layered structures to fabricate highly efficient FP‐MPSCs.

5.5.3 ZrO2 + NiO

Wang et al. [33] investigated efficient FP‐MPSCs with a
device structure of TiO2/ZrO2/NiO/carbon and an
appreciated PCE of 14.9% (Figure 5.28). Similar to the
device structure based on mesoscopic
TiO2/Al2O3/NiO/carbon, both NiO and ZrO2 serve as
insulating layers separating the TiO2 and carbon electrode,
while the NiO layer also functions as a HTL. The PCE of the
unsealed device maintained over 93% of its initial value
when the device was stored in ambient atmosphere at room



temperature (relative humidity ∼40%) without light for
1000 hours, while lowered to 80% of its initial value after
thermal aging over 1000 hours at 60 °C in the dark.
Additionally, in this study, three devices were investigated
to obtain a systematic comparison of interfacial
recombination. Devices A, B, and C are based on
TiO2/ZrO2/carbon, TiO2/NiO/carbon, and
TiO2/ZrO2/NiO/carbon, respectively. This study indicates
that the p‐type semiconductor NiO possesses the capability
as a hole selective contact in FP‐MPSCs with perfect
photovoltaic performance.

Figure 5.28 J–V curve and schematic structure of FP‐
MPSCs based on TiO2/ZrO2/NiO/Carbon device structure.
Source: Reproduced with permission from Xu et al. [33].
Copyright 2015, American Chemical Society.
Impedance measurements are conducted, and the
parameters are shown in Figure 5.29. From Figure 5.29a,
the interfacial recombination resistance Rct1 shows little
change for all devices when the applied bias is less than
−0.75 V, while it decreases exponentially with bias after
−0.75 V, because of the elimination of the depleted region



width by increasing the bias on devices. Figure 5.29b
shows the calculated charge recombination lifetime τe1 as
a function of the applied bias and the interfacial
recombination at the MAPbI3/TiO2 interface shows a
millisecond time scale. In Figure 5.29c, the relation
between the recombination resistance Rct2 at the
MAPbI3/NiO interface and the applied potential shows
similar characteristics as that at TiO2/MAPbI3 interface,
although the value of Rct2 is about 10 times larger than
that of Rct1. Figure 5.29d presents the calculated lifetime
τe2 for the recombination process at the MAPbI3/NiO
interface. We observed that the recombination lifetime τe2
was about 2 orders of magnitude larger than the lifetime
τe1 at the MAPbI3/TiO2 interface. This result indicates that
the recombination at the MAPbI3/TiO2 interface largely
determines the interfacial recombination of devices. The
mesoporous NiO layer is believed to efficiently accelerate
charge extraction to external circuits.





Figure 5.29 Derived equivalent circuit components
obtained from impedance under light for different devices:
(a) the recombination resistance Rct1 at the MAPbI3/TiO2
interface, (b) the charge recombination lifetime τe1.
Derived equivalent circuit components obtained from
impedance under dark for different devices: (c) The
recombination resistance Rct2 at the MAPbI3/TiO2 interface
and (d) the charge recombination lifetime τe2. Source:
Reproduced with permission from Xu et al. [33]. Copyright
2015, American Chemical Society.

5.6 Conclusion and Perspective

Since the advent of carbon‐based hole‐conductor‐free FP‐
MPSCs, great progress has been made in the research and
application of insulating layers. Based on above deep
understanding of different insulating materials applied in
FP‐MPSCs, the bottlenecks of current insulating layers and
infiltrated perovskite are summarized in the left picture of
Figure 5.30. Perovskite embedded in mesoscopic insulating
layers are composed of crystals with the size of tens of
nanometers. The limited charge transport capacity in
quantum dots will damage the high performance of FP‐
MPSCs due to the serious charge recombination.
Furthermore, the thickness of the insulating layer must be
several micrometers to guarantee the insulating ability,
which further hinders the charge transport to the charge‐
selective layer. These two disruptive factors severely
restrict the potential performance of hole‐conductor‐free
FP‐MPSCs.



Figure 5.30 Illustration to show problems of current
spacer layer and perovskite (PVSK) infiltrated in spacer
layer, and proposed features of ideal spacer layer and
infiltrated PVSK. Source: Reproduced with permission from
Liu et al. [19]. Copyright 2019, Royal Society of Chemistry.
Based on above discussion, the proposed characteristics of
ideal spacer layer and infiltrated perovskite are illustrated
in the right picture of Figure 5.30. For infiltrated
perovskite, porous single‐crystal perovskite films grown in
mesoscopic spacer layers are more favorable for obtaining
high‐performance FP‐MPSCs. For example, Kollek et al.
[34] realized the preparation of porous single‐crystal
CH3NH3PbI3 perovskite by adding triethylene glycol (TEG)
additive into CH3NH3PbI3 perovskite precursors
(Figure 5.31). Therefore, exploring feasible methods to
grow porous single‐crystal perovskite films with few
defects and high mobility in mesoscopic ordered spacer
layers will help to further improve the photovoltaic
performance of FP‐MPSCs.
For ideal insulating layers of efficient FP‐MPSCs, future
research directions are summarized in the following three
aspects. First, there is unquestionable that the photovoltaic
performance of FP‐MPSCs has close connection with



insulating ability of spacer layers. The ideal insulating
property depends mainly on high porosity, appropriate pore
size, interparticle connection, uniform morphology without
cracking, and simultaneously thickness as thin as possible.
Second, although stable insulating materials such as ZrO2,
Al2O3, SiO2, and their complexes have been widely used in
FP‐MPSCs in previous studies, it is urgent to explore more
excellent insulating materials for efficient FP‐MPSCs.
Third, to further reduce the cost of FP‐MPSCs and improve
their operational stability for large‐scale applications, it is a
smart strategy to design new device configuration (e.g.
developing efficient FP‐MPSCs without the spacer layer)
and optimize fabrication procedure (e.g. introducing
multilayer structure that serves as the spacer layer and
hole conductor to improve the hole extraction, etc.)





Figure 5.31 (a) The novel (TEG)2(CH3NH3)PbI3 perovskite
precursor phase (1) Pb: black, I: red, N: blue, carbon: dark
gray, oxygen: light gray, [PbI6] octahedra: yellow faces,
unit cell: blue lines. (b) Crystal‐to‐crystal transition into the
CH3NH3PbI3 perovskite (2) accompanied by the loss of TEG
additive. (c) Formation of porous perovskite single crystals.
Source: Reproduced with permission from Kollek et al.
[34]. Copyright 2014, Wiley‐VCH.
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6.1 Perovskite Materials

6.1.1 3D Halide Perovskites

Three‐dimensional (3D) halide perovskites (HPs) crystallize
in the ABX3 perovskite structure, where A and B are
monovalent and divalent cations, respectively, and X is a
halide anion. The A+ cations, in particular, are larger than
B2+ ones and function as structural templates with their
shape, size, and charge distribution to be crucial factors for
the stabilization of the perovskite structure. More
specifically, A+ is usually an organic (CH3NH3

+,
methylammonium, MA, CH3(NH2)2

+, formamidinium, FA,
CH6N3

+, guanidinium, Gua) or inorganic (cesium, Cs+)
cation, B2+ is a large atomic number metal (such as lead,



Pb2+, tin, Sn2+, and germanium, Ge2+) and X− is a halogen
(Cl−, Br−, I−).
The simplest possible ABX3 perovskite consists of a high‐
symmetry cubic structure belonging to the space group 

. In this structure the halogen anions X− occupy the
vertices in [BX6]4

– octahedra, which share corners in all
three orthogonal directions to generate infinite 3D [BX3]−

frameworks, while the divalent metal cations B2+ are
placed at the centers of these octahedra [1]. The smallest
volume enclosed by neighboring octahedra defines a
cuboctahedral cavity and hosts the monovalent cation A+

[1]. Different possible perovskite structures can be
regarded as obtained by rotating or distorting the BX6
octahedra, displacing the B2+ metal cations off‐center and
rotating the A+ cations within the cuboctahedral cavity.
More than one structure is usually found for a perovskite
material with a given chemical composition, depending on
the temperature and preparation methods. For example,
methylammonium lead triiodide (MAPbI3), a prototypical
hybrid organic–inorganic metal HP, can undergo phase
transformations from tetragonal to cubic at the
temperature of 54 °C and from tetragonal to orthorhombic
at −111 °C during cooling (Figure 6.1a–c) [2].



(6.1)

Figure 6.1 Crystal structures of the three different MAPbI3
phases. (a) Cubic, (b) tetragonal, and (c) orthorhombic
phases. The crystal structures of the three phases differ by
rotation of the inorganic octahedral cages. The critical
temperatures of the phase transitions are marked on the
temperature axis. Source: Reproduced with permission
from Zhang et al. [2]. John Wiley & Sons.

The crystal structure stability of HPs can be predicted by
calculating the tolerance factor, t, a geometrical parameter
introduced in 1926 by V. M. Goldschmidt [3–5]. It gives an
estimate of the ionic size mismatches that a perovskite
structure can tolerate until a different structure type is
formed (Eq. (6.1)):

with ri being the radii of i = A, B, and X ions in the
perovskite ABX3.

Both the performance and stability of inorganic–organic
perovskite solar cells are limited by the size of the cations
required for forming a proper lattice. It has been found that



compounds with a tolerance factor of t = 0.9–1.0 have an
ideal cubic structure; t = 0.8–0.9 results in a distorted
perovskite structure with tilted octahedra (usually
orthorhombic), while when the tolerance factor is higher
than 1 or lower than 0.8 non‐perovskite structures are
formed (Figure 6.2a) [7]. It is common in HP literature to
denote the phase with cubic structure as α‐phase and the
phase with non‐perovskite structures as δ‐phase [1]. Based
on the above considerations, only three A+ cations known
to date have tolerance values between 0.8 and 1 and are
thus able to form a stabilized perovskite, namely Cs+,
CH3NH3

+ (MA), and HC(NH2)2
+ (FA).

However, each one of the commonly used single‐cation HPs
presents limitations that arise from their thermal or
structural instabilities. MAPbI3, for example, the
prototypical HP studied in PSCs, degrades fast upon light
and moisture (the latter is due to the hygroscopic nature of
the methylammonium cation) while also decomposed
during annealing at 85 °C even in inert atmosphere [8–10].
FAPbI3, on the other hand, despite being advantageous
concerning its bandgap (1.48 vs. 1.57 eV for MAPbI3) [11]
and thermal stability (it is relatively stable up to 150 °C in
air), suffers from severe structural instability at room
temperature as it commonly crystallizes into the
photoinactive, non‐perovskite hexagonal δ‐phase (“yellow
phase”) instead of the photoactive perovskite α‐phase
(“black phase”); in addition, it is sensitive to solvents or
humidity [12].



Figure 6.2 (a) Correlations between tolerance factor and
crystal structure of perovskite materials. (b) Calculated
energy difference between α‐phase and different δ‐phases
for FA1−xCsxPbI3 alloys with different Cs ratios. Source:
Reproduced with permission from Li et al. [6]. American
Chemical Society.

A reasonable way to overcome the limitations of single‐
cation (and anion) HPs is the compositional engineering
approach by mixing cations as well as halides to achieve



perovskite compounds with improved thermal and
structural stability [7]. Intermixing different cations can
combine the advantages of the constituents while avoiding
their drawbacks. Mixed cation 3D perovskites of the
composition (MA)x(FA)1−xPbI3 where x = 0.6 delivered
superior device performance when used as light‐harvesting
layers in mesoscopic solar cells [13]. The optimized
stoichiometry of MA0.6FA0.4PbI3 outperformed the single‐
cation compositions MAPbI3 and FAPbI3, while it also
completely avoided the undesirable formation of the δ‐
phase while maintaining the redshifted bandgap of FAPbI3.
The superior carrier‐collection efficiency was related to the
longer exciton lifetime of more than 130 ns in the
MA0.6FA0.4PbI3 material. These results showed that even a
small amount of MA is sufficient to induce a preferable
crystallization into the photoactive phase of FA perovskite
resulting in a more thermally and structurally stable
composition than the pure MA or FA compounds. This
illustrates that the MA can be thought of as a “crystallizer”
(or stabilizer) of the black phase FA perovskite. The fact
however that MA is only slightly smaller than FA still
permits a large fraction of the yellow phase to exist.
Furthermore, alloying FAPbI3 with CsPbI3, the effective
tolerance factor can be effectively tuned, and the stability
of the photoactive α‐phase of the mixed FA1−xCsxPbI3
perovskite is significantly enhanced (Figure 6.2b) [7].
These mixed cation perovskite films demonstrate much‐
improved stability in a high‐humidity environment and
better solar cell performance and device stability than the
FAPbI3 counterparts.

Moreover, the substitution of the larger I atoms with
smaller Br ones in the mixed halide structure,
MAPb(I1−xBrx)3, for x > 0.2, leads to the reduction of the
lattice constant and a transition from a distorted tetragonal



perovskite structure of pure MAPbI3 to the cubic perovskite
structure of MAPbBr3 hence inducing advanced
optoelectronic properties and superior PSC performance
[14, 15]. Further intermixing both MA/FA cations as well as
I/Br anions in an optimized (FAPbI3)0.85(MAPbBr3)0.15
perovskite structure stabilizes the perovskite phase and
increases its crystallinity [16]. As a step forward,
intermixing Cs+, which has a considerably smaller ion than
both MA+ and FA+, in a triple cation configuration
Csx(MA0.17FA0.83)(100−x)Pb(I0.83Br0.17)3 provides additional
versatility in fine‐tuning high‐quality perovskite films that
can yield stabilized PCEs [17]. Incorporation of optimum
amounts of Cs+ reduces trap density by one order of
magnitude, which was responsible for the increased VOC
and FF, eventually leading to enhancement in PCE. The
triple cation perovskite films are less affected by
temperature for a fixed halide ratio, while increased Br
content also contributes considerably to thermal stability.
Cs+ induces the black phase of FA‐based HPs at room
temperature and better morphology as more uniform grains
are formed that enable better charge transport, which in
turn endows the fabricated devices with higher FF.
Furthermore, incorporation of traces of the small radius
rubidium (Rb) (rRb+ = 152 pm vs. rCs+ = 167 pm) has been
recently found to stabilize the black phase of FA
perovskites. Whereas it is clear from the tolerance factor
discussion above that Cs+ is the only elemental cation that
is large enough to sustain the perovskite structure, Rb+ can
still be integrated into PSCs, despite not being suitable as a
pure RbPbI3 compound. PSCs based on perovskite
materials bearing the rubidium cation along with cesium
and/or organic cations have reached reasonable device
performances [17]. The outstanding maximum VOC of 1240 



mV indicates a “loss in potential” (difference between VOC
and bandgap) of only ∼0.39 V, which is one of the lowest
recorded for any perovskite material, implying very small
non‐radiation recombination losses owing to very low bulk
and surface defect density. Moreover, it was observed that
the charge transport within the RbCsMAFA perovskite
layer is substantially faster than in CsMAFA, which is
already much more defect‐free than MAFA.
HPs exhibit a direct bandgap which can be effectively
tuned through compositional adjustment to allow
absorption reaching the high‐energy frontier of the near‐
infrared spectral region. The change in bandgap observed
with compositional adjustment such as tailoring of halide
concentration can be explained as follows: The electronic
states at the top of the valence band (VB) are mainly of
halide p‐character with a small contribution from metal s‐
orbitals (i.e. Pb 5s orbitals); those at the bottom of the
conduction band (CB) are mainly derived from the metal p
states (i.e. Pb 6p) [5]. The fully occupied 5s orbital of Pb2+

has strong antibonding coupling with I 5p, making upper
valence bands (VBs) dispersive. The strong s–p antibonding
coupling results in the small hole effective mass, which is
comparable with electron effective mass, making MAPbI3‐
based perovskite an ideal candidate for thin‐film solar cells
with a p‐i‐n configuration. The replacement of I− by Cl− or
Br− leads to an increase in the bandgap, due to the lower‐
lying Br‐4p and Cl‐3p electronic states that populate the
top of the VB [18]. In addition, the smaller dielectric
constant associated with the larger bandgap in MAPbBr3
results in larger binding energy (BE), smaller Bohr radius,
larger effective g‐factor (that is a quantity that
characterizes the magnetic moment and angular
momentum of an atom or particle), and larger oscillator



strength of the lowest‐energy excitons in MAPbBr3
compared to those in MAPbI3 [19].

Due to the antibonding character and mixing of s and p
orbitals to form the bands extrema, perovskites present
only shallow defects – primarily A‐ and X‐site vacancies,
while interstitial and antisite defects, which would form
detrimental deep trap states in the electronic structure, are
almost absent [20]. However, several types of extrinsic
surface defects caused by unsaturated surface bonds
and/or the surrounding environment are a major issue in
the grainy, polycrystalline HP films. For instance, X‐
terminating surfaces form traps due to a lack of local
stoichiometric composition and improper surface bonding,
which can be mitigated by introducing an appropriate
passivation agent (PA). In an effective passivation scheme,
new chemical bonds formed at the perovskite surface, and
the derived orbitals shift the defect level either toward or
into the band edges, hence suppressing the detrimental
influence of the defect [21].
In a similar manner, substitution of Pb by Sn lowers the CB
bottom hence reducing the bandgap due to the lower‐lying
Sn‐p states (1.2–1.4 eV in Sn‐based iodide perovskites as
compared to 1.45–1.7 eV in Pb–iodide perovskites) [1]. This
arises from the greater instability of the Sn2+ lone pair of
electrons (residing in the s orbital), which in the octahedral
coordination environment is pushed up in energy creating
broader bands than the corresponding Pb lone pair. In a
first approximation, the MA cations do not contribute to the
optical absorption, and their role is to act as a structural
filler and to ensure the charge neutrality of the unit cell.
However, they can affect the bandgap energetics through
steric, hydrogen bonding, and Coulombic interactions,
which may deform the perovskite lattice in a cation‐specific
way. On the other hand, such mixed HPs were found to be



prone to photoinstability as photoexcitation during light‐
soaking was suggested to cause halide segregation into two
crystalline phases, namely iodide‐rich minority, and
bromide‐enriched majority domains, the former having a
lower bandgap and acting as a recombination trap centers,
limiting thus the photovoltage attainable with these
materials.

6.1.2 2D Halide Perovskites

Two‐dimensional (2D) HPs can be generally described by
the general formula L2An−1MnX3+1, where L is a large
aliphatic or aromatic ammonium cation of the chemical
type R–NH3, such as 2‐phenylethylammonium (PEA) and n‐
butylammonium (n‐BA) [22, 23]. They are also known as
Ruddlesden–Popper (RP) layered perovskites because they
consist of alternative organic spacer and perovskite layers.
They are hence quite similar with conventional 2D
materials having a van der Waals layered crystal structure.
The (An−1MnX3n+1)2− part of their formula denotes the
conductor layer that derives from the parent 3D (AMX3)
perovskite. As illustrated in Figure 6.3a, the MX6
octahedrons form the perovskite sub‐layers that are
sandwiched by the insulating organic spacers formed by
the long‐chain molecular cations. The number of the BX6
octahedrons and, thus, the thickness of each perovskite
layer is defined by the n value (n = 1, 2, 3, 4, … ) and can be
adjusted by careful control of the stoichiometry [24].
The incorporation of large organic spacers within their
structure endows this class of HP materials with superior
structural, thermal, and moisture stability [23]. Their
structural stability is due to the strong van der Waals
forces among the organic layers [25]. Notably, the
formation even of a small amount of a 2D perovskite



structure can successfully inhibit the low‐temperature
phase transition of FAPbI3 and CsPbI3 perovskites, hence
rendering α‐FAPbI3 and α‐CsPbI3 stable at room
temperature [26]. The moisture stability is due to the
hydrophobic nature of the organic spacers, typically
ammonium cations, that prohibit the water molecules'
penetration into the perovskite crystal lattice [27]. In
addition, ion migration, which is a severe limitation in PSCs
based on 3D HPs, is not a great issue in the 2D RP
perovskites due to the higher activation energy of ion
migration in 2D perovskites compared to 3D ones with
similar compositions [28]. Moreover, “edge states” that
existed in perovskite layers when n > 2 can provide a direct
pathway for dissociating excitons into longer‐lived free
carriers.



Figure 6.3 (a) Schematic of [100] oriented families of
layered organic–inorganic perovskites. R is an organic
group and defines the thickness of the perovskite sheets.
(b) The quantum well structure, formed by alternating
semiconductor inorganic sheets with organic layers having
a wider bandgap. Source: Reproduced with permission
from Yan et al. [23]. Copyright © 2018 The Royal Society of
Chemistry. (c) The absorption spectrum of a representative
RP perovskite. The exciton BE (Eb) is determined by the
energy difference between the excitonic absorption peak
and the onset of the absorption spectrum (Eg). Source:
Reproduced with permission from Lan et al. [24]. Copyright
© 2018 Elsevier Ltd.

However, besides their exceptional overall stability, 2D HPs
also present some not very appealing characteristics
regarding their application in PSCs. The electrically
insulating nature of the organic spacer and high
conductivity of the perovskite conductor layers give rise to
the natural multiple‐quantum‐well structure: the perovskite
layers serve as the potential “well” while the organic
spacer layers play the role of the potential “wall”
(Figure 6.3b). This results in weaker absorption of RP 2D
perovskites within the visible spectrum due to their larger



bandgap values compared to their 3D counterparts. For
example, the bandgap (Eg) values of BA2MAn−1PbnI3n+1 and
PEA2MAn−1PbnI3n+1 RP perovskites are 2.24 and 2.35 eV
(for n = 1), respectively, [29, 30] while that of MAPbI3 is
only 1.54 eV [31]. Moreover, they present higher exciton
binding energies (BEs), which make it more difficult for
exciton dissociation to photogenerated carriers to occur
[32]. The excitons in 2D are generally considered as the
Wannier type and their BEs in a single layer (n = 1) RP
perovskite is in the range of 170–480 meV (depending on
the organic spacer) [33]. This large exciton BE is much
higher than the thermal energy at room temperature (kBT 
= 25.7 meV). Therefore, the photogenerated electron and
hole pairs in RP HPs are strongly bound together by
Coulombic attraction. This is why the so‐called excitonic
absorption can be easily observed even at room
temperature in these 2D perovskites in the form of a sharp
peak below the bandgap onset. However, in most cases the
excitonic absorption is merged with the absorption onset at
room temperature, while in low temperatures this sharp
peak is quite distinct (Figure 6.3c).
In addition, the insulating organic spacer largely prohibits
carrier transport, hence inducing charge accumulation and
non‐radiative recombination at the interface
conductor/insulator. Moreover, the charge extraction can
also be hindered by the insulation of the organic spacers.
The charge mobility is much higher in the direction along
the perovskite slabs than in the direction perpendicular to
the orientation of these slabs. To this end, for efficient 2D
PSCs, it is important to have perovskite slabs with the out‐
of‐plane orientation, such that thicker films with balanced
charge transport and light absorption can be used to
achieve a high PCE.



Because of these unfavorable characteristics, RP
perovskite‐based PSCs lag behind in efficiency compared to
their 3D counterparts with the goal of current research
efforts to maximize the efficiency without compromising
the stability. For example, huge research efforts have been
devoted to alter the composition of 2D perovskites aiming
to improve their optoelectronic properties. These also
include molecular design of the spacer cations, such as
altering alkyl chain length [34], revealing ammonium
dications [35], and inserting p‐conjugated segments [36].
Thus, a much wider range of optoelectronic properties can
be tuned for 2D perovskites than for 3D analogs.
An attractive approach to tackle the limitations of lower
absorption and limited charge transport of 2D HPs is their
combination with the parent 3D structure. In fact, as the
value of n in the perovskite formula increases above 10,
HPs with properties resampling those of their
corresponding 3D counterparts are obtained; yet these
materials present features of 2D perovskites [37].
Typically, the absorption onset of such perovskite materials
combining the 2D and 3D structure is close to that of the
corresponding 3D counterparts. Moreover, as the bandgap
values of 2D perovskite phases are much larger than those
of the 3D ones, charges are highly confined to the 3D phase
hence overcoming the limitation of trapping and
recombination at the interfaces between layers in the 2D
phase, resulting in longer carrier lifetime [38].
Nevertheless, the presence of the 2D component endows
their devices with exceptional stability and ultrahigh VOC
values resulting in PCEs comparable to the 3D ones,
indicating them to be highly attractive candidates for PSCs.
Finally, due to their highly hydrophobic nature and
resilience to moisture thin 2D perovskite films are also
inserted as protective interlayers at either the bottom or
top side of a 3D perovskite absorber [39].



6.1.3 Synthesis of Halide Perovskites

The structural and optoelectronic properties of HPs are
highly related with the synthetic procedure adopted for
their preparation. This is because only high‐quality films
can enable the excellent intrinsic perovskite material
characteristics to be fully exploited. A variety of synthetic
procedures for 3D perovskites has been reported aiming to
achieve high‐quality perovskite films. They can be
categorized into vacuum vapor deposition and solution
processes. With the vacuum deposition method, high‐
quality perovskite films and, consequently, high‐efficiency
PSCs can be obtained. The perovskite films are prepared by
co‐evaporation of the two precursors, the inorganic metal
halide (MX2 such as PbI2) and the organic/inorganic halide
salt (i.e. MAX, FAX, CsX, where X = I, Br, Cl). With this
technique high‐quality perovskite films that exhibit
satisfactory substrate coverage and uniformity within
expectations can be constructed; such thin films are highly
appropriate for planar junctions. For example, in 2013
Snaith and coworkers succeeded to achieve a record
efficiency of 15% in planar PSCs by using a dual‐source
vapor deposition system to deposit MAPbI3−xClx perovskite
films of superior quality through evaporating lead chloride
(PbCl2) and methylammonium iodide (MAI) precursors
simultaneously [40]. However, this method requires the use
of expensive vacuum facilities, thus increasing the device
manufacturing cost. Moreover, it is not appropriate for the
fabrication of mesoscopic PSCs, which required the
infiltration of perovskite pigment onto mesoporous metal
oxide.
In the early attempts, this was sufficiently accomplished in
a single step using a common solution of PbI2 and MAI
precursors [41]. However, the lack of suitable solvents that
can dissolve both components and the high perovskite



reaction rate resulted in large morphological variations and
therefore large deviations in the achieved efficiencies. In
2013, Grätzel and coworkers described a sequential
deposition method for the successful infiltration of the
perovskite pigment within the porous TiO2 film [42]. In
particular, lead iodide (PbI2) was first introduced via spin
coating from solution into the nanoporous TiO2 film and
subsequently dipped into a solution of MAI to synthesize
the resultant MAPbI3 perovskite film. It was found that the
conversion to perovskite occurred within the nanoporous
oxide as soon as the two precursors came into contact,
hence allowing for better control over the morphology and
reproducibility of perovskite films. As a result, solid‐state
mesoscopic PSCs with a high efficiency of 15% were
obtained, thus providing new opportunities for the
fabrication of solution‐processed mesoscopic PSCs [43].
However, this method is not very convenient for the
preparation of planar devices because it often results in
films with significant surface roughness that frequently
peel off from the substrate.
Several other methods based on solution processes, such as
the vapor‐assisted solution process (VASP) [44], the solid‐
state reaction [45], and the precipitation reaction [46],
offer the advantage of facile and low‐cost manufacturing. In
the vapor‐assisted solution method (Figure 6.4a) [44], PbX2
films are initially deposited on the bottom electrode, which
is covered with the suitable charge transport interlayer (i.e.
a TiO2 layer). Subsequently, it follows an annealing step in
the vapors of the organic halide salt (i.e. MAX) at
appropriate temperature (i.e. 150 °C). During this step, the
inorganic perovskite framework is formed in the film. This
process takes advantage of the kinetic reactivity of the
organic vapors and thermodynamic stability of perovskite
during the in situ growth process. As a result, pinhole free



perovskite films with full substrate coverage, small surface
roughness, and well‐defined grain sizes up to microscale
are formed.

Figure 6.4 (a) VASP synthesis of perovskite films. Source:
Reproduced with permission from Xiao et al. [44]. Elsevier.
(b) Schematic diagram showing the cryogenic controlled
nucleation technique for perovskite film deposition along
with optical microscopy images of the precursor and the
formed perovskite film. Source: Reproduced with
permission from Ng et al. [47]. John Wiley & Sons.



In the solid‐state reaction method, the PbX2 and organic
halide (i.e. MAX) films are deposited on two independent
substrates. Then, the MAX film is placed on top of the PbX2
one and annealed at a certain temperature (i.e. 140 °C) to
vaporize and drive MAX molecules into PbX2 to form the
MAPbX3 perovskite through a solid‐state chemical reaction;
then, the top substrate is removed. However, this method
does not allow precise control on the perovskite
stoichiometry because the mass exchange between PbX2
and MAX during the annealing step is rather random.
Room‐temperature processing has recently been exploited
to fabricate, among others, inorganic lead halide PSCs that
demonstrate increased potential for greater thermal
stability compared with hybrid organic perovskites. A
characteristic example is CsPbI2Br PSCs which, even
though generally require a high annealing temperature for
conversion from the non‐perovskite phase to the cubic
perovskite phase, were prepared by a vacuum‐assist
method under room temperature conditions in air and
achieved promising PCEs up to 8.67% and improved
moisture resistance [47, 48].
Furthermore, Ng et al. proposed a novel cryogenic process
instead of the conventional antisolvent method to control
the crystallization of perovskite layers with different
compositions and demonstrated its application on three
types of HP‐based PSCs [47] (Figure 6.4b). This process
enabled decoupling of the nucleation and the crystallization
phases by inhibiting chemical reactions in as‐cast precursor
films rapidly cooled down by immersion in liquid nitrogen.
The cooling is followed by blow‐drying with nitrogen gas,
which induces uniform precursor precipitation due to their
supersaturation in the residual solvents at very low
temperatures, while at the same time enhancing the
residual solvent evaporation and preventing the ordered



precursors/perovskite from redissolution. Hence, the
crystallization process is initiated after the formation of a
uniform precursor seed layer, resulting in a champion PCE
of 21.4%, highlighting its potential for wider applicability
for various perovskites and device structures.
In addition, the conventional hydrothermal and
solvothermal synthesis are of particular interest for the
preparation of homogeneous perovskite films [49, 50]. In
hydrothermal synthesis, perovskite crystals are prepared in
hot water (around 150 °C). Variation of the reaction
temperature and time results in precise control of the
nucleation and crystallization of perovskite materials. In
the solvothermal synthesis, the precursors are fully mixed
together at room temperature and then transferred into an
autoclave where a solvothermal reaction takes place and
perovskite crystals are obtained. All the operations are
completed in ambient atmosphere. The shape and size of
perovskite crystals can be tuned by simply adjusting the
reaction times or temperatures.
Recently, novel synthetic procedures such as an
ultrasound‐assisted synthesis of the perovskite material by
the irradiation of MAI and PbI2 precursors, which were
dissolved in isopropanol without any catalyst, have been
reported [51]. Moreover, microwave‐assisted synthesis has
also been applied to allow for better control of the
properties of perovskite by facile temperature tuning
through adjusting the microwave power [52]. The
microwave irradiation process needs a specific material to
have appropriate dipolar polarization and ionic conductivity
to absorb microwave energy. It is expected that higher
nucleation rates can be reached by accelerating the
temperature [53]. Therefore, microwave radiations are
suitable to accelerate the temperature at the atomic level
to get better crystallization. Mechanochemically
synthesized HP powders from a solvent‐free ball milling



approach have also been recently employed to fabricate a
variety of lead HPs with exceptional intrinsic stability [54].

6.2 Compositional and Interfacial

Engineering of Perovskite Solar Cells

Organic–inorganic HPs exhibit significant tolerance to
defects attributed to the antibonding character of valence
and CB extrema. In lead HPs, in particular, the upper
states of the VB are mainly of halogen p character (Cl 3p,
Br 4p, I 5p) with a small contribution from the Pb 6s
orbitals, while the bottom of the CB consists mainly of Pb
6p orbitals with a slight contribution from the halogen p*
[55]. However, they present a variety of defects that are
accommodated in their surface and at grain boundaries
(GBs) [56]. These can be summarized as follows: halide
anion (such as Cl−, Br−, and I−) and organic cation (such as
MA+ and FA+) vacancies, under‐coordinated lead cations
(Pb2+) and halide anions, lead halide antisite defects,
mobile halide, and MA ions, Pb clusters, halide excess, and
Pb–halogen antisites (Figure 6.5) [56].
The majority of such defects are vacancies (such as X− or
MA+ vacancies) that form shallow traps that can act as non‐
radiative recombination centers hence being detrimental to
solar cell performance. Therefore, surface and GB defect
passivation are generally applied following various
approaches aiming to decrease defect density and,
accordingly, charge trapping at these defects [57]. In the
following sections, different approaches to achieve defect
passivation in HPs are thoroughly presented.

6.2.1 Solvent Engineering

Solvent engineering is a widely applied method that
enables morphology control and defect passivation in



perovskite thin films. Its main principle is that while it
removes excess solvent, it also leaves behind solvent to
assist in the formation of chemical adducts with the
perovskite precursors that regulate nucleation, grain size,
and crystallization [58]. Common solvents used in this
engineering approach are isopropyl alcohol (IPA), acetone
(ACE), diethyl ether (DEE), dichloromethane (DCM), and
triethylenetetramine (TETA). After the photoactive
perovskite film is deposited onto the bottom charge
transport interlayer (i.e. onto the TiO2 scaffold for MPSCs)
the solvent treatment process is carried out to complete the
formation of perovskite film. Compact and smooth films,
pinhole‐free and with full substrate coverage with
sufficiently larger grains compared to the reference
samples (not subjected to the solvent engineering step) are
usually obtained with this method [59–62]. Furthermore,
the residual PbI2 is removed and converted to a crystalline
perovskite film.



Figure 6.5 The different defects present at surface and
grain boundaries of the perovskite film. Examples of their
passivation by ionic or coordinate bonding and conversion
to wide bandgap perovskites are also illustrated. Source:
Reproduced with permission from Chen et al. [56]. Royal
Society of Chemistry.
A two‐step sequential solvent engineering method has been
exploited to prepare a high‐quality perovskite absorber
layer for carbon CE‐based MPSCs [63]. Specifically, in the
first step a PbI2 solution was prepared in IPA and the
solvent was changed in the second step where a mixture of
IPA and cyclohexane was used for dissolving MAI. This
change largely facilitated the conversion of PbI2 to MAPbI3
but also suppressed the Ostwald ripening process resulting
in a smooth, compact, perovskite layer.
The efficient and complete conversion of PbI2 to perovskite
involving different steps such as diffusion, infiltration,
contact, and reaction is crucial as their simultaneous
optimization would facilitate high‐quality film formation. As
a result, a significant enhancement in device performance
and reproducibility with a record PCE value of 14.38% was
obtained in solvent‐engineered carbon CE MPSCs owing



mainly to the lower trap density, improved interfacial
contact, and faster charge transport [37]. Moreover, in a
three‐step sequential coating method based on solvent
(IPA) substitution instead of annealing treatment
Stonehenge‐like PbI2 films due to the volume expansion
with controllable porosity and crystallinity were formed
allowing the complete conversion of PbI2 to MAPbI3. These
high‐quality MAPbI3 films enabled the fabrication of PSCs
with high reproducibility and a PCE of 17.78%.
A generally common solvent combination for this
engineering approach also includes N,N‐
dimethylformamide (DMF) and dimethyl sulfoxide (DMSO)
[64, 65]. This binary solvent system has resulted in the
formation of dense, compact, pinhole‐free MAPb(I1−xBrx)3
(x = 0.1) perovskite films with few grain boundaries and
large grains with an average size of 450 nm and to the
demonstration of PSCs with high PCEs and reproducibility
[64]. An optimal composition (volume ratio of 3 : 2) and
precursor concentration led also to improved crystallization
and pinhole‐free film formation of inorganic CsPbI2Br
perovskite, thus enhancing the device PCE with good
stability under 100 °C stress and continuous light soaking
[65].
Solvent engineering was also applied to prepare high‐
performance planar 2D PSCs with efficiencies beyond 10%
(up to 11.8%) and outstanding stability [66]. In this
method, the crystallization process includes two distinct
steps. The first step is the formation of the flaky capping
layer at the air/liquid interface, where heterogeneous
nucleation primarily occurs driven by fast DMF
volatilization, with an intermediate product forming that
retards crystallization. In the second step, the capping
layer serves as a seed layer that forces the subsequent
vertically growth and its crystallization.



6.2.2 Cation Optimization

MAPbI3perovskite with a bandgap of 1.55 eV has been
unambiguously the most extensively utilized absorber in
PSCs. However, it suffers from severe instability issues due
to a phase transition at 55 °C and thermal degradation at
85 °C and also [67]. The instability issues were successfully
addressed through the replacement of MA+ cation with the
larger FA+ one; FAPbI3 exhibits superior thermal stability
and narrower bandgap of 1.48 eV compared to MAPbI3
counterpart [68]. However, the large size of FA+ results in
lattice distortion with a yellow non‐photoactive δ‐phase to
be formed at room temperature while the black perovskite
α‐phase is only present at elevated temperature [69]. To
enhance phase stability mixed MA/FA cation perovskites
are hence synthesized.
Moreover, the chemically stable, monovalent alkali cations
have been used for the preparation of multi‐cation
perovskites [70]. It was found that the formation energies
for alkali cations in A‐site substitution are significantly
lower those that of the B‐site substitution [71]. However,
the ionic radius has to meet the requirement of
Goldschmidt's empirical tolerance factor (0.8 < t < 1) to
maintain the 3D perovskite framework (see Section 3.1).
Among all alkali cations, only Cs+ exhibits suitable ionic
radius and has been hence hybridized with either MA+ or
FA+ or a mixture of both at the A‐site in multi‐cation
perovskites along, with the aim to inhibit the undesired
phase transition and enhance their photo‐ and moisture
stability. Furthermore, substituting Cs+ at the A‐site has
been shown to shrink the cubo‐octahedral volume of the
perovskite lattice while also strengthening the chemical
interaction between FA+ and I−. The latter results in
significant reduction in trap density and suppresses halide



segregation (vide infra) in parallel with making the devices
more reproducible and thermally stable. Notably, the
tolerance factor of fully inorganic CsPbX3 (where X is Br−

and I−) is appropriate to attain a black α‐phase with a
bandgap of 1.73 eV which makes this perovskite suitable
for dual‐junction tandem PSCs [72].
Besides Cs+, Rb+ has also been used to engineer the cation
in A‐sire in multi‐cation perovskites despite the fact that it
possesses small ionic radius which leaves RbPbI3 out of the
tolerance factor range [73]. Small amounts of Rb+ have
been shown to significantly impact the optoelectronic
properties as a consequence of structural variations in the
mixed cation perovskites. It was also demonstrated that
Rb+ can increase the conductivity of (CsFAMA)Pb(IBr)3 and
reduce capacitive current [74]. Furthermore, the functions
of Rb+ in improving the device performance, thermal and
photo stability were confirmed in many cases, which were
attributed to reduced non‐radiative recombination's and
enlarged grain size of the perovskite films along with
entropic gains and small internal energy input required for
the formation of mixed perovskite in terms of
thermodynamics [75].
The findings about Rb+ motivated a surge of interest for
other alkali cations which, however, have proven
insufficient in terms of tolerance factor to provide stable
perovskite phases. An exception is potassium (K+), which
has been shown to improve the photovoltaic performance of
PSCs. K+ incorporation can increase the crystallinity due to
the decreased activation energy for crystallization, and
enlarge the grain size thereby leading to fewer defects at
grain boundaries, longer carrier lifetime, and enhanced
conductivity [76]. Incorporation of K+ in CsPbI2Br resulted
in smaller lattice spacing as a result of Cs substitution [77].



On the other hand, for the mixed perovskites (such as
FA0.85MA0.15Pb(I0.85Br0.15)3, K+ incorporation has
expanded the crystal lattice and decreased the bandgap
due to both occupation of A‐site and/or interstitial ion in
the lattice [78]. Due to the sequestration of K+, excess
halide is immobilized at the grain boundaries and surfaces,
thereby inhibiting halide migration in parallel with
suppressing hysteresis and photoinduced ion segregation.

6.2.3 Halide Optimization

Another approach used to tune the optoelectronic
properties of perovskites is through substitution in the
halide anion X− position. Engineering of the halide anion
changes the Pb X bond distance and, therefore, the angle
between X–Pb–X. With this approach effective bandgap
tuning can be achieved. The compounds with I− have the
smaller bandgap (in the range of 1.55–1.61 eV) harvesting
light up to near infrared, while those with chlorides exhibit
the highest bandgap (2.88–3.13 eV); perovskites with
bromine anions (Br−) exhibit modest bandgap values (2.0–
2.44 eV) [79]. The bandgap values of the mixed HPs range
between those of the single halide ones.
Mixed‐HPs are bandgap‐tunable materials which are
considered ideal ingredients for use in tandem solar cells
where the overall efficiency of the double‐junction cells is
highly sensitive to the bandgap of the two composite layers
[80, 81]. Accordingly, mixed‐HPs are already being
implemented with great success as absorber layers in
perovskite‐silicon [82], as well as in perovskite–perovskite
tandem cells [83]. The successful mixing of halide ions on
the X‐site of the perovskite structure represents key factor
to the versatility of this exciting class of materials, and will
likely be integral for the future commercialization of the
perovskite photovoltaic technology.



6.2.4 Stoichiometric and Nonstoichiometric

Compositions

For a given perovskite, irrespective of its composition, i.e.
single or mixed cation and/or mixed halide, the precise
stoichiometry is an important factor governing the
optoelectronic properties of the perovskite film and,
subsequently, the performance of the fabricated PSC. For
instance, a slight excess (no more than 5%) of PbI2
precursor in the perovskite film has been shown to be
beneficial for the device performance and stability [84].
However, larger excess is detrimental, as it deteriorates
the attained VOC and hence the overall performance.

In a two‐step perovskite synthesis, a PbI2 film is initially
deposited and subsequently exposed to solutions of the
organic salts such as methyl ammonium or formamidinium
iodide (MAI/FAI) to form the perovskite film. The
stoichiometry of the resultant material strongly depends on
both the stoichiometry of the reactants and the duration of
the second step. Sub‐stoichiometric PbI2 and short duration
of the second step may result in uncompleted conversion
with some excess PbI2 to remain in the perovskite film. As
the reaction between lead iodide and the organic salt
begins from the top side of the already‐formed PbI2 film, in
short duration second steps the excess PbI2 is usually
accumulated at the bottom charge transport layer resulting
in electronic insulation and inferior device performance if
remains in a large excess [85].
However, a small excess of PbI2 has proven beneficial as it
simultaneously passivates surface defects of the electron
transport layer (in a forward cell architecture), blocks hole
leakage, and facilitates electron transport toward anode. In
the inverted devices, accumulation of PbI2 at the



perovskite/hole transport layer interface could,
accordingly, act as an electron blocking layer, facilitate
hole injection, and thereby decrease recombination.
However, if the formed PbI2 layer is very thick it may
instead insulate and block charge transfer toward the
bottom electrode (Figure 6.6a–d). Recent studies indicate
that significant deficiency in PbI2 used for the synthesis of
perovskite films leads to loss in JSC, whereas large excess
results in a loss in VOC, with the optimal performance to be
achieved for a small 5% excess of PbI2.

In addition, excess of PbI2 can be also formed when the
duration of the second step is higher than that required for
complete conversion of the precursors into perovskite. This
PbI2 is formed as a consequence of perovskite degradation
and could be beneficial in small amounts. However, very
long duration of the second step results in severe
perovskite degradation and device failure [86, 87]. One‐
step methods provide a higher degree of control on the
resultant perovskite stoichiometry and generally leave
smaller amounts of unreacted PbI2 in the synthesized
perovskite films.



Figure 6.6 Consequences of the formation of excess PbI2
in the perovskite film related to possible energy level
alignment suggested in the literature and an artistic
illustration of different grain boundary character as a
function of overall stoichiometry. (a) PbI2 as a passivating
layer at the back contact. (b) PbI2 as a passivation layer
next to the hole‐selective layer. (c) PbI2 as an electron‐
blocking layer next to the back contact. (d) PbI2 as charge
carrier barrier between perovskite grains. (e) Grain
boundary with a large surplus of PbI2. (f) Grain boundary
with a small deficiency of organic species. (g) Grain
boundary with a large surplus of organic species. Source:
Reproduced with permission from Jacobsson et al. [84].
American Chemical Society.

Another important implication concerns the grain
boundaries of the perovskite film that are more prone to
stoichiometry variations compared to the center of the
grains, which are rather insensitive toward small changes
in overall stoichiometry. The grain boundaries as well as
the regions between the perovskite grains are hence
significantly sensitive to the overall composition



(Figure 6.6e–g). This may have a profound impact on the
perovskite optoelectronic properties such as density of
defects, conductivity, dangling bonds, doping, and ion
migration. Some results indicate that PbI2 acts as
passivation interlayer between grains as its presence
reduces the recombination rate within grain boundaries
rich in PbI2 [88, 89]. Theoretical calculations indicate that
grain boundaries PbI2‐rich exhibit good termination with
fewer intra‐bandgap states, which would act as possible
recombination centers [90]. Other computations predict
that perovskite synthesis under poor halide conditions may
lead to less bulk defects, which are related to detrimental
deep traps [91]. In general, there is a strong correlation
between the synthetic procedure followed and the
formation of bulk defects [92], which has important
implication in the fabricated PSCs.

6.2.5 The Influence of Inorganic Cations on the

Formation of Different Phases

Addition of an inorganic cation such as cesium (Cs) in HPs
(i.e. MAPbI3, FAPbI2, or mixed cation) has been shown to
have a minor effect on the bandgap of the perovskite,
hence not altering the absorption spectrum of the resultant
material [93]. However, mixed perovskites such as
Cs0.2FA0.8PbI3 and Cs0.2FA0.8PbI2.84Br0.16 have been found
to be extremely stable in temperatures ranging from 20 to
250 °C, contrary to pure FAPbI3 which is unstable and
undergoes a phase transition from the hexagonal yellow δH‐
phase to the black perovskite structure at about 156 °C
[79].
According to Goldschmidt's rule, stable perovskite phases
are formed when the tolerance factor, t, for a structure lies
between 0.8 and 1. Due to the large size of FA, the



tolerance factor for hexagonal δH‐phase of FAPbI3 is higher
than 1 [94]. However, the small‐size Cs+ cation results in a
tolerance factor very small to obtain a stable cubic
perovskite structure at room temperature. The photoactive
α‐phase of CsPbI3 can be attained at temperatures above
300 °C [67, 94]. At room temperature, CsPbI3 forms an
orthorhombic yellow phase (δO‐phase) because it exhibits t 
< 0.8. Solid‐state alloying FA with Cs is a common tool for
tailoring the chemical instability of the α‐phase of FAPbI3.

The alloying compositions would have smaller t than pure
FAPbI3, so the effective tolerance factor is potentially
reduced and the perovskite α‐phase of FAPbI3 is stabilized.
The remarkable stabilization of the perovskite phase over
the non‐perovskite one upon Cs/FA mixing can be
explained on the basis of significant structural and
thermodynamic differences between the δH‐phase of
FAPbI3 and δO‐phase of CsPbI3 perovskite. In particular,
the δH‐phase of the former perovskite consists mainly of 1D
pillars made of face‐sharing PbI6 octahedra (Figure 6.7a)
[75]. These pillars are aligned along the crystallographic
direction of c‐axis crystallographic but well separated by
FA‐consisting domains. On the contrary, the δO‐phase of
pure inorganic CsPbI3 crystal is made of 1D pillars
consisting of stacked and shifted edge‐sharing (not face
sharing) PbI6 octahedra surrounded by the Cs+ cation
(Figure 6.7b) [73]. This difference also results in different
volume per stoichiometric unit of these two systems: for the
FAPbI3 δ‐phase this is V ∼ 256 Å3, whereas for the δ‐phase
of CsPbI3 it is V ∼ 222 Å3 [95, 96].



Figure 6.7 Various phases of FAPbI3 and CsPbI3 and
variation of internal energy of mixed CsxFA1−xPbI3 in
different phases. (a) and (b) represent the δ‐phase in the
FA and Cs perovskites, respectively; (c) and (d) show the α
and β FAPbI3, respectively. (e) shows the cubic phase of
the CsPbI3 structure. Source: Reproduced with permission
from Yi et al. [75]. Royal Society of Chemistry.

However, both α‐ and β‐phases of FAPbI3 are very similar
to the perovskite α‐phase of CsPbI3 (Figure 6.7c–e), also
having nearly identical volumes per stoichiometric unit
(FAPbI3: α‐phase V ∼ 256 Å3, β‐phase V ∼ 249 Å3, CsPbI3:
α‐phase V ∼ 250 Å3 [97].). This suggests that Cs/FA cation
mixing is more favorable for the perovskite α‐ and β‐
phases, whereas it is energetically unfavorable in the δ‐
phase. However, in the δ‐phase the unfavorable energetic
contribution due to mixing is very large and cannot be
compensated by the mixing entropy [73, 75]. In strict
difference, the sum of the energetic contribution and



mixing entropy results in a significant reduction of the free
energy in the α‐ and β‐perovskite phases, which are
stabilized in the formed 3D perovskite over the δ‐phase.
Notably, for the mixed FA/Cs perovskite the stable α‐ and
β‐phases are formed directly – before the separated δ‐
phases can prevent mixing – in solutions where Cs and FA
are mixed. The free energies have been found of the order
of 0.05 and 0.02 eV per stoichiometric unit for the α‐ and β‐
phases, respectively. Therefore, the temperature of
transition from δ‐ to α‐ or β‐phase (above 150 °C) is
reduced by ∼200–300 K when moving from the pure FAPbI3
to the mixed cation CsxFA1−xPbI3 perovskite. This explains
the stability of the photoactive perovskite phase at room
temperature for the mixed compound.

6.2.6 Halide Segregation

Mixed‐HPs, such as MAPb(I1−xBrx)3 (0 ≤ x ≤ 1), are very
appealing for photovoltaic applications especially in multi‐
junction solar cells as they exhibit continuously tunable
bandgap values ranging from 1.6–2.3 eV simply by
adjusting the ratio of halide precursors [98]. However,
when these mixed‐HPs are employed at PSCs as the
absorber layer, the achieved VOC does not increase
monotonically as the bandgap decreases. Hoke et al. have
examined the emission properties of MAPb(I1−xBrx)3 (with
0.2 < x < 1) perovskites to understand the poor voltage
performance of solar cells with the bromide‐rich alloys
[99]. They found that, upon illumination of these mixed‐HP
films with light, under illumination intensities of less than
1 sun in less than a minute at room temperature, a strong
and reversible photoluminescence (PL) feature appears at
around 1.68 eV, which disappears after storing the samples
in the dark [99]. They speculated that this emission
originates from the halide segregation and the formation of



minority domains having a high iodide content. The
emission from these domains can dominate the PL spectra
even at low volume fractions because photogenerated
carriers relax from the high energy states of the high
bandgap Br‐rich majority domains into the lower energy
states of the I‐rich minority ones and predominately emit.
In the photovoltaic cell, these domains act as carrier traps,
facilitating non‐radiative electron–hole recombination,
hence inducing voltage loss while also could have
implications for the photostability of mixed HPs.
However, the sub‐bandgap PL has been found to depend on
several factors such as the intensity and duty cycle of
illumination [100], the cation on the A‐site [101], and the
processing conditions as well as the sample pressure [102].
It also depends on the internal light distribution within the
material, which is consistent with vertical halide
segregation [98]. In particular, the segregation of halide
anions is initiated by halide defects in the perovskite
structure, which causes the formation of iodide‐rich
domains near the more defective surface. This segregation
is driven by the strong gradient in carrier generation rate
through the thickness of these strongly absorbing materials
and is dependent on film opacity and therefore thickness.
Overall, halide migration and segregation are promoted by
halide defects, such as halide vacancies and interstitials,
which provide low‐energy migration pathways. The defect‐
assisted halide migration in MAPbI3 has been also proposed
to be initiated by light [103]. Once stored in the dark,
entropically driven intermixing of halides returns the
system to the initial homogeneous condition. Suppression
of the detrimental Hoke effect (which is the light‐induced
halide segregation [99]) can be achieved in perovskite films
engineered to exhibit less density of halide defects and a
more homogeneous carrier generation profile.



6.2.7 Interface Engineering

The intrinsic perovskite instability against humidity has
been successfully addressed through the application of
novel surface/interface engineering approaches such as the
formation of a capping or a self‐encapsulation layer. The
capping layer usually exhibits lower dimensionality and
wider bandgap compared to the perovskite absorber and
protects the device from moisture penetration while also
increasing its tolerance under light or thermal stress.
Promising capping/interface layers are those formed by
one‐dimensional (1D) or 2D HPs which have shown to
exhibit superior environmental stability compared with
their 3D counterparts. For example, through inserted
nitrogen derivatives, such as alkylammonium cations [104],
phenylalkylamine [105], and pyrazolyl pyridine compounds
[106], at the surface of perovskite films low‐dimensionality
phases are stabilized through the rapid exchange of
protons and subsequent formation of coordination bonds
with the perovskite material. For instance, 1D–3D hybrid
perovskite material was formed within the whole volume of
the perovskite film when 2‐(1H‐pyrazol‐1‐yl)pyridine
(PZPY) was introduced into 3D HPs [107]. This 1D–3D
perovskite structure exhibited a strong thermodynamic
self‐healing ability as it could effectively block the ion‐
migration channels of the cations in A‐site ions in the 1D
perovskite domains with less dense closely packed
structure. Moreover, the hybrid 1D–3D structure
experienced less density of defects that could form during
the crystal growth process, thus enabling a remarkably
enhanced PSCs performance and durability under
temperature cycling (25–85 °C).
Furthermore, 2D perovskites are also appropriate to form
protective (capping) layers on top of the less resilient to
moisture 3D ones. For example, a mixed cation 2D



perovskite based on a steric phenyltrimethylammonium
(PTA) cation, PTAMAPbI4, has been recently applied as a
capping layer on the surface of MAPbI3 by controllable
PTAI intercalation via either spin coating or soaking
treatment [107]. The 2D PTAMAPbI4 perovskite effectively
passivated MAPbI3 while also acting as a locker of volatile
MA+ cations hence prohibiting the formation and extraction
from the perovskite surface of MAI. By doing so, a highly
performing PSC that retained its initial efficiency (above
21%) after 500 hours continuous illumination was
fabricated.
An alternative though fascinating approach is the
treatment of the perovskite film surface with perovskite
quantum dots (QDs) that form a protective layer against
moisture penetration [108]. For example, a stable 0D–2D
perovskite capping layer was formed on top a 3D
perovskite through employing a diammonium porphyrin
(ZnPy–NH3Br) to treat CsPbBr3 QDs. That assembly
strategy resulted in the formation of large‐scale nanocubic
perovskite crystals, whereas the capping layer improved
charge transport and separation.
Besides low‐dimensionality and QD perovskites, effective
capping/protective layers of perovskite films have been
obtained through inserting hydrophobic species on the
surface (or within the bulk) of the perovskite film [109,
110]. For example, hydrophobic bulky tertiary and
quaternary alkyl ammonium cations have been assembled
via functionalization on the perovskite surface as efficient
water‐resistive capping layers. The steric effects due to the
bulky cations and the change of surface Pb5 I1c bonds
effectively hindered water adsorption on the Pb5c sites.

Moreover, aprotic sulfonium cations have recently shown
better resilience to humidity compared to protic ammonium



cations [111]. Moreover, coating evaporated MAPI thin
films with different hydrophobic molecules, namely trioctyl
phosphine oxide and tridodecyl MAI, resulted in a
remarkably mitigated degradation of MAPI and formation
of PbI2 and led to high efficiency and enhanced stability
single‐junction n‐i‐p PSCs.

6.2.8 Charge Transfer Dynamics

In a PSC, photoexcitation of the perovskite absorber leads
to generation of excitons with BEs as low as 50 meV (in
some cases it might be even lower ∼2 meV) [112, 113],
indicating that at room temperature predominately free
charges are generated. These photogenerated carriers are
then injected toward the charge‐transporting layers and,
subsequently, the respective electrodes. In the mesoscopic
devices, a significant portion of the electrons has been
found to be injected into TiO2 scaffold on the sub‐
picosecond time scale [114]. This was accomplished by
detailed and systematic studies of the ultrafast events
related to exciton generation, electron/hole transfer, and
ultrafast relaxation using transient absorption spectroscopy
(TAS).
In the TAS spectra of MAPbI3, two prominent negative
bands and two positive photoinduced absorption (PIA)
bands are generally observed [115]. The two negative
bands were attributed either to bleaching transitions from
two different VBs to a common CB leading to reduced
transition probabilities and therefore negative signals in
the transient spectra or due to depopulation of the VB
[116], or to the existence of a dual excited state composed
of a charge transfer band and a charge‐separated state
[117]. The positive bands contain information about the
excited populations, the evolution of excitons and



thermalized charges, as well as hot electrons and holes
both at early times and at later times.
The efficient charge transfer toward either a hole or an
electron‐transporting layer can be monitored through
recording the TAS spectra of the perovskite same deposited
on the charge‐transporting layer of interest. For example,
the TAS spectra of a MAPbI3 sample coated on HTM are
expected to be dominated by the spectral features of
pristine perovskite. However, significant quenching of the
negative bands is expected (i.e. faster decay compared to
the sample without HTM), if effective hole transfer from
the excited MAPbI3 to the HTM occurs. As these bands can
be explained by the depopulation of two VBs and the
population of the CB, hole transfer from the VBs of the
photoexcited perovskite to the HTM would then lead to an
increase of the population in the VBs and consequently to a
decrease of the amplitudes of these bands.
The electron transfer toward the ETM can be also
monitored through a similar manner. TAS studies of the
FTO/TiO2/perovskite samples under excitation at different
wavelengths indicated the sub‐picosecond electron
injection into titania [118]. Moreover, the power‐dependent
femtosecond TAS measurements showed strong Auger‐type
multiparticle interactions at early times. They also revealed
that the contribution of the bulk perovskite defects in the
recombination is small, thus increasing the survival
probability of the charges in the excited perovskite film.
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7.1 Introduction

Before metal halide perovskites were introduced as a light absorber
into the photovoltaic field, dye‐sensitized solar cells (DSSCs) has been
developed as a potentially low‐cost alternative for silicon wafers.
Reported by Michael Grätzel and Brian O'Regan in 1991, dye‐
sensitized solar cell (DSSC) is the only photovoltaic device that
mimics natural photosynthesis, which separates the process of light‐
harvesting and charge carrier transport [1]. The main advantages of
this solar cell are the ease of manufacture, non‐toxicity of the
materials, and the possibility to fabricate solar cells on any
substrates. However, the DSSCs still have limitations such as
comparatively low efficiency (the record certified efficiency is less
than 15%) and poor long‐term stability. In 1998, Grätzel group
reported a solid‐state DSSC type in which the liquid electrolyte was
replaced by a hole conductor, which solves the problem of liquid
leakage, iodide corrosion, etc. [2]. However, the low molar absorption
coefficient of the ruthenium dyes and the narrow light absorption of
organic dyes largely limit the further performance improvement of
such solid‐state DSSCs.
The first application of metal halide perovskite materials in solar cells
is realized by Miyasaka group in 2009, based on the same structure of



the liquid‐state DSSCs, using mesoporous TiO2 as the electron
transporter and I−/I3

− redox couple in acetonitrile (ACN) as the
electrolyte [3]. The perovskites actually dissolve in ACN so the device
can only last for seconds. However, the incident photo‐to‐current
conversion efficiency spectrum exhibited a very broad absorbance of
the MAPbI3 and the MAPbBr3 type resulted in a very high open‐
circuit voltage, so they are very promising. In 2012, Park and Grätzel
tried these perovskite materials in the solid‐state DSSC and achieved
a PCE of 9.7% [4]. Henry J. Snaith replaced mesoporous TiO2 with
mesoporous Al2O3 (Al2O3 is not an electron‐accepting layer) to obtain
10.9% PCE, which means that the mesoporous oxide layer can be
used as a scaffold for perovskite deposition, and perovskite materials
can transport electrons on their own in the absence of electron
transport materials [5]. It was not until 2013 that the field really took
off when Grätzel obtained the first 14.1% certified efficiency of PSCs
based on the FTO/compact TiO2/mesoscopic TiO2/HTM/Au structure
(Figure 7.1) [7]. After a series of improvements such as device
structure adjustment, perovskite material morphology, and
component regulation, and interface optimization, the current
certified efficiency of PSCs has reached 25.7% [12].



Figure 7.1 Historic architecture evolution of PSCs, starting from dye‐
sensitized MSC to classical structure of PSC. Source: Rong et al.
[6]/With permission of John Wiley & Sons.



Some simplified cell structures are of great interest in the
development of PSCs structures, such as electron‐transport‐free PSCs
and hole‐conductor‐free PSCs with electrodes as electron or hole
acceptors. The hole‐transport‐free PSCs, which first appeared in
2012. At that time, Lioz Etgar showed that the PSCs worked without
hole transporting materials and achieved a photovoltaic conversion
efficiency of 5.5% [8]. In 2013, Hongwei Han replaced the
conventional layer‐by‐layer deposition with screen‐printed
mesoscopic TiO2/ZrO2/Carbon structure and obtained 6.64%
efficiency [13]. Afterwards, they found that the introduction of 5‐AVA
molecules into perovskite significantly improved the stability of the
printable PSCs and obtained a certified PCE of 12.84%, which led to a
wider interest in cavity transport layer‐free chalcogenide solar cells.
which attracted wider attention for the printable hole‐conductor‐free
PSCs [9].
The main challenges in improving the performance of printable
mesoscopic PSCs lie in the control of the perovskite crystallization in
the mesopores and the separation of carriers in the absence of hole
conductor. Different from traditional PSCs which are usually
fabricated layer by layer with the spin‐coating method, printable
mesoscopic PSCs are fabricated by the drop‐casting method, in which
the perovskite materials go through the in‐suit growth in the
mesoporous scaffold. Whether the perovskite materials could fill the
mesopores densely could directly influence the interface contact
among the perovskite and other functional materials, which further
determines several properties of devices including carrier transport,
defects density, and crystallinity. Due to the unique device structure,
some compositions or additives that are suitable for traditional
devices may lead to bad pore‐filling in printable mesoscopic PSCs.
The interface properties are also more complex in the mesoporous
scaffold for the large specific surface area of nanoparticles could lead
to higher surface energy and bring complex factors to the
crystallization of perovskite. There are still many scientific problems
that are worth to be explored and solved in printable mesoscopic
PSCs.
In this chapter, we introduce the methods of improving the
performance of printable mesoscopic PSCs from four aspects,
including solvent engineering and annealing, composition
engineering, additive engineering, and interface engineering.
Detailed differences between traditional PSCs and printable
mesoscopic PSCs are compared and some existing and possible



methods could be explored and utilized in printable mesoporous
PSCs.

7.2 Solvent Engineering and Annealing

Solvent and annealing process could influence the nucleation and
growth of perovskite crystals. In the fabrication of PSCs, the solvent
is not only used to assist in dissolving certain precursor components
but also to form the intermediate/adduct with PbI2. To attain dense
and uniform morphology as well as high crystallinity, a suitable
solvent is of vital importance. As for the annealing process, a proper
annealing temperature and time are necessary to get the black phase
perovskite with high quality. As a result, choosing the proper strategy
of solvent engineering and annealing could assist in optimizing the
crystallization process of perovskite.

7.2.1 Solvent Engineering

The crystallization of perovskite materials includes nucleation and
crystal growth processes, which can be significantly influenced by the
properties of certain solvents. Organic polar solvents are commonly
used in preparing the perovskite precursor solutions, including
dimethylformamide (DMF), [14] DMSO, [15] γ‐butyrolactone (GBL),
[16, 17] N‐methyl‐2‐pyrrolidone (NMP), [18] 2‐methoxyethanol (2‐
ME), and acetonitrile (ACN).
For traditional PSCs, the solvent is widely used to form the
intermediate, which could be transformed into perovskite through
annealing. The formation of MAI·PbI2·DMF intermediate was reported
by Guo et al. In the perovskite precursor solution, DMF, PbI2, and
MAI could form stable intermediate due to the coordination
interaction, which could react at 40–80 °C. When the intermediate
film is annealed at 100 °C, the intermediate phase could be converted
to the perovskite phase [14]. Subsequently, Gao et al. reported that
the DMF existing in the intermediates could induce the dissolution–
recrystallization process based on Ostwald ripening model during
annealing process, resulting in the increased perovskite grain size
[19]. Besides the DMF, DMSO is also used in the precursor solution,
which has a stronger coordination with PbI2 compared with DMF.
Park et al. found the formation of Lewis acid–base adducts between
DMSO and PbI2 using Fourier transform infrared spectroscopy
(FTIR). The perovskite film with high quality was attained based on



the stronger interaction between Pb2+and DMSO [15]. Rong et al.
reported the structure of the MA2Pb3I8·2DMSO intermediate when
DMF and DMSO were used as mixed solvents and inferred that the
intermediate could slow down the crystallization process of
perovskite, which was beneficial for the control of morphology and
grain size of the perovskite film (Figure 7.2) [20]. Similar conclusions
also apply to precursor with GBL, Pb2+ tends to coordinate with I− or
GBL according to the concentration of I− in the precursor solution,
which leads to the formation of the intermediate with different
structures. The morphology and other properties of perovskite films
would exhibit many differences due to the intermediate structures
[17].

Figure 7.2 (a) Phase transformations between perovskite precursors
and perovskite materials using DMF as the solvent. Source: Guo et al.
[14]/Royal Society of Chemistry. (b) Scheme of the MAPbI3
perovskite thin film forming process and crystal structure of the
intermediate phase MA2Pb3I8·2DMSO. Source: Rong et al. [20]/Royal
Society of Chemistry. (c) The air‐knife‐assisted D‐bar coating process
and performance of GA0.12MA0.88PbI3‐based perovskite solar cell and
module using 2‐methoxyethanol as the solvent. Source: Lee et al.
[21], American Chemical Society.
Besides the property of coordination ability, the volatility and polarity
of a certain solvent could also influence the quality of the perovskite
film. Hendriks et al. adopted 2‐ME as the solvent for the perovskite



precursor solution, which facilitated the rapid nucleation and grain
growth of perovskite due to its higher volatility and lower polarity
than DMF. The perovskite film fabricated with 2‐ME exhibited
improved surface coverage with less pinholes [22]. 2‐ME could also
be used in the preparation of large‐area perovskite films due to its
high volatility. In 2019, Lee et al. reported the preparation of large‐
area perovskite films with flat and uniform morphology based on 2‐
ME, which benefited from the rapid evaporation of solvent. Finally,
the device employing a piece of large‐area perovskite film (∼46 cm2)
based on the GA0.12MA0.88PbI3 achieved a PCE of 19.44% [21].
Moreover, Deng et al. reported a method of fast‐blading large‐area
perovskite films. Combining volatile and low‐volatile solvents could
achieve both fast drying and large perovskite grains. The certified
module PCE of 16.4% was achieved with an aperture area of 63.7 cm2

based on the mixed solvent of ACN, 2‐ME and DMSO [23].
In addition to the traditional liquid solvent, the MA gas could also be
used as a special solvent in the fabrication of PSCs. Zhou et al.
reported that MAPbI3 perovskite crystals could turn to liquid phase
when crystals were exposed to the MA gas, which could recrystallize
after removing the MA gas. This recrystallization process could
significantly reduce the surface roughness and pinhole of the
perovskite film [24]. However, the liquid phase (MAPbI3·xMA) formed
by MAPbI3 and MA has a high viscosity, which could not suitable for
the fabrication of devices. Noel et al. developed a new low boiling
point, low viscosity solvent system by combining ACN and MA, in
which the perovskite film could be obtained under vacuum without
thermal annealing. The devices also achieved a PCE of over 17% [25].
This solvent system also shows advantages for large‐area fabrication.
Jeong et al. prepared a perovskite film with a highly preferred
orientation over an area of 100 cm2 using ACN and MA mixed
solvents, which facilitated an average PCE of 17.01% of resulting
devices [25].
For printable mesoscopic PSCs, the selection of solvent could be
relatively difficult because of the complexity of mesoscopic structure.
Different from traditional PSCs, whether the perovskite materials
could fill into the mesoscopic scaffold densely should be taken into
consideration firstly for printable mesoscopic PSCs. Due to the large
specific surface area of the mesopores, numerous and irregular
interfaces exist among perovskite grains and other mesoporous layers
in devices. The dense pore‐filling determines good contact in the



interface, which influences the light absorption and carrier transport
inside devices. To achieve dense pore‐filling, the solvent needs to
meet several requirements in hydrophilic, viscosity, polarity,
volatility, and so on.
The effect of solvent properties on perovskite crystallization in
mesoporous structure was reported by Chen et al., who suggested
that high viscosity and high polarity solvents are not conducive to the
infiltration of the precursor solution into the hydrophobic C layer, but
the solvent with high polarity helps the infiltration of hydrophilic TiO2
layer. Among common solvents, DMF exhibits the smallest viscosity,
GBL and NMP share a similar value, while DMSO owns the largest
viscosity, and their polarity order is DMSO > NMP > DMF > GBL.
After balancing the solvent viscosity and polarity, the perovskite
precursor solution can be fully infiltrated into the printable triple‐
mesoporous scaffold using the mixed solvent consisting of DMF and
DMSO with optimized ratio. In addition, compared to other solvents,
MAI·PbI2·DMSO intermediate could be more stable due to the
stronger coordination between DMSO and PbI2, which effectively
slows down the crystallization process. The relatively slower
crystallization process helps obtain high‐quality perovskite crystals as
well as uniform and dense pore‐filling in printable mesoscopic
structure [26]. N‐methylformamide (NMF), which has a similar
structure to DMF, can also be used as a perovskite precursor solvent.
Compared with the above solvents, NMF has the highest PbI2
solubility, which is related to the fact that NMF has a high solvent
donor number and solvent hydrogen bond donor number. Liu et al.
found that NMF does not strongly interact with MAI and PbI2,
allowing the direct formation of MAPbI3 crystals from the precursor
based on NMF. This facilitates the achievement of adequate growth of
perovskite grains in mesoporous structures [27]. Other polar solvents
such as methanol and ethanol can also effectively regulate the
properties of precursor solutions. Printable mesoscopic PSCs have
shown excellent stability, especially when the bifunctional additive 5‐
AVAI is introduced to the MAPbI3 precursor. 5‐AVAI and other similar
bifunctional molecules only work when GBL is used as the solvent.
However, some precipitate would appear due to relatively low
solubility. The precipitate could change the stoichiometric of
precursor components dissolved in the solution and further damage
the performance of devices. Ming et al. introduced ethanol into such
precursor solution to regulate the coordination between GBL and



PbI2, which effectively improves the stability of the precursor solution
as well as its wettability and thus facilitates the perovskite
crystallization [28] (Table 7.1).
The liquid phase of MAPbI3·xMA exhibits a high viscosity which is not
suitable for spin‐coating method. For printable mesoscopic PSCs,
MAPbI3·xMA could spread into the mesoscopic scaffold because of the
gravity and capillary action of mesoporous. When the MA gas is
removed from the MAPbI3·xMA phase, the change in volume is not
obvious compared with the crystallization process using common
polar solvents, which could be beneficial for the pore‐filling inside the
mesopores. Hong et al. treated the MAPbI3 devices with MA gas to
realize the recrystallization of perovskite in the mesoscopic scaffold.
The posttreatment achieved a uniform and dense perovskite pore‐
filing with high crystallinity and reached a PCE of 15.26% in the
printable mesoscopic PSCs. More importantly, this posttreatment
strategy allows the regeneration of the photo‐degraded PSCs via the
crystal reconstruction and the PCE could recover to 91% of the initial
value after two cycles of the photodegradation‐recovery process,
which extends the lifetime of perovskite solar cells [29]. Wagner et al.
used MA gas and ACN to prepare a MAPbI3 precursor solution and
achieved dense filling and improved perovskite crystallization inside
the triple‐mesoporous scaffold. The printable mesoscopic PSCs
obtained the open‐circuit voltage (VOC) of up to 1 V which was the
highest VOC reported at the time [30]. Based on the same interaction
of methylamine gas and MAPbI3, Guan et al. reported an in situ
single‐crystal transfer (ICT) process based on gas–solid interaction to
deposit perovskite MAPbI3 absorber in the scaffold. After exposure to
methylamine atmosphere, the MAPbI3 single crystal can change to
liquid phase and then penetrate into the mesoporous scaffold, and
after removing the MA gas, the liquid phase could recrystallize into
the solid phase in the mesopores. Due to the dense filling, high
crystallinity, and longer carrier lifetime, the champion device
achieved a PCE of 15.87% with excellent stability in printable
mesoscopic PSCs prepared by the ICT process [31].



Table 7.1 Typical physical and chemical properties of common
organic solvents used for perovskite precursor solutions.

Solvent DMF DMSO GBL NMP NMF ACN 2‐ME

Chemical
structure
Chemical
formula

C3H7NO C2H6OS C4H6O2 C5H9NO C2H5NO C2H3N C3H8O2

Boiling
point
(°C)

153 189 204 202 198 82 124

Vapor
pressure
(mmHg,
20 °C)

2.7 0.42 1.5 0.29 — 72.8 9.8

Viscosity
(mPa s−1,
20 °C)

0.92 1.996 1.75 1.67 1.732 0.369 1.72

Dielectric
constants
(20 °C)

38.3 47.2 41.7 32.2 — 36.6 —

Dipole
moment
(D)

3.86 3.96 4.27 4.09 3.83 3.92 —

Donor
number
(kcal 
mol−1)

26.6 29.8 17.8 27.3 27 14.1 —

Solvent engineering is critical to the formation of perovskite film with
high crystallinity and excellent morphology by adjusting the
properties of the precursor solution. Compared with the traditional
PSCs, the growth of perovskite crystal is limited by mesopores in the
printable mesoscopic PSCs. The perovskite materials need to contact
the mesoscopic scaffold tightly, which requires dense pore‐filling
inside the device. Therefore, the viscosity, polarity, wettability of



precursor solution and the intermediate phases formed during
annealing process significantly affect the perovskite crystals formed
in the mesoscopic scaffold. The new MA gas‐based solvent system has
also been successfully applied in such mesoscopic structures and
achieved high VOC and PCE. Therefore, optimizing the quality of
perovskite crystals through solvent engineering is the basis and the
direction for further optimization of highly efficient printable
mesoscopic PSCs.

7.2.2 Solvent Annealing

Besides properties of solvents, the annealing process could also
influence the crystallization of perovskite. Through controlling the
annealing temperature and solvent evaporation, we could regulate
the nucleation and crystal growth of perovskite, which influence the
grain size and morphology of perovskite films. The solvent
atmosphere also plays an important role during the annealing
process. The crystallization rate of perovskite could be effectively
slowed down by providing a certain solvent atmosphere, which is
called solvent annealing (SA) and has been widely applied in the
fabrication of traditional PSCs.
SA was initially reported by Hang et al. who introduced the DMF
vapor in perovskite annealing process, which significantly increased
the grain size and improved the crystallinity and morphology of the
perovskite film [32]. In the later research, Yang et al. explored the
mechanism of grain growth during the SA process. They suggested
that during the SA process, DMSO molecules could react with
MAPbI3 at the grain boundary to form the intermediate phase
MA2Pb3I8(DMSO)2 in the DMSO atmosphere, which could reduce the
activation energy of grain boundary migration and promote grain
growth [33]. In addition, Gao et al. proposed an explanation of crystal
growth based on Ostwald ripening model during SA. The smaller
perovskite grains have a high chemical potential and are not as stable
as the large grains because of the large specific surface area. In the
solvent atmosphere, the small grains are easily dissolved by DMF
molecules, so that the solute concentration around the small grains is
always higher than that around the large grains, under this
concentration gradient, solutes are transported from small grains to
large grains, which promotes grain growth and size increase [19].



Figure 7.3 Illustration of consecutive morphology controlling
operations and the cross‐sectional scanning electron microscopy
(SEM) images of corresponding devices. Source: Wu et al.
[34]/American Chemical Society.
For printable mesoscopic PSCs, the slow crystallization process could
be a benefit for the perovskite to fill the mesoscopic scaffold densely
and the fast crystallization generally generates many small crystals
due to rapid and uneven nucleation and leaves numerous voids. So,
SA could be suitable for the uniform and continuous growth of
perovskite crystals in mesoporous scaffolds. Wu et al. used DMSO
vapor to treat the perovskite film during the spin‐coating process,
improved the uniformity of perovskite filling in the mesopores, and
reduced the aperture gap as the shunt pathway (Figure 7.3) [34].
Hou et al. introduced DMF vapor during the annealing process and
effectively increased the crystallinity of Cs0.1FA0.9PbI3 perovskite and
reduced defects in the 10 μm mesoporous scaffold [35].
Wang et al. introduced a solvent evaporation control crystallization
(SECC) method, which can control the crystallization rate of
perovskite in mesoporous by adjusting the evaporation rate of
solvent. They also explained the crystallization process with a



proposed model. In the early stage of annealing, if the annealing
process was not controlled by the SECC method, the solution was
rapidly supersaturated due to the rapid evaporation of the solvent,
which led to the uneven nucleation and rapid crystallization of the
perovskite and thus formed small crystals spreading the whole triple‐
mesoporous scaffold. Lots of voids exist in mesoporous, which leads
to weak light absorption and high defect density of the PSCs device.
Under the SECC condition, the solvent vapor could slow down the
further evaporation of the solvent, so that the precursor solution is
concentrated on the bottom layer of the mesoporous scaffold, and the
perovskite crystallization process is significantly slowed down
promoting perovskite grain crystals can grow larger. If the petri dish
is removed before the annealing is completed, the remaining solvent
will evaporate quickly, resulting in rapid nucleation and
crystallization, which causes many small crystal grains to appear in
the middle of the large crystals again. When SECC is present during
the entire annealing process, the crystal grains could grow slowly
along the mesopores, and eventually achieve uniform and dense
perovskite pore‐filling. The high‐quality perovskite film lays the
foundation for mesoporous PSCs with excellent performance
(Figure 7.4) [36].
SA also exhibited a significant positive effect in the crystallization
process of perovskite with NMF as the solvent. Liu et al. combined
the high boiling point and low saturation vapor pressure of NMF to
design a low permeability annealing cover and low annealing
temperature during device preparation, achieving slow removal of
NMF and sufficient growth of perovskite grains. As shown in
Figure 7.5, the nucleation of perovskite is severely inhibited due to
the good precursor dissolution and slow solvent removal, while the
grain growth is sufficient to eventually form large regions of several
millimeters. The devices exhibited good filling of perovskite in the
scaffold. They further demonstrated that the controlled crystallization
process of nucleation inhibition and growth promotion can promote
the orientation growth of perovskite as well as achieve the quasi‐
single crystal growth process of perovskite in the mesoporous
scaffold by grazing‐incidence wide‐angle X‐ray scattering (GIWAXS)
analysis (Figure 7.6). Ultimately, the devices with controlled
crystallization using NMF as the solvent obtained a PCE of 18.85%,
which was the highest efficiency for the printable mesoporous devices
at that time [27].



Figure 7.4 (a) The schematic diagram of perovskite crystallization in
the mesoporous scaffold under different situations. The relationships
between the color and the material are noted under diagrams. (b) The
photographs of devices annealed under different situation and (c) the
related XRD pattern of films on the substrate of glass/ZrO2. Source:
Wang et al. [36]/With permission of John Wiley & Sons.



Figure 7.5 Growth of MAPbI3 in mesoscopic layers. (a) Morphology
evolution of perovskite in mesoscopic layers with different annealing
time. (b) Cross‐sectional SEM images of devices without perovskite,
with MAPbI3, and with MAPbI3(MACl)0.15. Source: Liu et al. [27],
Elsevier.
From the current experimental results, we think that the slower
crystallization process is conducive to the crystal growth and uniform
filling of the perovskite in a thick mesoporous scaffold (>10 μm). Due
to the limitation of mesoporous, too fast perovskite crystallization
lead to poor crystallinity and pore‐filling, which could lead to weak
light absorption, severe non‐radiative recombination caused by
defects and poor carrier transport, and ultimately result in overall
degradation of performance. SA could effectively control the
perovskite crystallization rate, especially in the mesoporous
structure, which is effective for the formation of perovskite films with
high crystallinity and good morphology. Combined with solvent
engineering, SA has greater potential to improve PCE by improving
crystallization process and the resulting morphology.



Figure 7.6 Crystallinity and film properties of MAPbI3 in mesoscopic
layers. the GIWAXS patterns of (a) MAPbI3 and (b) MAPbI3(MACl)0.15
filled inside the mp‐TiO2 and mp‐ZrO2 layers with different incident
angles. Source: Liu et al. [27], Elsevier.

7.3 Composition Engineering

In general, the organic–inorganic hybrid perovskites own a chemical
structure of ABX3 (A = Cs+, CH3NH3

+, CH5N2
+; B = Pb2+, Sn2+; X = 

Cl−, Br−, or I−). By changing the types and proportions of A, B, and X,
the bandgap of perovskite can be adjusted continuously, which makes
the perovskite meet different needs in specific application. Despite
the fact that solar cells based on the MAPbI3 perovskites have
achieved PCE of more than 20%, the highest record efficiency of
PSCs is achieved with the mixed perovskite based on the composition
engineering. By rationally tuning the composition of cation or anion in
organic–inorganic halide perovskites, the bandgap and Goldschmidt's
tolerance factor of perovskite can be effectively regulated, which is in
favor of improving the PCE and stability of PSCs [37].

7.3.1 The A‐Site Cation



Goldschmidt's tolerance factor (τ) is a dimensionless number that
measures the stability and distortion of perovskite crystal structures.
Only when the τ is between 0.8 and 1, the perovskite could maintain a
stable 3D structure, which makes only a few A‐site cations, such as
Cs+, MA+, and FA+, have suitable size to be inserted into the
inorganic framework and form a stable 3D structure. Among several
kinds of perovskites, MAPbI3 is first applied in the perovskite solar
cells and has been extensively studied. At room temperature, the
Goldschmidt's tolerance factor of MAPbI3 is 0.91 [38], and it has a
tetragonal crystal structure and a bandgap of about 1.56 eV [39–42].
Since MAPbI3 changes from tetragonal to cubic phase at 330 K, which
leads to poor stability of MAPbI3 in the actual use, [43] it is necessary
to develop more stable perovskites. It is reported that FAPbI3 has
good thermal stability because it has no phase change in a wide
temperature range of 298–423 K. Compared with MAPbI3, FAPbI3 has
a bandgap of about 1.45 eV, [42] which is closer to the optimal
bandgap of single‐junction solar cells based on the
Shockley−Queisser limit [44, 45], and the lower bandgap allows
photons to be effectively used in the near‐infrared spectrum. The
specific structure and ideal bandgap make it possible for FAPbI3 to
get excellent PCE and stability in PSCs. However, FAPbI3 possesses
two phases, (i) photoinactive non‐perovskite, hexagonal δ‐FAPbI3
perovskite, and (ii) photoactive trigonal α‐FAPbI3 perovskite. Only the
α‐FAPbI3 can be used as an excellent light‐absorbing material in solar
cells [46]. The presence of δ‐FAPbI3 could damage the performance
of the device. Therefore, it is very important to stabilize the α‐FAPbI3
phase in the fabrication of PSCs by adjusting the Goldschmidt's
tolerance factor of perovskite.
Incorporation of MA into FAPbI3 resulted in a more stable
MAxFA1−xPbI3 perovskite structure [38, 47]. Binek et al. further
studied the stability of MAxFA1−xPbI3 perovskite, who suggested that
the smaller MA+ has a larger dipole and a stronger interaction with
the PbI6 octahedral inorganic framework, which is beneficial to the
stability of α‐FAPbI3 [48]. Jeon et al. developed the
(FAPbI3)1−x(MAPbBr3)x perovskite, they suggested that MA+ and Br−

could cooperate with each other to better stabilize α‐FAPbI3 [49]. In
addition, smaller Cs+ could also be used to stabilize α‐FAPbI3, it has



been suggested that the introduction of smaller Cs+ could cause the
shrinkage of the cubic octahedron and further enhances the
interaction between FA and I, which could improve the FAPbI3 light
stability and phase stability [50, 51]. Despite few reports, Cs could
also be introduced into MAPbI3, which could improve the thermal
stability of PSCs based on MAPbI3 [52, 53]. The triple‐cation
perovskite also shows good phase stability and suitable bandgap, and
more than PCE of 21% or excellent stability has been achieved in
PSCs based on the triple‐cation mixed perovskite
Cs0.1FA0.75MA0.15PbI2.49Br0.51 [54, 55].

In printable mesoscopic perovskite solar cells, the composition
engineering is also an important method to improve the performance
of PSCs. In 2014, Hu et al. prepared MA0.4FA0.6PbI3 in a three‐layer
mesoporous structure by sequential deposition method to extend the
light absorption spectrum to 840 nm, which significantly increased
the short‐circuit current density (JSC) of the device without sacrificing
the open‐circuit voltage (VOC), and achieved PCE of 12.9% [56]. In
2019, Hou et al. stabilized FAPbI3 by introducing Cs+, and improved
the crystallization and morphology of perovskite in mesoporous
through SA process. A PCE of 15% was obtained with a spectral
response up to 840 nm in printable mesoscopic PSCs [35].
Subsequently, Wang et al. applied Cs0.1Rb0.05FA0.85PbI3 perovskite as
a light absorber in printable mesoscopic PSCs, which stabilized the α‐
FAPbI3 and obtained a PCE of 16.26% with good crystallization [36].
The above works exhibit that the composition control of the A‐site
cation could not only broaden the light absorption spectrum but also
improve the PCE of printable mesoscopic PSCs (Figure 7.7).
Under the condition of good pore‐filling inside the mesoscopic
scaffold, adjusting the composition of A‐site cation could change the
bandgap of perovskite and further broaden the absorption spectrum
of devices. In addition, compared with traditional PSCs, the α‐FAPbI3
with good stability and crystallization could be obtained at lower
annealing temperature by adjusting the composition in printable
mesoscopic PSCs.



Figure 7.7 The performance parameters of devices based on
Cs0.1Rb0.05FA0.85PbI3. (a) The distribution of PCE, there 32 pieces of
device are taken into account. (b) The J–V curve of the champion
device. (c) The stabilized output of the champion devices. (d) The
IPCE spectrum of the champion device. Source: Wang et al. [36]/With
permission of John Wiley & Sons.

7.3.2 The B‐Site Cation and X‐Site Anion

The B‐site metal cation and X‐site anion significantly affect the crystal
and electronic structure of perovskite. For the MAPbI3, the
conduction band of the perovskite is mainly contributed by empty Pb
p orbitals and I p orbitals, and the valence band is mainly contributed
by I p orbitals and Pb s orbitals through the theoretical calculation.
Considering that the bandgap of MAPbI3 exceeds 1.45 eV, which is
higher than the optimal range of SQ limit, [44, 45] we could directly
adjust the band structure of perovskite through changing the
composition of B‐site cation and X‐site anion. In addition, toxicity of
Pb also has a negative impact on the commercialization of perovskite



solar cells. Therefore, it is very necessary to improve the quality and
photoelectric characteristics of perovskite by adjusting the B‐site and
X‐site components.
Since it is expected to further adjust the bandgap of perovskite and
eliminate the toxicity of Pb, Sn halide perovskites have received
widespread attention [57, 58]. In 2014, Noel et al. reported PCE of
6.4% based on MASnI3 [59]. Subsequently, CsSnI3 and FASnI3 have
also been applied to PSCs. Among several Sn‐based PSCs, FASnI3 has
been studied intensively due to the higher performance and better
repeatability. Adjusting the component and using additives could
improve crystallinity and morphology of Sn‐based perovskite and
suppress the oxidation of Sn2+, which leads to the improvement in the
performance and stability of Sn‐based PSCs. Currently, Ning et al.
obtained the highest efficiency of 12.4% based FASnI3 devices by
optimizing ETL materials and improving the morphology of perovskite
through additives [60]. Apart from Sn, Bi‐based perovskite materials
have also been used in photovoltaic due to their good stability.
However, it is difficult for Bi‐based materials to form a highly
symmetric structure, and there could be numerous defects existing in
the film of Bi‐based perovskite films, which leads to the poor PCE of
Bi‐based PSCs [61]. Currently, Pai et al. reported highest PCE of
5.56% based on Ag3BiI5.92S0.04 [62]. Another important direction of
composition engineering based on B‐site cations is the Pb–Sn mixing
system. By adjusting the ratio of Pb and Sn in the metal halide
perovskite, the bandgap of perovskite could be flexibly adjusted
between 1.55 and 1.17 eV to match the optimal bandgap of the S–Q
limit, which could be used in both single junction solar cells and
tandem solar cells [58]. At present, Lin et al. introduced a metal Sn in
the precursor solution to suppress the oxidation of Sn2+ and increase
the carrier diffusion length to 3 μm. The device based on
FA0.7MA0.3Pb0.5Sn0.5I3 has obtained the PCE of 21.1% [63]. For the
tandem solar cells based on the perovskite, In 2019, Lin et al.
combined FA0.7MA0.3Pb0.5Sn0.5I3 with wide bandgap
Cs0.2FA0.8PbI1.8Br1.2 and obtained an impressive PCE of 24.8%, which
also maintained good stability [63].
Apart from metal cation in the B‐site, the X‐site halogen anions,
including I−, Cl−, and Br−, also have a crucial impact on PSCs
performance through changing the ratio or types [64, 65]. Cl− could
improve the photoelectric characteristics of perovskite, such as



increasing the carrier diffusion length, [66, 67] without influencing
the spectral response [68]. By affecting the properties of the
precursor solution, Cl− could also improve the grain size and
coverage of the perovskite film, and regulate the perovskite
orientation growth [69–71]. Although it is still unknown whether Cl−
could insert into the perovskite lattice limited by the characterization
method, Cl− has been widely applied to improve the performance of
PSCs [72]. On the contrary, Br− could tune the bandgap of perovskite
and improve the hole transportation and the wide bandgap MAPbBr3
has good hole conduction characteristics [73, 74]. Br− could generally
lead to the enhancement of Goldschmidt's tolerance factor so the
introduction of Br‐could stabilize the α‐FAPbI3 and further improve
the PCE and stability of PSCs by adjusting the τ factor [49, 75].
Besides ions consisting of a single atom, F could be incorporated into
the perovskite lattice through BF4

− that has similar ionic radius to I−,
which could improve the conductivity of perovskite films [76, 77]. The
introduction of SCN− owning similar ionic radius with I− could
improve the crystallization and morphology of perovskite, enhancing
the stability of PSCs and suppressing hysteresis [78–80].
Lead‐free perovskite has also been applied in printable triple
mesoporous structures. Li et al. reported a C6H4NH2CuBr2I
compound with excellent stability, extraordinary hydrophobicity, and
a high absorption coefficient (Figure 7.8). They adopted
C6H4NH2CuBr2I as a light absorber in printable mesoscopic
perovskite solar cells and obtained the PCE of 2% [81]. In addition, Li
et al. explored the application of various organic–inorganic bismuth
iodides in mesoporous structures. These compounds have a one‐
dimensional anionic chain built by edge‐sharing BiI6 octahedra. It is
worth noting that the interaction of I…I, I…C, and hydrogen bonds
between different chains make it possible for three‐dimensional
charge transport in one‐dimensional organic–inorganic bismuth
iodides and the printable mesoscopic PSCs achieved a PCE of 0.9%
using the Bi‐based perovskite [82, 83]. In addition, Sn‐based
perovskites are also used in mesoporous structures. Chen et al. firstly
reported a low‐dimensional halide perovskite (4AMP)(FA)n−1SnnI3n+1
based on Dion–Jacobson Sn (II), which shows the long PL lifetime and
suitable bandgap. Printable mesoscopic PSCs obtained the PCE of
4.22% based on (4AMP)(FA)3Sn4I13, which also exhibits good stability
[84]. Although the performance of devices needs to be improved, the



development of these lead‐free light‐absorbing materials has
demonstrated that many kinds of perovskite could be applied in the
printable mesoscopic PSCs.

Figure 7.8 Scheme (a) and cross‐section SEM image (b) of the Cu‐
based solar cell. (c) Top view SEM image of C6H4NH2CuBr2I thin
film. (d) J–V curves of the best performing device (reverse scan).
Source: Li et al. [81]/American Chemical Society.

For the X‐site anion, Chen et al. partially replaced I− with BF4
−, and

applied the new MAPbI2.95(BF4)0.05 perovskite in the printable
mesoscopic PSCs and obtained the PCE of 13.24%. They inferred that
the enhancement of VOC and FF could be attributed to the increased
interfacial and bulk recombination resistances for the BF4

− could
improve the electrical property of perovskite [76]. Subsequently,
Sheng et al. introduced BF4

− to (5‐AVA)0.034MA0.966PbI3, which could
produce high‐quality perovskite crystals and decrease the charge
recombination rates and defect density. Devices obtained the PCE of



15.5% based on the mixed (5‐AVA)xMA1−xPbI3‐y(BF4)y perovskite and
achieved the high VOC of 0.97 V in the printable mesoscopic PSCs
[85].
Similar to traditional PSCs, the composition engineering could also be
applied to printable mesoscopic PSCs. The bandgap of Pb–Sn mixed
perovskite is adjustable, and other metal cations also play an
important role in the adjustment of the energy band, morphology, and
defect density. Cl− and Br− could effectively improve the morphology,
electrical properties, and stability of perovskite. Above all, B‐site
cation and X‐site anion composition engineering have great potential
on further improving performance of printable mesoscopic PSCs.

7.4 Additive Engineering

Many kinds of additives have been widely used in the fabrication of
traditional PSCs. According to the different properties of additives,
they could be applied to control the morphology of films, decreasing
the defect density, adjusting the energy band, and improving the
stability of perovskite. The additive engineering is an important
strategy to obtain devices with high PCE and good stability in both
traditional PSCs and printable mesoscopic PSCs. However, different
from traditional PSCs in which interfaces are relatively clear,
interfaces are pretty complex because of the mesoscopic scaffold in
printable mesoscopic PSCs, which leads to different results when the
same additive is applied in different device

7.4.1 Functional Molecular Additives

For a specific additive, the functional groups determine the effect
that the additive could realize when it is applied. According to the
type of functional groups that the additive owns, the additive could
improve the morphology of films, passivate defects, reduce carrier
recombination or promote charge carrier transport. Through
combining different functional groups, a single functional molecular
could realize more than one function.
Ammonium salts have been widely used as molecular additives
because of their important role in controlling the perovskite
morphology and improving the perovskite stability. Larger ammonium
salts could not insert into the 3D perovskite lattice due to the
limitation of tolerance factors, which leads to the formation of low‐
dimensional perovskites and exhibits excellent humidity stability [86–



88]. Similarly, the hydrophobic groups, such as tertiary and
quaternary alkyl groups, could also improve the stability of PSCs,
which are generally distributed on the surface of perovskite to block
moisture [89]. In addition, –NH2 in the ammonium salt could form the
coordination bond with the uncoordinated Pb2+ so the halogen
vacancy defects could be filled by the halogen ions in the ammonium
salt, which could passivate defects existing in the perovskite grain
boundaries and surface, suppress non‐radiation recombination, and
finally improve the performance of PSCs [90, 91]. In addition to
ammonium salts, some additives containing acidic groups could also
be used in perovskites. These acidic groups could passivate defects in
perovskites and strengthen the contact between perovskite and
charge‐transporting materials by combining with metal oxides. Han
group developed a series of bifunctional molecular additives with a
terminal amino group and a terminal carboxyl group, which
effectively improve the crystallization and the pore‐filling of
perovskites in the mesoscopic scaffold, and the printable mesoscopic
PSCs achieved remarkable stability with the bifunctional molecule [9,
92]. Similarly, the molecules containing sulfuric acid and phosphoric
acid groups could also be used to improve the crystallization and
passivate the defects of perovskites, yielding an improved PCE and
stability [34, 93]. A series of important additives that contain O, S,
and N elements as electron donors, have also been widely used in
PSCs. These additives could be used as a Lewis base to coordinate
with Pb2+. The formation of Lewis acid–base adducts could regulate
the perovskite crystallization. In addition, the Lewis base additives
could also passivate the defects of grain boundary and surface of
perovskite by Lewis acid–base coordination [94]. Similar to the Lewis
base, some molecular additives that could be used as Lewis acids
could also coordinate with the halogen anions in perovskites and
passivate hole defects [95, 96]. Polymer molecular additives have also
received much attention due to the significant improvement in the
stability of perovskite. After the annealing of the perovskite, the
polymer molecules are spontaneously distributed on the grain
boundaries or surface to passivate defects. The hydrophobic group of
the polymer additive could protect the perovskite from the moisture.
Typical polymer molecular additives mainly include poly(ethylene
glycol) (PEG), poly(4‐vinylpyridine) (PVP), and trimethylolpropane
triacrylate (TMTA), which could improve the humidity and thermal
stability of perovskite solar cells [97–99].



For printable mesoscopic PSCs, bifunctional molecular additives play
a significant role in adjusting crystallization and improving stability of
devices. In 2014, Mei et al. initially introduced 5‐AVAI to prepare
mixed cation perovskite (5‐AVA)xMA1–xPbI3, which exhibited more
dense and uniform pore‐filling and lower defect density than MAPbI3
in printable mesoscopic PSCs. In this work, researchers inferred that
the –COOH of 5‐AVAI molecule could contact with TiO2 and ZrO2
nanoparticles and the –NH3

+ could participate in the crystallization of
perovskite, as a nucleation site of perovskite and further improve the
crystallization of perovskite inside the mesoscopic scaffold. The
device shows a certified PCE of 12.8% and kept stable for >1000 
hours in the ambient air under full sunlight [9].
In 2019, Filonik et al. observed the formation of perovskite inside the
mesoscopic scaffold and further investigated the influence of 5‐AVAI
on perovskite crystallization with the GIWAXS. Such time‐resolved
measurement showed that the formation of large crystalline
perovskite grains was suppressed in the early stage of perovskite
crystallization when 5‐AVAI was introduced, resulting in improving
the perovskite pore‐filling in the mesoscopic scaffold and enhancing
the device performance, as shown in Figure 7.9 [100].
As an additive, the content of 5‐AVAI needs to be precisely controlled,
and high ratio of 5‐AVAI could lead to the formation of 2D perovskite.
Grancini et al. used 5‐AVA to form an ultra‐stable 2D/3D (5‐AVA)2PbI4
on the surface of MAPbI3, which could act as a barrier to protect the
3D perovskite from moisture. Based on the 2D/3D (5‐AVA)2PbI4 layer,
the printable mesoscopic PSCs achieved the PCE of 12.9%, and the
10 × 10 cm−2 module exhibited the PCE of 11.2% and remarkable
long‐term stability (&gt;10 000 hours under the standard test
conditions and no reduction, as seen in Figure 7.10) [101].





Figure 7.9 Selected diffraction pattern from time‐resolved GIWAXS
measurements (top) and corresponding directional intensity gradients
along χ of the azimuthally integrated (002)/(110) reflex in the vertical
direction (bottom). Pattern for selected time frames of samples (a)
without 5‐AVAI and (b) with 2 : 40 molar ratio of 5‐AVAI: MAI. Distinct
diffraction peaks in the initial diffraction patterns are only detected
for the reference sample. Intensity evolution from time‐resolved
GIWAXS measurements of the (c) crystalline grains and (d) dispersed
crystallites for both cases with 5‐AVAI in yellow and the reference
without 5‐AVAI in green during the solution infiltration (white
background) and thermal annealing at 50 °C (light red background).
The vertical solid lines mark the time of sample position change
during the experimental procedure. Source: Filonik et al. [100]/With
permission of John Wiley & Sons.

However, the insulating alkyl chain of 5‐AVA could hinder the charge
transport, which could damage the performance of printable
mesoscopic PSCs. Therefore, Hu et al. designed a bifunctional
conjugated organic molecule 4‐(aminomethyl) benzoic acid
hydroiodide (ABI). The ABI owns the same functional groups as 5‐
AVAI, which could improve the pore‐filling of perovskite through
similar mechanism. Different from the 5‐AVAI, the ABI exhibits a
conjugated molecular structure, which is beneficial for the transport
of carriers. The printable mesoscopic PSCs based on AB‐MAPbI3 show
good stability and excellent PCE of 15.6% [92].



Figure 7.10 (a) J–V curve using the 2D/3D perovskite with 3%AVAI
in HTM‐free solar cell measured under Air Mass (AM) 1.5G
illumination (device statistics and picture in the inset). (b) J–V curve
using the 2D/3D perovskite with 3%AVAI in HTM‐free 10 × 10 cm2

module (device statistics and picture in the inset). (c) Typical module
stability test under 1 sun AM 1.5G conditions at stabilized
temperature of 55° and at short circuit conditions. Stability
measurements done according to the standard aging conditions.
Source: Grancini et al. [101], Springer Nature, CC BY 4.0.
Ammonium salt additives are widely used in perovskite solar cells due
to the modulating effect of –NH2 on crystallization processes and
defects. In printable mesoscopic solar cells, Ammonium salt additives
also exhibited significant positive effects in the printable mesoscopic
PSCs. Xiao et al. introduced acetamidine hydrochloride (AceCl) and
guanidine hydrochloride (GuaCl) as additives into the perovskite



precursor solution and found that the larger Ace and Gua cations
could partially enter in the 3D perovskite lattice and significantly
affect the electrical properties of perovskite. The mobility and
conductivity of the Ace mixed perovskite are significantly enhanced
(Figure 7.11). The printable mesoscopic devices based on Ace mixed
perovskite obtain over 18% PCE (certified 17.7%). Liu et al. also
found that melamine hydroiodide improves the filling and
crystallization of chalcocite in mesoporous scaffolds [102].
Functional additives could improve the pore‐filling and crystallization
of perovskite in the mesoscopic scaffold and enhance the stability of
devices, which indicates that functional molecular additives are
essential for the performance improvement of printable mesoscopic
PSCs. Through designing multifunctional additives with different
functional groups, additives could also be used to passivate defects,
promote carrier transport and reduce the carrier recombination in
printable mesoscopic PSCs.



Figure 7.11 (a) Structure characterizations of different perovskite
films. (a) The perovskite lattice of MA0.875Ace0.125PbI3 (left), MAPbI3
(middle), and MA 0.875Gua0.125PbI3 (right) with the density functional
theory (DFT) calculated effective hydrogen bonds. (b) conductive
atomic force microscope (c‐AFM) images of different perovskite films.
The Defect density (c) and carries mobility (d) calculated from SCLC
measurements of different perovskites. Source: Xiao et al. [102]/With
permission of Elsevier.

7.4.2 Other Additives

In addition to additives with functional groups, there are also some
other additives applied to PSCs based on simpler molecular
structures. This kind of additive could also influence the
crystallization process of perovskite and improve the morphology of
perovskite films. Exploring the behavior of these additives in the



formation of perovskite crystals could further reveal properties of
perovskites.
Some additives could modulate the morphology of perovskite film by
affecting the properties of the precursor solution. It has been proved
that the perovskite precursor solution is colloid rather than true
solution, and the size and morphology of the colloidal particles could
influence the grain size and morphology of the final perovskite film.
Extra MAI and MACl could change the size and morphology of
colloidal particles by affecting the coordination form of the solute in
precursor solution, which ultimately determines the grain size and
morphology of the perovskite film [103, 104]. In addition, some acidic
additives, such as HI and HBr, could promote the dissolution of large
colloid particles in the precursor solution, which could further
decrease nucleation sites in the solution and prolong the
crystallization process of perovskite. With the slower crystallization,
the perovskite film consists of crystals with larger grain sizes.
However, too few nucleation sites could lead to loose contact between
different grains in the perovskite film and the formation of
undesirable pinholes, so it is necessary to adjust the properties of the
perovskite precursor solution to balance the overall morphology of
perovskite films and crystal grains size [73, 105]. Another way to
improve the film morphology is to change the crystallization process
of perovskite through the intermediate phase formed by additives and
perovskite precursors. Typical additives are chlorides, such as MACl
and PbCl2, which could lead to the formation of Cl‐containing
perovskite. The Cl‐contained intermediate could act as a template for
the crystallization of perovskite, which could be transformed into the
perovskite film with high crystallinity and dense morphology after
thermal annealing [106, 107]. Other additives such as Pb(Ac)2 and
Pb(SCN)2 have similar effects to improve morphology [78, 108, 109].

In printable mesoscopic PSCs, chloride additives are also widely used
in improving the quality of perovskite. In 2016, Sheng et al.
effectively improved perovskite crystallization and morphology in
printable mesoscopic PSCs by adding LiCl into MAPbI3. In addition,
LiCl could also enhance the carrier concentration and electrical
conductivity of the perovskite film [110]. Subsequently, SrCl2 was
also introduced into printable mesoscopic PSCs by Zhang et al. and
improved the filling of perovskite materials in the mesoscopic
scaffold. They also found that SrCl2 could inhibit the non‐radiative
recombination through passivating defects inside the perovskite,



which resulted in VOC up to 1.05 V and PCE of 15.9% in printable
hole‐conductor‐free mesoscopic PSCs [111]. In addition, Rong et al.
reported a method of improving crystallization and pore‐filling of
perovskite crystals in the mesoscopic scaffold based on the
synergistic effect of NH4Cl and moisture. As shown in Figure 7.12,
during the crystallization process of perovskite, NH4

+, precursor
materials, and moisture could form the MAI·NH4PbI(H2O)2
intermediate phase, which could slow down the crystallization
process and improve the crystal quality of perovskite in the
mesoscopic scaffold. After annealing and exposing to the air, the
moisture could induce the deprotonation of NH4

+ in
MAI·NH4PbI(H2O)2 leading to the formation of NH3 and the
intermediate phase change into MAPbI3. Printable mesoscopic PSCs
prepared based on this method achieved a PCE of 15.6% and
excellent stability [112].

Figure 7.12 Schematic view of the crystal growth process of
perovskite CH3NH3PbX3 in the presence of ammonium and moisture.
Source: Rong et al. [112]/Springer Nature/CC BY‐4.0.





Figure 7.13 (a) Schematic illustration of in situ GIWAXS
experimental setup. i is the incident beam, ai the is shallow incident
angle, f is the scattered wave, af is the in‐plane exit angle, ψ is the
out‐of‐plane angle, and χ is the azimuthal angle. The evolution of the
scattering features with respect to the scattering vector q and the
time for the MAPbI3 perovskite (b) without and (c) with MACl in the
DMF/DMSO solvent. The XRD patterns of (d) the precursor solution
films after annealing at 100 °C for five minutes and (e) final
perovskite films with different concentrations of MACl. Source: Xiao
et al. [113]/With permission of American Chemical Society.
At present, introducing chloride additives (MACl, PbCl2) has become
a common way to improve the crystallization of perovskite in the
printable mesoscopic PSCs. Xiao et al. revealed the Cl‐assisted
perovskite crystallization pathway in the mesoscopic scaffold by in
situ GIWAXS (Figure 7.13a). The in situ characterizations suggest
that Cl− ions can effectively delay the formation of the intermediate
MA2Pb3I8·2DMSO and shorten its existence time (Figure 7.13b),
promote the conversion of the intermediate to perovskite, and
ultimately significantly improve the morphology and crystallinity of
the perovskite in the mesoscopic structure (Figure 7.13c) [113]. Xu et
al. used TiO2 nanoparticles loaded with commercial dye N719 as an
additive to passivate shallow defects in perovskite, which promoted
charge extraction and ultimately increased the short‐circuit current of
the device [114].
At present, a variety of additives have been applied to printable
mesoscopic PSCs for efficiency enhancement. It is important to
further explore the effects of different anions and cations of additives
on the photovoltaic properties and film quality of perovskite. The
selection of suitable additives could further improve the performance
of printable mesoscopic PSCs in terms of crystal quality, defect
passivation, energy band alignment, and further improve device
stability.

7.5 Interfaces Engineering

Toward solar cells, no matter which type the solar cell is, the
interface property could be of vital importance for devices. The
exciton dissociation, carrier extraction, and transport as well as
recombination could take place at the interface. Through interface



modification, researchers could adjust the energy level and banggap
offset and improve the work function of materials, which could help
enhance the quantum efficiency, accelerate the carrier transport and
inhibit the non‐radiative recombination [115–118]. In addition to
electronic properties, the stability of perovskite could also be related
to the properties of different interfaces. For instance, the moisture
could react with the perovskite and lead to the decomposition of
perovskite, which usually occurs at the surface of perovskite. Through
modifying the surface with a hydrophobic layer, the moisture stability
of devices could be improved. For traditional PSCs, the planar
structure makes it relatively easier to realize the interface
modification because interfaces are distinct. However, in the
printable mesoscopic PSCs, the high specific surface area of
mesoscopic scaffold brings more complex properties of interfaces.
The perovskite crystals fill into the mesoscopic scaffold densely and
contact each mesoporous layer so it could be difficult to modify the
specific interface between perovskite and a certain layer. Here, we
will introduce the interface engineering applied in both traditional
PSCs and printable mesoscopic PSCs and compare differences
between these two structures.

7.5.1 Interface of Perovskite and Electron Transport

Materials

In traditional PSCs, the interface modification between perovskite
and electron transport layer (ETL) could be used to decrease the
defect density, adjust the band alignment and improve the contact of
different layers. For the traditional PSCs are fabricated with the spin‐
coating method, in which materials are deposited layer by layer, the
interface modification could also improve the film morphology of
perovskite layer through modifying the surface of ETL in n‐i‐p
structure PSCs. Ogomi et al. inserted a monolayer of HOOC–R–NH3

+

between mesoporous TiO2 layer and MAPbI3. The organic monolayer
could inhibit the recombination at the interface and improve the
crystal growth of MAPbI3. The COOH group was absorbed on the
surface of TiO2 and the NH3

+ could anchor the perovskite through
incorporating into the PbI2, which could control the crystallization of
perovskite. Under the modification of HOOC–R–NH3

+, the perovskite
could achieve the uniform crystals with large grain size [119]. Peng et
al. deposited an ultrathin layer between the perovskite and TiO2,
which was consisted of a PMMA : PCBM mixture. This interlayer could



suppress the interfacial recombination and the champion device
exhibit a VOC of 1.18 V. The modified device achieved a negligible
hysteresis, fast current and voltage response and finally attained a
steady state PCE of 20.4% [120]. Besides organic molecules, Sargent
et al. introduced PbCl2 into the perovskite precursor solution to form
the Cl‐capped TiO2. The interfacial Cl atoms could suppress deep trap
states at the interface of the perovskite and TiO2, which decreases
the interfacial carrier recombination and improves the contact of
perovskite and TiO2 [121].

Different from traditional PSCs, interface modification strategies are
relatively limited in printable mesoscopic PSCs. During the
fabrication of printable mesoscopic PSCs, the modified ETL needs to
be subsequently anneal at a temperature over 400 °C. The annealing
process makes it difficult to introduce organic molecules into the
interface for many organic molecules could decompose at the
temperature. To prevent the decomposition of molecules used to
modify TiO2, one method is to immerse the annealed mesoscopic
scaffold into the solvent of molecule. If the molecule could be
selectively absorbed on the surface of TiO2, the interface of TiO2 and
perovskite could be modified. Liu et al. inserted an organic silane self‐
assembled monolayer between TiO2 and MAPbI3 with the immersing
method in printable mesoscopic PSCs. The monolayer could tune the
interface electronic structure and inhibit the recombination process,
which further improved the performance of devices (Figure 7.14a)
[122]. Zhao et al. achieved surface modification of TiO2 with
ethanolamine by immersing the sintered blank devices in 2‐ME
solution. The ethanolamine located at the TiO2/perovskite interface
can reduce the interfacial energy barrier and passivate the
unliganded Pb defects at the interface (Figure 7.14b) [123].
Another method is to modify the interface with materials owning good
thermostability. Xiong et al. deposited a thin layer of metal Al on the
surface of TiO2 and the metal Al could be oxidized into Al2O3 through
subsequent annealing process. The interfacial Al2O3 on the surface of
TiO2 could not only serve as an extra insulating layer but also modify
the interface between TiO2 and perovskite. To compare the
recombination resistance of modified devices and original devices,
EIS characterization was conducted and showed that modified
devices could more effectively suppress the carrier recombination



inside devices through EIS spectrum (Figure 7.15). Finally, the VOC of
resulting devices was improved from 836 to 942 mV [124]. In the later
research, Wang et al. used another method to modify the TiO2 with
Al2O3 in printable mesoscopic PSCs. Based on the spraying pyrolysis
method, the precursor solution containing organic Al source was
sprayed on the hot TiO2 layer at 450 °C. The precursor decomposed
and an ultrathin layer of Al2O3 was deposited on the surface of TiO2.
The modification could downshift the conduction band minimum
(CBM) of TiO2 and promote carrier transport, which leads to better
performance [125]. Al2O3 is not the only choice to modify the TiO2,
several metal oxides, including La2O3 and MgO, could also be used to
modify the energy bandgap and work function of TiO2. Besides the
metal oxides, C60 could stay stable at 400 °C and has been
successfully used to adjust the energy band level in printable
mesoscopic PSCs [126].





Figure 7.14 (a) Structure of the printable mesoscopic PSCs based on
carbon. Source: Liu et al. [122]/With permission of American
Chemical Society. (b) Structure of the printable mesoscopic PSC, the
diagram of energy levels of each functional layer in the device with
the MEA‐passivated interface, and schematic representation of the
PSC device modified with MEA. Source: Zhao et al. [123]/With
permission of John Wiley & Sons.

Figure 7.15 (a) Formation process of bifunctional Al2O3 interlayer;
schematic structure (b) and energy band diagram (c) of hole‐
conductor‐free C‐PSCs with Al2O3 interlayer. Source: Xiong et al.
[124]/With permission of John Wiley & Sons.
In summary, the interface modification at the interface of perovskite
and ETL is widely used in adjusting the energy band structure,
reducing defects, and suppressing carrier recombination. According
to the structure of PSCs, the modification strategy and materials
could be different, which depends on the fact whether the modified
interface could maintain its properties when the fabrication of devices
is finally completed.

7.5.2 Interface of Perovskite and Counter Electrode



To improve the hole extraction from perovskite to counter electrode,
a layer of hole transport material (HTM) needs to be deposited
between the perovskite and the counter electrode in traditional PSCs,
which is important to achieve high PCE. For printable mesoscopic
PSCs, NiOx has been used as the HTL helping carrier transport [34].
However, the HTL is not so necessary in printable mesoscopic PSCs.
The device could also achieve a PCE of 16.35% without HTL for the
perovskite itself could also transport holes to the counter electrode in
printable mesoscopic PSCs [127]. So, researchers could pay more
attention to the perovskite/carbon interface in printable mesoscopic
PSCs, which exhibits obvious differences between traditional PSCs
and printable mesoscopic PSCs. In this chapter, we will concentrate
on the interface of perovskite and carbon electrode in printable
mesoscopic PSCs.
There are several methods to modify the perovskite/carbon interface.
Li et al. introduced vanadium oxide (VOx) to modify the interface of
perovskite and carbon through the posttreatment. VOx possesses a
work function of approximate 5.39 eV, which is higher than carbon.
With the modification of VOx, the hole transport could be accelerated
at the interface of perovskite and carbon. The VOC of modified device
increased from 892.73 to 922.86 mV, which leads to high PCE of
15.77% [128]. In addition to VOx, adjusting the oxygen content of
carbon electrode could also change the work function of carbon
electrode (Figure 7.16a). Tian et al. proposed oxygen management of
carbon black to improve the contact of perovskite/carbon interface
and adjust the energy level alignment. Two kinds of carbon black
were applied to the fabrication of printable mesoscopic PSCs,
containing oxygen‐rich carbon black (ORC) and oxygen‐deficient
carbon black (ODC). The carbon electrode made of ORC exhibited a
p‐type property and positive shift of work function, leading to efficient
hole transport (Figure 7.16b). As a result, the PCE was improved
from 13.6% to 15.7% with the ORC‐based carbon electrode [129].
Boron doping is another method to enhance the work function of
carbon electrodes. Duan et al. adopted boron‐doped graphite to
prepare the carbon electrode which exhibited enhanced work
function. Through substituting part of carbon atoms with boron atoms
in the graphite lattice, the modified graphite shows high
graphitization, which is beneficial for improving the conductivity of
carbon electrodes. The work function of carbon electrodes was



increased from 4.81 to 5.10 eV resulting in more efficient hole
transport at the interface of perovskite/carbon [130].
The three layers mesoscopic structure of the printable mesoscopic
devices makes the perovskite/carbon electrode interface unclear,
leading to very difficult modulations of the interface. Therefore, the
selection of a suitable solvent for posttreatment of the device after
the preparation of the printable mesoporous device is a feasible
option to regulate the perovskite/carbon electrode interface.
Therefore, posttreatment of the device based on a suitable solvent
after the preparation of the printable mesoporous device is an ideal
solution for regulating the perovskite/carbon electrode interface.
Chen et al. treated the devices by using fluorinated phenethylamine
molecules and control the in situ formation of low dimensional
perovskite with wide bandgap in carbon electrode (Figure 7.17a),
which can form a type II energy band arrangement with 3D
perovskite and facilitate directional charge transport and
performance enhancement (Figure 7.17b) [131]. Xia et al. modulated
the interfacial arrangement of the perovskite/carbon electrode by
posttreatment of the devices with the p‐type molecule 2,3,5,6‐
tetrafluoro‐7,7,8,8‐tetracyanoquinodimethane (F4TCNQ). This
suppressed interfacial charge complexation and contributed to the
highest open‐circuit voltage (1044 mV) of the printable mesoscopic
devices at that time (Figure 7.17c,d) [132].





Figure 7.16 (a) the device structure of a typical printable PSC based
on triple mesoscopic scaffold of TiO2/ZrO2/carbon. (b) schematic
diagram of VOx posttreatment of the interface of perovskite/carbon.
(c) the energy levels and alignment of the components in printable
PSCs. Source: Li et al. [128]/With permission of American Chemical
Society. (d) The schematic of oxygen‐deficient carbon black (ODC),
oxygen‐rich carbon black (ORC), interface contact, and energy level
alignment of the materials. Source: Tian et al. [129]/With permission
of Elsevier.



Figure 7.17 Posttreatment and in situ formation of 2D perovskites.
(a) Scheme of constructing 2D perovskite at the interface between 3D
perovskite and carbon and the cross‐sectional SEM image of tripe‐
mesoscopic PSCs. (b) The energy level diagram of printable triple‐
mesoscopic PSCs with a 2D perovskite as an electron blocking layer
at MAPbI3/carbon interface. Posttreatment of F4TCNQ on printable
mesoscopic PSCs. Source: Chen et al. [131]/With permission of John
Wiley & Sons. (c) schematic diagram of printable mesoscopic PSC
and molecular structure of F4TCNQ (d) energy band diagram of the
F4TCNQ posttreated device. Source: Xia et al. [132]/With permission
of American Chemical Society.

The two‐step sequential deposition methods similar to posttreatment
can also be used to tune the interfacial properties of printable
mesoscopic devices. Du et al. prepared the like homogeneous
structures of perovskite in the mesoporous scaffold by gradient self‐
doping. The difference in the work function of perovskite at different
depths enhances the built‐in electric field (Figure 7.18), which



improves the hole transport and extraction and significantly reduces
carrier recombination losses in the device [133].
According to interface modification strategies mentioned above, the
main purpose of the interface engineering is to improve the carrier
transport at the interface. Doping in the ETL or carbon electrode or
inserting an interlayer at the interface could help adjust the band
alignment, leading to more efficient carrier transport and decreasing
the carrier recombination. For different strategies applied in the
fabrication of printable mesoscopic PSCs, on the one hand, the
modification of ETL and carbon electrode should be adapted to the
preparation process of the printable mesoscopic devices sintered at
high temperature, and on the other hand, the interfacial modification
should not affect the filling and crystallization process of perovskite
in the mesoscopic scaffolds or cause perovskite decomposition.
Modification of the mesoscopic scaffolds after sintering by some
interfacial materials is a feasible method, but it is difficult to control
which layer to modify and is less reproducible. Posttreatment of the
prepared devices by selecting the appropriate solvent and material is
a simpler and more efficient method. On the one hand, the strategy
should not damage the perovskite materials which have been filled
into the mesoscopic scaffold, on the other hand, the interface
modification should not affect or damage the dense pore‐filling
morphology. Due to many modification methods that could lead to the
decomposition of perovskite, directly modifying the ETL or carbon
electrode before filling perovskite precursor solution could be a
simpler method for the interface engineering in printable mesoscopic
PSCs.



Figure 7.18 The schematic structure of printable mesoscopic PSCs
with mp‐TiO2/mp‐ZrO2/porous carbon structure and the deposition
process of perovskite absorber. Cs0.1FA0.9PbI3 containing excess PbI2
(20 mol%) was first deposited, then the device was immersed in IPA
solution of FAI. (b) The digital photograph (from the glass side) of the
device fabricated from perovskite precursor containing different
contents of PbI2 before and after treatment with FAI. (c) The energy
level diagram of target printable mesoscopic PSCs device. (d) The
schematic diagram of the change of perovskite composition along the
longitudinal direction. Source: Du et al. [133]/ With permission of
John Wiley & Sons.

7.6 Conclusion and Outlook

To achieve high performance of the printable mesoscopic PSCs, it is
of vital importance to get a dense pore‐filling inside the mesopores.



Selecting right solvents, regulating the annealing temperature,
adjusting annealing methods and additive engineering could be
helpful to achieve high crystallinity with favored orientation. In
addition to improving the crystallization of perovskite, the additive
could also be used to adjust the electronic and optical properties of
perovskite to get better light absorbance and to improve carrier
transport. Changing the ratio of different anions and cations in A, B,
or X sites could also directly determine the bandgap of perovskite,
which could help to achieve the proper absorption spectrum.
However, the adjustment of perovskite compositions may lead to
phase separation, which should be taken into consideration in the
composition engineering. Besides the perovskite material itself, the
interface of perovskite and other materials is also important to
fabricate printable mesoscopic PSCs with high performance.
Generally, adjusting the work function of ETL and carbon electrodes
could be an effective strategy to improve the interface property
through the interface engineering.
The unique structure and fabrication process bring printable
mesoscopic PSCs with many advantages including the ease of large‐
scale fabrication, batter stability, and lower cost, which exhibit a
great promise of commercialization. Combining different methods,
printable mesoscopic PSCs could achieve both high PCE and long‐
term stability in the future.
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The levelized cost of energy (LCOE) for generating
electricity by solar cells is determined by both the total life
cycle cost and the total lifetime energy production [1, 2].
To realize low‐cost photovoltaic technology, in addition to
reducing the fabrication cost and improving the power
conversion efficiency (PCE) of perovskite solar cells (PSCs),
ensuring long‐term duration is also very important. When
PSCs were fabricated for the first time in 2009, they just
survived for minutes [3]. Since then, various attempts have
been made to study and improve the stability, and
thousands of hours' lifetime has been widely obtained for
PSCs now [4–8]. According to the current research, the
stability of PSCs is influenced by various factors. Those
factors could be summarized as chemical species including
moisture and oxygen in the ambient conditions,
illumination of sunlight, heat induced by light soaking, and
electric field generated in the devices under light soaking.
Those factors act on the functional layers including the
electron transport layer (ETL), the halide perovskite light
absorbing layer, the hole transport layer (HTL), the back
electrode, and the interfaces between functional layers,
leading to the degeneration of these layers and the
performance decay of PSCs. Different functional layers and
different functional materials are sensitive to different



factors. Some functional layers could also react with each
other.
To achieve long‐term stability of PSCs, one strategy is to
block those adverse factors away from the devices. A
typical method for this is encapsulation, which prevents the
diffusion of moisture and oxygen into PSCs. However, some
factors cannot be blocked. For example, light soaking is the
basic requirement for the operation of solar cells and
electric field is always generated in the device under
working conditions. Therefore, constructing a tough PSC
with tough and compatible materials and interfaces against
those stimulations is the fundamental research direction for
stable PSCs. In addition, the device configurations also
influence the stability of PSCs. In this chapter, we
discussed the stability concerns for each functional layer of
PSCs and summarized those strategies for solving them.

8.1 Substrate

The substrates for conventional PSCs are commonly glass
coated with transparent conductive oxides (TCO) such as
fluorine‐doped tin oxides (FTO) and indium tin oxides
(ITO). For flexible PSCs, the glass is replaced with
transparent polymers, such as polyethylene terephthalate
(PET), to guarantee the flexibility and bending stability.
The glass or polymers must endow PSCs with the
mechanical strength against the mechanical shock, which
can be caused in the transport and working conditions [4].
The breakdown of substrate would lead to rapid failure.
Commercial TCO glass has been widely adopted in
commercial thin film solar cells. Therefore, the mechanical
strength of the substrate for PSCs can be well guaranteed.
Except for the glass, the conductive layer must be stable
for long‐term applications. Meanwhile, perovskites are
sensitive to some compounds including metal oxides.



Therefore, the conductive layer on the glass should be
chemically inert and do not react with perovskites. Till now,
FTO and ITO exhibit good compatibility with perovskites
and do not cause obvious stability issues.

8.2 Electron Transport Layer

As introduced in the previous chapters, the electron
transport materials (s) for PSCs are mainly n‐type metal
oxides such as TiO2, ZnO, and SnO2 that are inherited from
the dye‐sensitized solar cells and organic semiconductors,
such as [6,6]‐phenyl‐C61‐butyric acid methyl ester (PCBM),
which are inherited from the organic solar cells [9]. The
surface defects on metal oxides cause the performance
degradation of PSCs. Generally, the n‐type property of
metal oxides is induced by the oxygen vacancies (OVs),
which are also located on the surface of the ETL [10].
Those surface OVs could be passivated spontaneously by
oxygens in the ambient condition via physical adsorption
during the fabrication of PSCs and do not cause serious
adverse effects to the device performance for fresh cells.
When the device is light‐soaked continuously,
photogenerated holes in TiO2 react with the oxygen
radicals, leading to the desorption of molecular oxygen and
formation of positive charged OVs, which then serves as
non‐radiative recombination centers at the ETL/light
absorber interface and degrades device performance [11,
12]. Meanwhile, the incomplete coordination of surface
atoms would also lead to the existence of hydroxyl groups,
which would react with halide perovskites such as by
proton‐transfer reactions and cause degradation [12, 13].
Surface modification is an effective strategy for solving the
stability issue caused by the surface defects (Figure 8.1b),
and Cl‐terminated metal oxides reduced surface defects
and helped realize enhanced stability [16]. Developing



suitable ETMs is also helpful [9]. SnO2 was found to be a
potential ETM for PSCs and widely adopted for efficient
devices [17, 18]. Although SnO2 was reported to be more
stable than commonly used TiO2 under light soaking,
proper surface modification was generally developed and
adopted for more efficient and stable devices [19]. Various
chemicals including salts such as KCl, bases such as KOH,
organic molecules such as ethylenediamine tetraacetic acid
(EDTA), and polymers such as polyacrylic acid and
polymethyl methacrylate (PMMA) have been applied as
surface modulators for metal oxides to obtain stable PSCs
(Figure 8.1a) [20]. Metal oxide ETMs with reduced intrinsic
surface defects are also potential choices for stable PSCs.
van der Waals materials have self‐terminated crystal planes
with reduced dangling bonds. Mixed valence tin oxides
were noticed and developed as stable ETMs for PSCs
(Figure 8.1c) [15]. Those special tin oxides are composed of
Sn4+ and Sn2+, and their crystal structure is a little bit such
as 2.5D halide perovskites, making them two‐dimensional
materials. The mainly exposed crystal planes are
terminated with Sn2+, which are fully coordinated with no
dangling bonds. The special structure and chemical
components make mixed valence tin oxides of Sn2O3 and
Sn3O4 well‐performed and stable ETLs for PSCs. From this
point of view, more materials with similar characteristics
can be developed for stable PSCs. For organic ETLs,
fullerene and its derivatives such as PCBM are the most
widely adopted. They can be adopted alone or deposited on
the metal oxide ETLs for interface passivation [21, 22]. It is
not yet clear whether inorganic ETL or organic ETL is more
tough for long‐term lifespan and should be further clarified
in the future, while organic ETLs are not suitable for p‐
MPSCs since it is challenging for them to tolerate high‐
temperature annealing.



Figure 8.1 Stability concerns and solutions related to the
ETL in PSCs. (a) Treating the surface of the SnO2 ETL with
EDTA enhanced the device stability. Source: Yang et al.
[14]/Springer Nature/CC BY‐4.0. (b) Sulfidation of the
surface of the ZnO layer suppressed the adverse effect and
enhanced device stability. The storage stability and the UV
radiation stability of ZnO2‐based PSCs were significantly
enhanced by the surface ZnS. Source: Reproduced with
permission from Chen et al. [12]. Copyright 2018 American
Chemical Society. (c) van der Waals mixed valence tin
oxides of Sn2O3 and Sn3O4 possessed fewer intrinsic
surface defects and brought enhanced interface stability
under UV soaking. Source: Reproduced with permission
from Li et al. [15]. Copyright 2020 American Chemical
Society.



8.3 Hole Transport Layer

The degradation of HTL during the working period also
brings stability issues. The popular organic HTL of Spiro‐
OMeTAD, which helps realize the highest reported PCE of
25.5% for PSCs, is not so tough under working conditions
[23–25]. On one hand, Spiro‐OMeTAD would undergo the
morphology change due to crystallization or outgassing and
creates pathways for the interaction of the back electrode
and the perovskite, leading to performance decay
(Figure 8.2a) [23–25]. Meanwhile, some studies found that
migrated I− from perovskite could reduce the oxidized
Spiro‐OMeTAD, which weakens the hole extraction ability
of the HTL and reduces the device performance [27]. In
addition, Li ions from the Li‐TFSI salt additive, which is
commonly required for organic HTL could migrate in the
device and adsorb moisture, degrading the device's
performance (Figure 8.2b) [26, 28]. Dopant‐free HTLs or
replacing Li‐TFSI with other less‐movable chemicals
contributed to the stability enhancement of PSCs [29, 30].
Fluorinating Spiro‐OMeTAD effectively enhanced the
device stability along with improved PCE [31]. The
replacement of polymer HTLs such as poly [bis(4‐phenyl)
(2,4,6‐trimethylphenyl)amine] (PTAA) and poly‐TPD [7, 23]
or inorganic HTLs such as NiO and CuSCN have also
demonstrated well‐enhanced long‐term stability [32, 33].
The device configuration of hole‐conductor‐free p‐MPSCs
completely removes the instability concerns induced by the
HTL [34, 35].

8.4 Back Electrode

The back electrode for efficient PSCs including the metals
of gold (Au), silver (Ag), and aluminum (Al) is another
important component of PSCs and brings stability concerns



[36–38]. Although the metal electrode is separated from the
perovskite layer by the charge transporting layer, Au or Ag
atoms could diffuse in the popular Spiro‐OMeTAD HTL and
the popular [6,6]‐phenyl‐C61‐butyric acid methyl ester
(PCBM) ETL (Figure 8.3) [36, 42]. Au was found to diffuse
across the Spiro‐OMeTAD HTL into the perovskite layer
and accumulated close to the ETL, which leads to serious
non‐radiative recombination and irreversible performance
degradation of PSCs [36]. Systematically evaluation of
metal diffusion in PSCs based on first‐principles
calculations suggests that when a metal atom enters
perovskite such as through the cracks or pinholes, it most
likely diffuses through interstitial sites and may react with
halide perovskites [39]. It is reported that Al can react with
MAPbI3, CsPbI3, and CsPbBr3 through redox reactions and
Pb0 can be formed as a result, leading to the degradation
(Figure 8.2a) [38]. The reaction between silver and methyl
ammonium lead perovskite has also been reported [37].
Although the gold electrode seems chemically inert,
iodine/iodide could be utilized in microelectronics
processing for gold etching [43].
The metal diffusion is influenced by their ion formation
energy in perovskite. The calculated formation energies for
those interstitial metal impurities are mostly low below 1 
eV (Figure 8.3a). Agi

+ and Aui
+ possess low diffusion

barrier energy of about 0.27–0.42 eV and could diffuse at
room temperature [39]. The formation energy for the metal
impurities in perovskite is related to their charge state and
a higher charge state tends to have a higher formation
energy. Preparing a less‐mobile chromium (Cr) layer below
the Au electrode has been demonstrated to improve the
stability of PSCs [36]. Bismuth (Bi) is also less mobile and
works stably as the back electrode for PSCs (Figure 8.3b)
[40]. The other chemically inert layer composed of metal



oxides including ZnO, ITO, and cerium oxide or carbon
materials including graphene and its derivatives can also
be prepared below the metal electrode to prevent the metal
atom diffusion (Figure 8.3d) [33, 41, 42, 44].





Figure 8.2 Stability concerns and solutions related to the
HTL in PSCs. (a) Heat under working conditions made
Spiro‐OMeTAD undergo morphology change by forming
voids. Source: Jena et al. [25], Reproduced with permission
from American Chemical Society. (b) Li ions from the Li‐
TFSI dopant for Spiro‐OMeTAD could migrate into halide
perovskite in PSCs. The D–π–A–π–D hole transporter
(HL38) based on thieno[3,4‐c]pyrrole‐4,6‐dione (acceptor)
and triphenylamine (donor) linked by thieno[3,2‐
b]thiophene as π‐linker exhibited better chemical
interaction between the Li ion by its carbonyl group
together with the thiophene. PSCs with HL38 exhibited a
much smaller portion of diffused Li ions and much‐
enhanced stability under aging at 85 °C for 1032 hours.
Source: Reproduced with permission from Kim et al. [26].
Copyright 2021 Wiley.

Developing chemically inert back electrodes can also solve
the above stability issues [45]. Conductive compounds
including metal oxides such as ITO could also work as the
stable back electrode for PSCs [43,46–48]. Carbon
materials including graphite, carbon black, carbon
nanotubes, and graphene are very promising electrode
materials for PSCs [49, 50]. They do not react with halide
perovskites and carbon atoms inside are immovable. The
greatest challenge for carbon electrodes is that if they are
deposited onto the top of perovskite films, it is difficult for
them to form a tightly contacted interface due to the large
size and rigidity of carbon particles, which is adverse to the
stability and efficiency of PSCs [51–53]. p‐MPSCs in which
the porous carbon electrode is prepared before the filling
of perovskite solved this concern [34, 35]. With this
strategy, the perovskite grows on the surface of the carbon
materials sufficiently with their oxygen‐containing groups,
resulting in well contacted interface and encouraging
operational stability [5, 35, 54].





Figure 8.3 Stability concerns and solutions related to the
back electrode in PSCs. (a) Metal atoms have low
calculated diffusion barrier energies in halide perovskites.
Source: Ming et al. [39]/John Wiley & Sons/CC BY‐4.0. (b)
TOF‐SIMS measurement demonstrated the diffusion of gold
atoms from the back electrode to the perovskite layer.
Constructing a diffusion block layer composed of Al2O3 or
less movable Cr below Au slowed down the diffusion and
improved the device stability. Source: Domanski et al. [36],
Reproduced with permission from American Chemical
Society. (c) Bismuth was found to be chemical inert and the
bismuth film acted well as a permeation barrier for atoms
from the back electrode to the perovskite layer. The
resulted inverted PSCs exhibited obviously enhanced
thermal stability with 95% maintained initial PCE after
aging at 85 °C for 500 hours and operational stability with
97% maintained initial PCE after aging under MPP at 45 °C
for 500 hours. Source: Wu et al. [40]/Springer Nature/CC
BY‐4.0. (d) ITO barrier layer was designed to prevent the
diffusion of metal atoms. It is found that the side edge of
the perovskite film should also be considered when building
the barrier layer. The designed inverted PSCs exhibited
high tolerance against heat at 85 °C. Source: Boyd et al.
[41], Reproduced with permission from American Chemical
Society.

8.5 Encapsulant

Encapsulation, which isolates oxygen and moisture away
from touching those functional layers in solar cells, is
indispensable to guaranteeing long‐term outdoor
operational stability of PSCs [55]. An encapsulant layer
such as composed of polymers or inorganic compounds
including Al2O3 or MgF2 can be prepared on top of PSCs to
realize simple encapsulation (Figure 8.4a). To ensure



mechanical reliability and reliable long‐term atmosphere
resistance, a piece of glass or waterproof membrane can
also be applied as the back cover for encapsulation. In this
case, the back cover and the device are stuck together by
the other encapsulant, mostly polymers, at the whole
interface or at the edge of the interface between the two
species (Figure 8.4b,c). When encapsulant is only at the
edge, the existing chamber between the device and the
back cover would trigger the fracture of the related glass
and lead to poor mechanical stability. In addition, the
encapsulation structure also influences the stability of
perovskite, which will be discussed in the following section.
Therefore, in typical application scenarios, both the whole
interface and the edge are sealed (Figure 8.4c). The
commonly used encapsulant polymers for the whole
interface are hot melt adhesives including encapsulants
(e.g. polyurethane [PU], polyolefin [POE], ethylene vinyl
acetate [EVA], etc.), which can be processed for
encapsulation via hot‐pressing [56, 57]. Light‐curable glue
can also be adopted [58, 59]. The commonly used edge seal
encapsulant is butyl rubber, epoxy resin, which is used to
delay the moisture ingress. To avoid instability caused by
the encapsulant, the applied encapsulant should be stable
and will not react with halide perovskite [60]. A triple
mesoscopic triple‐mesoscopic PSC module encapsulated
with PU maintained 97.52% of the initial PCE after 2136 
hours under outdoor conditions and operated stably at
maximum power point for more than 9000 hours at 55 ± 5 
°C [61, 62].



Figure 8.4 Encapsulations for PSCs. (a) Cover glass‐free
encapsulation by covering PSCs with encapsulant such as
polymers or compact inorganic compound films. (b) Edge
seal of PSCs with a piece of cover glass. (c) Edge and
blanket encapsulation of PSCs with a piece of cover glass.

8.6 Halide Perovskite Light Absorbing

Layer

Halide perovskite is the key component for PSCs and
exhibited various stability issues. ABX3 is the basic
chemical formula for halide perovskites, which has been
discussed in previous chapters. From the perspective of A
cation, halide perovskites can be divided as the MA‐based
one, the FA‐based one, the Cs‐based one, and the mixed‐
cation one. From the perspective of B cation, halide
perovskites can be divided into the Pb‐based one, the Sn‐
based one, and the mixed Pb/Sn one. From the perspective
of X anion, halide perovskites can be divided into the I‐
based one, the Br‐based one, the Cl‐based one, and the
mixed‐halide one.

8.6.1 Thermal Stability

Organic–inorganic hybrid halide perovskites including MA‐
based and FA‐based ones face the thermal stability issue
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[63]. From the thermogravimetric analysis, hybrid halide
perovskites exhibited a high decomposition temperature of
over 250 °C [64]. This temperature is much higher than the
required 85 °C for terrestrial photovoltaic panels. However,
decomposition of halide perovskites at 85 °C due to the
volatilization and loss of organic species in the open space
was reported [63]. The loss of organic salts from hybrid
perovskites could happen in different pathways, which are
determined by the components and heating temperature as
reported. MAI or MABr could transform into NH3 and CH3I
or CH3Br under heating (Eqs. (8.1) and (8.3)), which is
irreversible and detrimental [65, 66]. MAI or MABr could
also undergo the reversible decomposition to MA and HI or
HBr (Eqs. (8.4a) and (8.4b)). However, the decomposition
products of MA and HI or HBr could undergo secondary
reactions to form NH3 and CH3I or CH3Br. FAI could
transform into HCN, NH3, and HI under heating (Eq. (8.2)).
FAI could also transform into sym‐triazine (H3C3N3)
together with NH3 and HI (Eq. (8.7)). For mixed‐cation
perovskites, the formed HCN from FAX and formed CH3X
from MAX where X means halogen ions could further react
with each other to generate CH3CN and HX (Eq. (8.6)).
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As described above, all the decomposition pathways induce
the formation of gas products. When the release of the gas
is blocked, the decomposition reaction tends to reach
equilibrium before significant damage occurs to the
perovskites. Therefore, constructing a pressure‐tight
environment could effectively suppress the decomposition
of hybrid halide perovskites even when the decomposition
pathway is not fully reversible. It has been found that the
loss of MAI and formation of PbI2 were inhibited when
heating MAPbI3 powders at 270 °C in a confined rather
than in an open space [62]. Encapsulating perovskite solar
cells with a piece of back cover glass and filling the space
between the substrate and the back cover with the polymer
of polyolefin (PO) or polyisobutylene (PIB) made MA‐
containing halide perovskite solar cells survive more than
1800 hours of Damp Heat test and 75 cycles of Humidity
Freeze test exceeding the requirement of IEC61215:2016
standard [66]. Metal oxides such as the ITO were also used
to form the pressure‐tight coverage and inhibit the thermal
decomposition of halide perovskites in a similar manner. In
addition, the escape of MAI mainly starts with the grain
boundaries and surfaces of halide perovskite films.
Introducing excess chemicals such as the 5‐



ammoniumvaleric acid hydroiodide (5‐AVAI) that interact
with perovskites at these locations to enhance the grain
boundaries and surfaces were also found to reduce the loss
of MAI and improve the stability [62]. From this point of
view, atomic‐level encapsulation can also be further
developed to guarantee the thermal stability of halide
perovskites.

8.6.2 Phase Stability

For chemicals with the formula of ABX3, they do not always
adopt the perovskite structure, which depends on the size
and interaction of the ions as previously discussed.
Goldschmidt tolerance factor (t) is generally used to
evaluate whether the chemicals are preferentially formed
in the perovskite structure or not. A suitable t for the
perovskite phase is between 0.8 and 1.0, while the t for
CsPbI3 is 0.78, and the t for FAPbI3 is 0.99 [67]. The near
lower critical point t value of CsPbI3 and the near upper
critical point t value of FAPbI3 make them tend to undergo
a phase change from the black perovskite phase to the
yellow non‐perovskite phase at room temperature. Mixed‐
cation and mixed‐anion strategies through partially
substituting FA+ with MA+ and Cs+ or partially substituting
I− with Br− are the most widely demonstrated approaches
for stabilizing the perovskite phase via amending the
effective tolerance factor [68, 69]. In addition, rubidium
(Rb) cations were also incorporated to promote the
transition from yellow phase to black phase [67]. Although
FAPbI3 and CsPbI3 can be stabilized as their perovskite
phase via mixed‐cation and mixed‐anion strategies, they
would undergo phase segregation under illumination due to
the light‐activated ion migration [70]. Some studies found
that the phase segregation was triggered due to the
inhomogeneous distribution of mixed species when



preparing the films due to their inhomogeneous
distribution in the precursor. When the precursor was
homogeneous, the phase segregation could be well
suppressed. Some studies found that a properly optimized
component can relieve the phase separation issue and
ensure good stability.
The perovskite phase of FAPbI3 or CsPbI3 at room
temperature can also be stabilized by additives [71].
Dimethylammonium iodide (DMAI), which can be obtained
by adding hydroiodic acid (HI) into the precursor with DMF
solvent, was found to stabilize both FA and Cs perovskites.
Other long‐chain alkyl or aromatic ammonium cations such
as phenylethylammonium with size exceeding the tolerance
of A site also stabilize the perovskite phase by decreasing
the surface energy [72, 73]. In fact, surface energy can also
be adjusted to stabilize the perovskite phase by changing
the particle size such as making them as quantum dots [74,
75]. Similarly, strain, which affects localized energy
distribution, was also applied to stabilize CsPbI3 [76].

8.6.3 Ambient Stability

When halide perovskites are exposed to the ambient
conditions, the chemicals, mainly including the moisture
and oxygen in the air, can interact with halide perovskites
and lead to the degradation [77]. Detailed studies
demonstrated that moisture can induce reversible and
irreversible changes of MAPbI3 by forming hydrates and
PbI2 [78]. Hydrates of MAPbI3 mainly include monohydrate
of MAPbI3·H2O and dihydrate of MAPbI3·2H2O.
MAPbI3·H2O is constructed by one‐dimensional isolated
double PbI3

− chains in which the PbI6
4− octahedron is

connected to two neighboring octahedra by a common
corner, and H2O molecules are inserted between the chains



via bifurcated hydrogen bonds between the H atoms of H2O
and N atoms of MA. Dihydrate of MAPbI3·2H2O was treated
as a zero‐dimensional network of isolated PbI6

4− octahedra.
The hydration reaction was a two‐step process. When
MAPbI3 was exposed to airflow containing about 80% RH,
monohydrate was firstly observed in the early one hour and
dihydrate was observed in the next one hour. Firstly, one
H2O molecule was incorporated into one MAPbI3 molecule
until it was saturated. Monohydrate was metastable and
could convert back to MAPbI3 easily. Longer exposure led
to the formation of the dihydrate, PbI2, and release of H2O.
When exposing the hydrates to airflow with low humidity of
35% RH at 21 °C, dehydration reactions happened and the
hydrates changed back to MAPbI3. However, when MAPbI3
was further exposed to excess moisture or liquid water, MA
could be dissolved and irreversible degradation occurred.
In addition, moisture also accelerates the phase instability
of FAPbI3 and CsPbI3 from the perovskite phase to the non‐
perovskite phase. To improve the stability of halide
perovskites against moisture, additives that could interact
with halide perovskites and have the hydrophobic property
were introduced to prevent the attack.
Oxygen in the ambient condition is also found to be adverse
for the stability of halide perovskite by oxidizing its iodide.
When perovskite was soaked under light, the electron was
excited from the valence band (VB) to the conduction band
(CB). The photogenerated electron in the CB could be then
captured by molecular oxygen in the ambient condition and
led to the formation of superoxide, which brought about
deprotonation of the organic cation and formation of iodine.
This adverse process is preferred to happen when the
photogenerated carriers cannot be extracted immediately
in PSCs. PSCs with more efficient electron extraction
through mesoporous structure or well‐designed charge



extraction materials possess enhanced stability. Inorganic
monovalent cations such as cesium could also improve the
stability. In addition, lowering the bandgap of halide
perovskite to approach the ideal bandgap of 1.34 eV for the
highest theoretical efficiency limit of a single‐junction solar
cell relies on the inclusion of divalent tin cations [79].
However, Sn2+ in low bandgap perovskites can be oxidized
during processing, leading to restricted performance [80,
81].
For solar cells to operate over tens of years under harsh
outdoor conditions, encapsulation is always essential no
matter for the conventional silicon solar cells or the
emerging solar cells. To obtain long‐term stability of PSCs,
compatible encapsulation technologies for PSCs have been
developed as discussed above. Therefore, after effective
encapsulation, ambient stability is well guaranteed for
long‐term application of PSCs.

8.6.4 Operational Stability

8.6.4.1 Degradation Pathways

In the above sections, we discussed the stability of halide
perovskites in PSCs when they are even not under working
conditions. When those stability concerns caused by
intrinsic factors and extrinsic factors are well resolved, the
remaining concern for PSCs is more and more related to
the operating stability. In this section, the operating
stability of PSCs, which is the combined results of light,
heat, bias, and those functional materials mainly halide
perovskites here in the devices, is discussed. The direct
stress for operating stability of PSCs is the light soaking.
Different from the adverse effect of ambient chemicals,
light soaking is the basic requirement for PSCs to operate
and cannot be sheltered. Therefore, PSCs must face the



challenge of light soaking when all the other components in
the devices are made stable.
Generally, halide salts are light sensitive and undergo
photodissociation at elevated temperatures (Figure 8.5a)
[82]. It has been found that PbI2, PbBr2, PbCl2, and even
PbF2 decompose and become black upon exposure to
daylight. Light soaking with photoenergy over bandgaps
excites the electron–hole pairs in lead halides. The holes
diffuse to the crystal surface and grain boundaries and are
trapped by the surficial halide ions, inducing the formation
of intrinsic halide atoms. Two halide atoms further form a
halogen molecule and generate anion vacancies in the
crystals. Lead halides are also potential anion conductors.
These surface anion vacancies could diffuse into the bulk of
the crystals. The anion vacancy or the Pb2+ in the bulk
could trap photoelectrons to form Pb+ ions and lead atoms.
These lead atoms aggregate to form lead nanoparticles,
which have been demonstrated inside PbCl2 and PbBr2
crystals after relatively short‐time UV irradiation [82]. As
we see, the formation of I2 or lead clusters, which offer
impurity levels, is adverse for the performance of PSCs.
Therefore, when excess PbI2 is included in the perovskite
films for PSCs, it may cause stability issues. On the other
hand, the residual PbI2 in halide perovskite may also
promote ion migration. Studies have reported that the
existence of excess PbI2 led to the degradation of
perovskite films under illumination in N2 while perovskite
films without PbI2 are more stable [84–87].



Figure 8.5 Phase stability of halide perovskites. (a) Light
soaking led to the decomposition of lead halides of PbCl2,
PbBr2, and PbI2. Source: Schoonman et al. [82],
Reproduced with permission from ELSEVIER. (b) Increased
temperature broadened the PL peak and lowered the PL
intensity of MAPbBr3 single crystals. Source: Steele et al.
[83]. Copyright 2019 American Chemical Society.
Halide perovskites are not as sensitive as lead halides since
the photodissociation is highly correlated with the dynamic
behavior of carriers. If photocarriers of electron–hole pairs
recombine with each other such as by emitting photons, the
degradation process will not happen. However, if the
electrons and holes are trapped by the ions in the lead
halide crystals before the radiative recombination, the
above‐discussed photodissociation will happen. Halide
perovskites have very strong fluorescence effect and
photogenerated carriers tend to recombine with each other
or be extracted by selective contacts rather than interact
with ions in the crystals. On the other hand, iodine ions in



lead iodides and in halide perovskites have different
chemical environment, which also leads to a different
behavior under light soaking. Therefore, current studies
have not reported rapid photodissociation of halide
perovskites. However, when all the other unstable concerns
are well addressed, considering that the photogenerated
carriers do not always recombine with each other or be
extracted completely and iodide ions do not always locate
at the lattice sites where they should be, light soaking will
be the key threat for long‐term applications for PSCs over
tens of years. Light soaking would cause the degradation of
halide perovskites at a slow and complicated process,
which has not been comprehensively revealed and is
generally affected by the combination of light and light‐
induced heat and electric field in PSCs. The challenge
brought by light soaking to PSCs is discussed as follows.
An intuitive phenomenon is that the photoluminescence
ability of halide perovskites would decrease obviously with
the increased temperature in the temperature region when
there is no phase transition (Figure 8.5b) [83,88–90]. The
suppressed PL could be induced by the formation of non‐
radiative centers or by the electron–photon coupling (e–p
coupling). Considering that the defect formation process
maybe not so immediate along with the temperature, the
latter process is probably responsible for this. When the
temperature of PSCs is heated up by sunlight in hot
weather, the lattice of halide perovskites will expand due to
thermal expansion. The expansion reduces the space‐filling
factor of the unit cell and reduces the interaction strength
of ions in the unit cell. The high space‐filling factor of the
unit cell could release the e–p coupling and enhance the
PL. [91, 92] Therefore, the reduced space‐filling by heat
promotes the e–p coupling and suppresses PL. If no other
process happens, the temperature‐induced PL decay will be
reversible. However, during the long‐term outdoor



applications, the suppressed PL indicates that more
photogenerated carriers interact with lattice ions, which
would lead to the possible formation of I2 and Pb in
perovskite films although the process is not evident at
present stage and should be deeply clarified in the future.
In fact, studies have found that PSCs are more stable under
light soaking at lower temperature, while increased
temperature led to accelerated performance decay [93, 94].
Operational conditions also cause PCE decay of PSCs by
inducing ion migrations. Light and heat reduce the
activation energy for ion migrations in perovskites, making
the ions more movable [95]. Meanwhile, the residual stress,
especially the tensile stress in the perovskite film due to
the fast crystallization process, also drives ion migrations
and causes performance decay [96–98]. Taking I− as an
example, when I− moves away from the lattice sites and to
the interfaces or grain boundaries, they would capture
holes and convert to I2 as the manner in PbI2. When I− ions
move to the interstitial sites especially when the lattice is
expanded, they could also interact with holes and suppress
the hole transportation [99]. The retarded hole transport
leads to the accumulation of holes, which would lead to the
generation of I2. Light soaking not only generates heat but
also voltage. The photogenerated electric field in the
devices also promotes the migration and accumulation of
ions especially. Ion migration can also be accelerated by
accumulated charges originated from the insufficient and
imbalanced charge extraction due to the poor interface
contact or restricted charge extraction ability of charge
transport layers. Those accumulated ions could interact
with photogenerated holes and,form I2, resulting in
irreversible migration. In fact, even the migrated ions do
not interact with photogenerated carriers, they can still not
return to their original sites completely. As has



demonstrated, ions such as I− from halide perovskites could
diffuse into and react with the adjacent charge transport
layer and the back electrode, leading to the performance
degradation of PSCs by degrading the perovskite layer, the
charge transport layer, and the back electrode.

8.6.4.2 Heat Management

As discussed above, eliminating thermal‐induced heat will
benefit the stability and promote the long‐term application
of PSCs effectively. On one hand, the heat is induced by the
below‐gap absorption, which enhances the lattice vibration.
The entry of below‐gap photons into the device could be
reduced by optical films such as coating the infrared
antireflection film onto the surface of the window glass
substrate. The drawback for this is that the film will bring
additional cost and the transmittance of the films is not
100% for those above‐bandgap photons, which would lead
to PCE loss. On the other hand, the heat is also induced by
the above‐bandgap absorption, which transmits excessive
energy to the lattice via thermal relaxation. To relieve the
thermal relaxation, hot carrier solar cells (HCSCs) is a
good choice. However, although the lifetime of hot carriers
in perovskites is found to be long [100], HCSCs have not
been well realized experimentally, and extracting carriers
before their cooling is quite challenging. Multi‐junction
solar cells are also potential choices for relieving the
thermal effect by utilizing sunlight through stacking a
series of solar cells with different absorption regions as a
tandem device [101]. As a result, the below‐gap and above‐
gap energy loss is reduced, and more sunlight can be
converted to electricity, leading to a high theoretical
efficiency limit and reduced thermal effect. At present, the
obtained PCE for the monolithic perovskite/silicon tandem
solar cell is boosted to 29.8%, higher than 25.7% of single‐
junction PSCs. The challenge for tandem solar cells is



probably that the spectra of sunlight on earth are changing
on the whole day, which makes the match of current
densities in all subcells challenging. The light‐induced heat
may also be utilized by integrating a thermoelectric device
that improves the photo‐to‐electricity conversion efficiency
and helps reduce the device temperature [102]. In addition,
PSCs could be cooled under working conditions such as by
water flow, realizing combined utilization of heat and
electricity.
If the temperature of PSCs is increased under working
conditions, suppressing the lattice expansion of halide
perovskites would also benefit the long‐term stability. One
demonstrated strategy for this is burying halide perovskites
in the mesoscopic layer. The p‐MPSCs with a carbon
electrode are a good embodiment for this. In p‐MPSCs,
perovskite is filled inside the triple mesoscopic scaffold of
the mesoporous TiO2 layer, the mesoporous ZrO2 layer, and
the porous carbon layer. There is no individual perovskite
film in the device and the thermal expansion coefficient of
halide perovskites is much larger than that of the scaffold.
When the temperature is increased, the expansion of halide
perovskites is limited by the expansion degree of the
scaffold while the latter does not expand very much in the
operating temperature region of PSCs. The space‐confining
effect induced by the scaffold helps p‐MPSCs exhibit very
encouraging stability result [5, 62]. Another potential
strategy for this is designing a perovskite system, which
does not expand significantly in the operating temperature
region of PSCs. A probable condition for this is that halide
perovskites would undergo phase transition in the
operating temperature region of PSCs and the phase
transition would affect the expansion behavior of halide
perovskites [103]. Therefore, spacing confining
engineering and phase transition engineering via



compositional engineering could be adopted to relieve the
lattice expansion.

8.6.4.3 Grain Boundary Modification

Grain boundaries of halide perovskite films in PSCs should
be taken care of to inhibit the ion migration and formation
of I0 and Pb0. Suppressing the formation of I0 and Pb0

inside the grains or along the boundaries and interfaces in
PSCs under working conditions also makes sense. The
formation of I0 and Pb0 inside the grains would be
reversible if they do not move away from the lattice sites.
However, the formation of I2 at the grain boundaries or
interfaces is detrimental. To avoid the formation of I2 at the
grain boundaries or interfaces, the migration of ions such
as I− inside the grains, along and to the boundaries should
be suppressed. The diffusion of ions inside the grains is
accelerated by thermal‐induced lattice expansion and
defects such as vacancies. When I− moves away from the
lattice sites, more vacancies are formed and the diffusion of
I− would be further promoted. Therefore, preparing high‐
quality halide perovskite films with reduced defects,
enlarged grain sizes, and released stress benefits the
stability of PSCs. In addition, the diffusion of I− to the
boundaries and formation of I2 can also be prevented by
grain boundary modifications. Introducing proper additives
to strengthen the boundaries by forming stable contact
with lead could immobilize the ions, prevent the diffusion of
I− to the boundaries and inhibit the formation of I2 at the
boundaries (Figure 8.6). When the migration of I− to the
boundaries or interface is prevented, the migration inside
the grains will also be inhibited. Therefore, boundaries
strengthening strategies via suitable chemicals are very
important for ensuring operating stability of PSCs. Present
studies have reported that converting the surface of halide



perovskite to lead oxysalt, introducing the ionic liquid 1‐
butyl‐3‐methylimidazolium (BMIMBF4), 1‐butyl‐1‐
methylpiperidinium tetrafluoroborate ([BMP]+[BF4]− or the
5‐AVAI with bifunctional groups effectively stabilized the
perovskite surface and enhanced the stability of PSCs [7,
62, 106].

8.6.4.4 Interface Strengthening

Constructing tough interfaces to extract photogenerated
charges sufficiently and inhibit the ion migration in and
across the interface is also very important for ensuring
stability of PSCs. There are multiple interfaces in solar cells
and they determine the PCE and stability. The interfaces in
halide perovskite solar cells are of vital importance.
Interfaces bring challenges mainly from two aspects. On
one hand, halide perovskite is deposited on the as‐prepared
charge transport layer to form the buried interface [107].
When the related charge transport layer was crystalline
inorganic semiconductors, it is challenging for perovskite
to build a tough interface with the substrate [108, 109],
which is probably due to the surface energy difference
between the two related layers, as we know, the lattice
constants of both layers are commonly not matched. The
insufficient contact leads to interface voids, which lead to
the accumulation of charges and promote ion migration,
resulting in the formation of I2. It has been reported that
the interface between halide perovskite and the adjacent
functional layers in the planar PSC is very brittle with
toughness below 1.5 J m−2 [109]. Irreversible morphological
degradation, formation of voids, delamination, and
reconstruction at this interface under working conditions
due to easy‐triggered ion migration, mismatched thermal
expansion efficient and weak bonding was reported and led
to performance decay of PSCs. The deteriorated interface
further slowed down charge extraction and accelerated the



deterioration. Constructing a well contacted interface with
no interfacial voids could prevent such adverse process.
Replacing inorganic charge transport materials with
organic ones is an available solution to build a tougher
interface, but the stability of the organic charge transport
layer should be evaluated meanwhile. Developing more
inorganic charge transport materials with appropriate
specific surface energies to match the perovskite for
tougher interfaces can also be attempted. Building an
interface layer such as introducing chemicals including 5‐
AVAI, 3‐iodopropyl trimethoxysilane [Si(OCH3)3(CH2)3I],
which have bifunctional groups for bridging the substrate
and the perovskite also works [62, 109]. In addition, a
coherent interface layer of FASnClx constructed by residual
chloride on the surface of SnO2 colloids was also proposed
and realized for the interface modification [110].





Figure 8.6 Grain boundary modification increased the
stability of PSCs by inhibiting the degradation at the
boundaries. (a) Immobilization of anions and cations at the
grain boundaries by introducing fluorine anions into
perovskite films. Fluorine anions with enhanced
electronegativity could form a strong hydrogen bond with
organic cations and a strong ionic bond with lead cations in
halide perovskites. Calculations demonstrated that the
introduction of fluorine cations increased the formation
energy of the surface organic cation FA vacancy. The
resulted PSCs with fluorine anions demonstrated well‐
improved stability under one sun irradiation. Source:
Reproduced with permission from Li et al. [104]. Copyright
2019 Springer Nature. (b) Introducing the ionic liquid
BMIMBF4 into the halide perovskite films improved the
stability of inverted PSCs by suppressing the undesired ion
migration at the grain boundaries in the device. The
resulted device exhibited very little degradation in the J–V‐
determined PCE, while the control device exhibited a faster
degradation. Source: Bai et al. [105], Reproduced with
permission from Springer Nature.

In addition to constructing a well‐buried interface, the
upper interface built by depositing the other charge
transport layer on top of the perovskite layer should also be
taken care of. Ions such as I− from halide perovskite could
diffuse across the interface into the adjacent charge
transport layer and further to the back electrode, leading to
performance degradation by degrading the perovskite
layer, the charge transport layer, and the back electrode.
Replacing organic charge transport materials such as
Spiro‐OMeTAD that permits the penetration of ions with
inorganic charge transport materials such as CuSCN in the
n‐i‐p configuration or ZnO p‐i‐n configuration, which
prevents the penetration of ions, enhanced the stability of
PSCs [33, 111]. Constructing an interfacial layer such as by



sulfurizing the surface of perovskite film or introducing a
chlorinated graphene oxide layer on top of the perovskite
layer also helped solve this issue [8, 106, 112]. Device
configuration could also contribute to solving this problem.
In p‐MPSCs, since no HTL was applied and carbon material
was applied as the back electrode, the above adverse
process was averted.
On the other hand, unmatched energy level alignment
between halide perovskites and charge transport layers
could also lead to the accumulation of charges, which
promotes the ion migration in PSCs [94]. It is found that p‐
type metal oxides such as Ta–WOx, NiO, and Sb–SnOx

exhibited transient conductance and shifted work function
with increased temperature. An energy barrier was then
formed and slowed downhole extraction. As a result, PSCs
based on those metal oxide HTL exhibited rapid PCE decay.
When the HTL was replaced by a bilayer of dopant‐free
PDCBT and acid‐doped PTAA–BCF, the hole extraction is
very stable along the increased temperature and the
related PSC retained almost 99% of its peak efficiency after
1450 hours of continuous operation at 65 °C in a N2
atmosphere.

8.6.4.5 Defect Degeneration

When I0 and Pb0 are formed in PSCs, converting them back
to Pb2+ and I− timely can also ensure the device's stability.
A reported method for this is introducing a redox shuttle
into the film. A typical shuttle is the Eu3+–Eu2+ pair [113].
It is found that although the reaction between I0 and Pb0

could happen thermodynamically, a kinetic energy barrier
existed in the reaction, which made the reaction complete.
The introduced redox shuttle can effectively transfer
electrons from Pb0 to in a cyclical manner with the
reduction of I0 by Eu2+ and the oxidization of Pb0 by Eu3+.



As a result, the Pb0 and I0 were eliminated and the redox
shuttle returned to its original state. When aging
perovskite films under 1 sun illumination for more than
1000 hours, the Pb0/(Pb0+Pb2+) ratio in the film with the
redox shuttle was about 2.5%, while that in the control film
was 7.4%. The introduction of Eu3+–Eu2+ made PSCs retain
92% and 89% of the peak PCE under 1‐sun continuous
illumination or heating at 85 °C for 1500 hours. Gd3+–Gd2+

could also work in a similar manner. In addition, the cheap
metal element of iron was also designed to realize this
[114]. Fe3+ is oxidative, while Fe2+ is reductive. The
challenge is Fe3+ can not only oxidize Pb0 but also oxidize
I−, which leads to the formation of I0. Ferrocene (Fc) avoids
such concern. Fc has been reported to react with I0 to form
FcI and FcI could react Pb0 to form PbI2 and convert back
to Fc for improved stability of PSCs [114].

8.6.4.6 Reverse‐bias Voltages

Compared with PSCs, perovskite solar modules (PSMs)
suffer from an additional threat of the bias voltage, which
would drive ion migrations as previously discussed and lead
to decayed PCE [4, 115, 116]. Such adverse effects of
voltage on PSMs are more significant when the cells in
series or in parallel fail to work synchronously due to the
performance difference or the shading effect (the hot spot
effect). In photovoltaic systems, those cells or regions that
fail to offer as high voltage as the parallel‐connected ones
or as high current density as the series‐connected ones
would serve as the load, generate heat and waste the
electricity. The voltage together with the heat may lead to
the decomposition of perovskites then. The generated heat
could even melt the metal back electrode [116]. The
reported breakdown voltage (Vbr) for halide perovskites
was −1 and −4 V [4]. The breakdown of halide perovskites



under voltage was reported to be triggered via tunneling
first and then followed thermal runaway [117]. The voltage
bias drives mobile ions from perovskite bulk to the
interfaces, leading to the accumulation of holes in halide
perovskites and resulting in the oxidation of iodide and
creation of iodine vacancies and interstitials. The formed
iodine interstitials then lead to the structural relaxations of
compounds and formation of I2. The heat induced by the
bias voltage was also demonstrated in PSCs. A temperature
close to 100 °C was demonstrated in PSCs under bias
voltage and the active area turned yellow under high
voltage. It was also found that the generation of heat was
determined by the resistance in the device where the least
resistance was. Single‐cation and single‐halide perovskite
materials with no phase segregation concern, strengthened
boundaries and interfaces for suppressing ion migration,
nonmetal electrodes that will not react with halide
perovskites and be melted by the generated heat and
higher thickness of perovskites films for reduced electric
field and electric potential gradients are beneficial to bias
voltage stability of PSCs. The p‐MPSCs have been reported
to withstand reverse‐bias voltages up to −9 V and surpass
the IEC 61215:2016 international standard [117].

8.7 Summary

All the functional layers including ELT, HTL, the back
electrode, the encapsulant, and the perovskite layer,
together with those interfaces should be considered for
improving the stability of PSCs. Various research has been
made on these aspects and promoted the growing stability
of PSCs. When the functional layers and the interfaces are
well designed, encouraging stability could be obtained. For
conventional PSCs, it has been demonstrated that through
high throughput screening of stable perovskite



components, careful design of the ETL, the HTL, and the
related interfaces, and sufficient encapsulation of the
device via MgF2, planar formal PSCs based on the mixed‐
cation perovskite kept 100% of their initial PCE and 99% of
their peak PCE after aging at 60–65 °C under metal‐halide
lamps for 1400 hours. For p‐MPSCs, the stability is also
very encouraging. As discussed above, the special device
configuration of p‐MPSCs avoids the stability concern
caused by the HTL and the metal back electrode. The thick
and porous characteristics of p‐MPSCs make perovskite
more tough against ion migration induced by the electric
field. Meanwhile, the introduced additive of 5‐AVAI
strengthened the grain boundaries of perovskite and the
interfaces between perovskite and the metal oxide
scaffolds. As shown in Figure 8.7, the device did not exhibit
obvious degradation after 9000 hours operational tracking
at MPP of 55 ± 5 °C. Studies on more detailed degradation
behavior and in‐depth understanding of PSCs and outdoor
application demonstrations of PSMs will promote the
formulation of stands for industrialization and
commercialization of perovskite photovoltaics.



Figure 8.7 The long‐term stability of p‐MPSCs at MPP over
9000 hours. Source: Reproduced with permission from Fu
et al. [61]/Elsevier.
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9.1 Introduction

The potential for high‐power generation in large‐area devices, the low cost, and the
outstanding stability compared to the other perovskite architectures make the triple
mesoscopic carbon perovskite solar cell (mCPSC) the front runner to early
industrialization. In the transition between laboratory and factory production, a few
aspects must be considered: the power generation of large area modules, which must be
optimized with a maximized coverage of the total area with active materials (geometric fill
factor); the low cost of production and materials; the stability, which is the result of the
intrinsic long‐term performance and of an effective encapsulation strategy. This chapter
will focus on the engineering aspects of manufacture and module design of the mCPSC,
and will give some examples of applications based on studies outdoors and indoors.
To achieve market penetration, the perovskite solar cell (PSC) must demonstrate high‐
power generation, low cost, and high stability. Probably, the closest architecture to
achieving this is the triple mCPSC, which makes it the front runner to early
industrialization [1–3]. This architecture is based on three screen‐printed mesoscopic
layers deposited sequentially on a conductive glass substrate of F:SnO2 (FTO) and an
electron transporting layer (ETL) on top (compact TiO2 in case of mCPSC). The process to
fabricate the mCPSC does not strictly require expensive equipment, thus, an eventual
production line could be built with low‐capital cost. As a result, the payback period can be
expected to be very short and, more importantly, the initial investment risk can be very
low. This unlocks the feasibility of affordable PV manufacture for any company size, from
large multinationals to small enterprises wanting to expand to a high‐tech market with
low risk. An example of production of mCPSC with low‐cost equipment is provided in
Figure 9.1, where the deposition of the inorganic layers for the manufacture of mini‐
modules was carried out with a manual screen printer owned by a family‐run company
based in Mexico.
In terms of power conversion efficiency (PCE), mCPSC lags behind other PSC
architectures when considering the results of small single cells. However, the power
generation of a potentially commercial device is better tested for large‐area modules.
When considering small‐scale devices, PSCs based on evaporated metal top electrodes
demonstrate very high PCE, close to the best research single‐crystal silicon solar cells (c‐
Si SC), i.e. over 25% [4]. The PCE of mCPSC was demonstrated to be up to 17% [5, 6].
However, in strong contrast to the other PSC architectures, PCE of mCPSC is not strongly
affected by the device size. Figure 9.2 shows the performance of small devices with
different PSC architectures on the left side and, on the right, the performance of the
relative modules at different area sizes. All the architectures but mCPSC present a
significant decrease in PCE during the scale‐up. It should be noted that Figure 9.2 reports
some outstanding modules as reported until 2018. Other important examples of modules
can be found in [8–11]. Modules between 10% and 11% have been reported for the
mCPSC architecture for between 50 and 70 cm2 [12–14], and over 6% for 198 cm2 mCPSC
modules [15]. The consistent performance of mCPSC when device size is increased
denotes the simple scalability of this architecture and places the technology close to the
other expensive and less stable PSC in terms of PCE of larger modules.



Figure 9.1 Manufacture of low‐capital cost mCPSC mini‐modules in “Serigrafía e
impresos,” a family‐run company based in Mérida, (Yucatan, Mexico). Project within a
Newton institutional link funding for the collaboration between SPECIFIC‐Swansea
University and CINVESTAV‐Mérida.

Figure 9.2 Evolution of the best‐reported lab‐cell (≤0.1 cm2) efficiencies and large‐area
(≥1.0 cm2) device efficiencies (2018). Source: Rong et al. [7]/With permission of American
Association for the Advancement of Science.
A decrease in PCE can be expected in an up‐scaled device because of two main factors:

The higher probability of defects that can be found over a large area deposition, e.g.
pinholes and variation in the layer thickness.
The presence of pinholes and defects in layers can decrease the shunt resistance (G)
of the device. This is the parallel parasitic resistance that bypasses the diode and



causes recombination phenomena in the device. A good working device should have a
very high G. The presence of defects is likely to increase with device area but can be
minimized with an appropriate layer deposition strategy. Screen printing, as a well‐
established industrial process, can be simply optimized to avoid the formation of
defects in large‐scale production.
Alongside pinholes, a defect specific to large‐area devices is thickness variation,
usually negligible for small devices. This kind of defect causes part of the device to
work in unoptimized conditions. Variations of few tens of nm can be significant when
working with thin layers of hundreds of nm, however, they are negligible when
working with μm thick films. The mCPSC architecture is made of μm thick layers,
much thicker than in other PSC architectures. Thick layers allow the deposition of
consistent films with negligible thickness variation over large areas [16]. The thick
screen‐printed layers are likely to be one of the reasons for the reduced decrease in
PCE during scale‐up, compared to the other PSC architectures.

Electrical resistance of the layers.
The series resistance (Rs) is the parasitic resistance in series to the circuit and
causes a drop in voltage equal to the product of current and Rs (iR drop). Rs
increases with the substrate size, but a good working device should have a very low
Rs. To limit this effect, electrical connections need to be placed as close as possible to
the area where the charge is generated.
A possible approach to reduce Rs is the application of a metallic grid that can be
printed on one or both sides of the device. Screen‐printed metallic grids are
commonly used for silicon solar cells but conductive inks can chemically interact with
the active layers. Perovskite, for example, can react with Ag, especially in the mCPSC
architecture, where the conductive ink can penetrate through the porous carbon
layer and enter into direct contact with the perovskite. An alternative approach to
minimize the effect of Rs is the connection of single and narrow cells in parallel or in
series. This is the case of modules, where Rs is small due to the small width of the
single cells, but the size is large as the single cells can be printed on the same large
substrate.
The module design influences the device power generation as it dictates the coverage
of the substrate with active material. PCE is commonly referred to as the power
generation considering the active area, but a commercial device must be evaluated
for the power generation of the total area that the device occupies. For this reason, it
is crucial that the active layers have a high coverage of the entire area of the
substrate. For example, a device with 20% PCE, but with coverage only at 40%,
produces less power than a device with 15% PCE and 95% of coverage. Active areas
can often be lost while creating space for module sealing and interconnects. This
coverage is often defined as the geometric fill‐factor (g‐FF).

Another important characteristic of mCPSC is the low cost of:

The materials. Expensive materials, such as noble metals and purified organic
compounds, e.g. spiro‐OMeTAD [17], are not used in this architecture.
The manufacturing process. This is because all the layers are screen printed,
including the top electrode, and the perovskite is simply infiltrated from the top,
making the process fast and inexpensive.
The initial investment. Screen printing is the main instrument used in production.
While advanced screen printing equipment can be expensive in certain applications, it



is generally extremely inexpensive as only a plastic squeegee and a screen are
required for the manual process.

A further advantage of mCPSC for industrial applications is the use of an inorganic stack
as shell for the perovskite absorber material. In this way, it is possible to fabricate a large
amount of inorganic stack on glass and then infiltrate the perovskite precursor solution on
demand at a subsequent manufacturing stage. This characteristic allows the preparation
of preassembled products for streamlined product delivery. Furthermore, there is
potentiality for recycling the inorganic stack when the harvesting material is exhausted
[18]. It may be possible to wash off the perovskite material and to re‐infiltrate the
inorganic stack with a fresh perovskite solution. This has the potential of increasing the
lifetime of the device, thanks to the regeneration and recovery of toxic materials via
simple washing.

9.2 Manufacture

The manufacture of mCPSC is mostly based on the screen‐printing method, which is
adopted for the deposition of the three mesoscopic layers. Although screen printing is by
far the most used technique for the fabrication of mCPSC, other methods can be used
instead, for example, doctor blading or inkjet. The inorganic stack is usually deposited via
screen printing, making this deposition method key in the mCPSC manufacture. Due to
the predominance of screen printing for the mCPSC, a particular focus is offered below.
Table 9.1 shows the different techniques that have been used to produce mCPSC in the
literature. The inorganic stack is usually deposited via screen printing, making this
deposition method key in the mCPSC manufacture. Due to the predominance of screen
printing for the mCPSC, a particular focus is offered below.

9.2.1 Screen Printing

Screen printing is a very well‐established technique that is widely used on an industrial
scale. It is a versatile printing technique that allows a full two‐dimensional patterning of
the printed layers. The essential instruments are a squeegee and a screen. The screen is a
mesh made with a woven material, which is glued in tension on a rigid frame (usually
made in wood, cast iron, or aluminum). Common materials for the mesh include synthetic
fiber or steel mesh. The mesh has an open area, or printing area, where the ink is forced
to pass through. The printing area is created with the application of a light curable
material, e.g. an emulsion or a capillary film, that is accurately applied onto the mesh. The
pattern that is required is then printed in black on a transparent support and then placed
on the mesh. After illumination, only the exposed area is cured, while the shadowed area
can be easily removed, leaving the printing area open.



Table 9.1 Summary of techniques that have been used for the deposition of the mCPSC
materials.

   

Spray

 Screen

printing

 

Drop

 

Slot‐

die

 

Inkjet

 Spin

coating

 

Doctor‐

blading

 

FACVD

 Vacuum

deposition

Compact
TiO2

  [19–21]      [22] [23, 24]     [25]

Inorganic
stack

         [22] [23, 24] [23, 26,
27]

   

Additional
interlayers

 [28] [20, 29,
30]

          [31] [25, 32]

Perovskite
deposition

  (RbM)
[15, 33,

34]

  [21,
35]

 [36] [37, 38]      

Red, the most used deposition methods; Green, alternative methods for the material under consideration with reference
of some examples; White, we are not currently aware of any work as applied to the mCPSC. Some examples of
applications for the mCPSC are reported.

The screen‐printing method suits either roll‐to‐roll (R2R) or sheet‐to‐sheet (S2S)
production. R2R production can be performed via rotary screen printing, usually on
flexible substrates, such as textiles. S2S production is preferred in many applications,
especially on rigid substrates. To print, the screen is placed above the substrate. Screen
and substrate are accurately registered, but they are not in contact as a gap of a few mm
or less separates the two. At this point, the ink can be placed on the surface of the screen
to be transferred to the substrate through the printing area. This is carried out with a
squeegee that presses down the screen in contact with the substrate and forces the ink to
transfer with a linear passage across the printing area (Figure 9.3a). There is essentially
no loss or minimal loss of ink during printing as most of the unused ink can be collected.
The squeegee is a piece of flexible material with at least one straight edge. The squeegee
forces the ink through the mesh and ensures the screen–substrate contact during the
printing passage.
After printing, only a small amount of ink is left in the mesh. The ink, therefore, must be
spread again on the screen's surface. This can either be done with the same squeegee in a
manual process or with a so‐called flood coater in an automatic process. The flood coater
is usually a blade that spreads the ink back without pressing on the screen (Figure 9.3b).
Screen‐printing instruments can be equipped with camera systems to improve registration
accuracy, a vacuum table to hold the substrates, and other components to enhance
printing consistency and speed. However, the essential parts of the instrument are the
screen and the squeegee.



Figure 9.3 Screen printing. (a) A schematic of the process; (b) An example of automatic
presser for screen printing. The essential components are a screen, in this case, covered
with a green emulsion, and a squeegee. For automated processes, a flood coater is also
necessary.
There are several parameters that can affect film quality. This section does not aim to
substitute more specialistic books, therefore many aspects will not be presented here,
such as the importance of the squeegee properties (hardness, shape, and angle), the
effect of the thickness of the screen's emulsion, the effect of the pressure of the squeegee,
the tension of the screen and many other printing parameters. Here, we aim to provide
the basic concepts of screen printing and underline the most critical aspects for the
deposition of the mesoscopic layers for mCPSC.

9.2.1.1 Ink Properties

This is the most critical parameter in every printing process. In the case of screen
printing, the ink must be viscous enough to avoid slumping through the mesh during
printing, but it must pass through the mesh when required. The rheology of the ink,



(9.1)

(9.2)

(9.3)

(9.4)

therefore, should be in a specific range depending on the characteristic of the mesh. To
give an idea, it should be roughly such as honey, which is around 100 Pa s. This means
that the viscosity is usually higher than for other printing methods, such as flexographic
or inkjet. However, the viscosity range can be very large when using the appropriate
mesh size for the given ink.
An ink is a dispersion (or a solution) of a pigment with a binder in a solvent. The pigment
is the coloring agent or the active material in printed electronics. The solvent is not
defined in a chemically rigorous way, as it could also be a mixture of chemicals, and it
gives a striking effect on the final rheological properties. The rheology of the ink can
change significantly during the printing process if a consistent amount of solvent
evaporates. For this reason, high‐boiling point solvents are typically used in inks. After
printing, part of the solvent evaporates, leaving a dry film, which is made mostly of binder
and active materials. Screen‐printed films can be much thicker than other deposition
techniques, in the range of few μm or tens of μm. Thicker layers in the mm range are also
possible, as well as very thin layers of tens of nm. Very thin layers can be achieved when
the solid content of the ink is very low. The wet film will be thick, but the dry film after the
removal of the binder can be tens of nm thick, as in the case of the deposition of compact
TiO2 for mCPSC [19, 20]. In case of using particles in the ink, their size should be
carefully considered in screen printing. The particles, including agglomerates of
nanoparticles, must pass through the mesh without clogging it or affecting the printing
process. An empirical rule is that the particle size should be a tenth of the mesh aperture
area.

9.2.1.2 Mesh Characteristics

After the ink, the mesh characteristic is probably the most important parameter in screen
printing. The aperture area between the threads and the thread diameter defines the
volume of ink that is transferred to the substrate (Figure 9.4), thus, the thickness of the
wet film. The thread diameter and the distance between threads or the mesh count can be
used to calculate the mesh aperture area via simple geometric considerations:

where Cm is the mesh count, DT is the distance between two threads, ∅T is the diameter of
the thread, GT is the gap between two threads, Am% is the aperture area in %, and Vth is
the theoretical volume of ink per unit area. Factor “2” relates to the fact that the threads
are woven on each other, so the height is twice the diameter of the single thread
(Figure 9.4). As Cm and ∅T define the aperture area and the theoretical volume, these
values should be mentioned in the nomenclature of the screen. An example of
nomenclature can be 130‐34, which refers to the mesh count (130 threads per cm in the
example) and the thread diameter (34 μm in the example).



Figure 9.4 (a) A microscopic image of a 130‐34 mesh, i.e. 130 threads per cm and 34 μm
in diameter. (b) schematics (top and lateral view) of a mesh. Source: Philip et al. [39],
Elsevier.

The volume of ink as expressed in Vth assumes that all the ink that is in the mesh is
transferred to the substrate. However, part of it remains trapped in the mesh and Vth
should be used only as a general idea of the potential wet film thickness when using a
specific mesh. The actual volume of ink that is transferred to the substrate can be finely
tuned also with other printing parameters, such as the gap between screen and substrate,
the pressure of the squeegee, and the printing rate.

9.2.1.3 Gap Between Screen and Substrate

The optimization of the gap between screen and substrates during the print is crucial for
good‐quality prints. In the extreme case of no gap, the mesh is always in contact with the
substrate. In this scenario, the ink can stick the mesh and the substrate together, leaving
a very rough layer once the screen is removed. Moreover, the ink might float out of the
printing area leaving an unpatterned layer. By increasing the gap, the contact time
between screen and substrate becomes shorter and the layer deposition is simpler to
control. However, in the extreme case of a very large gap, a high pressure of the
squeegee is required to ensure screen–substrate contact. This might result in damage of
the screen – if the mesh is in very high tension – or deformation of the printing image – if
the tension of the screen is low. The deformation of the image is an effect that occurs
when the angle between the screen and the substrate, in contact with the squeegee
position, is very high. The original printing image follows the screen's deformation and
the pattern of the film is therefore the projection of the printed image on the substrate.



Figure 9.5 Labelled high‐speed camera image of the squeegee forcing the mesh into
contact with the substrate, where the ink is deposited from the mesh to the substrate as
the squeegee flows across the screen (above) along with a cross‐sectional schematic
diagram of the process (below). Source: Potts et al. [40], Springer Nature, CC BY 4.0.
This process can be optimized empirically via a trial‐and‐error approach. However, an
understanding of the process does speedup its optimization. The mechanism by which
carbon ink wets the surface and releases during the printing process was studied via
slow‐motion camera by Potts et al. in 2020 [40]. The release of the ink in excess from the
substrate occurs via a shearing action that causes the ink to split (Figure 9.5). The
printing rate can affect the rheology of the ink, increasing or decreasing the elastic
character. Therefore, the optimal gap depends on many factors, such as the printing rate,
the rheology of the ink, and the angle of the squeegee.

9.2.1.4 A Case Study: TiO2

Several parameters can affect the film characteristics of screen‐printed layers. The
special case of the mesoporous TiO2 layer for mCPSC applications was investigated by
Wan et al. and reported in 2019 [41]. To achieve thin layers via screen printing, the solid
content of the ink must be reduced via dilution with α‐terpineol. The lower amount of
solid content reduces the amount of material that will remain in the film and, thus, the
thickness. However, the viscosity is also affected (Figure 9.6a). For this reason, a very
fine mesh is recommended, as low‐viscosity ink might slough through a screen with a low
mesh count and affect the printing process. Wan et al. used a 150‐34 (150T) mesh, a very
good choice for this system.
The viscosity can vary with the temperature (Figure 9.6b) and this can be one of the
reasons for the thickness variation that sometimes can be observed between one print and
another (Figure 9.6c). Because the viscosity changes also with the solvent content in the
ink, and the solvent can evaporate during printing, it is recommended to use high‐boiling
point solvents. A short interval of time between prints is also recommended to reduce the



evaporation time. The solid content, then, dictates the thickness of the dried film, as
shown in Figure 9.6d. The gap between the screen and the substrate, the pressure of the
squeegee, and the printing speed can also affect the thickness of the final layer as shown
in Figure 9.7. The operator should keep in mind that all the parameters should be
measured and reproduced with high consistency.

Figure 9.6 (a) Dependence of viscosity of the TiO2 ink on paste:terpineol mass ratio; (b)
dependence of viscosity of the TiO2 ink on temperature; (c) dependence of the TiO2 layer
thickness on the viscosity; (d) dependence of the TiO2 layer thickness on the solid content.
Source: Rong et al. [37]/With permission of Springer Nature.

9.2.2 Deposition of the Compact TiO2

The compact TiO2 is used in many architectures as an ETL. Many materials have been
reported as effective ETL, such as SnO2 and ZnO2 [42–44], but so far TiO2 is the only
reported ETL for mCPSC. The deposition can be carried out in many different ways, for
example via atomic layer deposition (ALD) [45], sputtering [46], spray pyrolysis [47], spin
coating [23], and many other deposition techniques (Table 9.1).
Spray coating is commonly used for mCPSC and has the advantage, as for screen printing,
of being an established industrial technique. Spray coating can be also called spray
pyrolysis in this context because a solution of TiO2 precursor is sprayed at high



temperature and, then, a pyrolysis step ensures the chemical conversion and the
formation of the inorganic layer. Spray pyrolysis is probably the best option to achieve
high‐quality thin films via a solution phase process, especially for devices >10 × 10 cm2.
Some disadvantages of the method include the consumption of materials, as most of the
solution is vaporized, and the high temperature that is required during the deposition.

Figure 9.7 Dependence of the film thickness on: (a) the print speed; (b) the print gap; (c)
the print pressure. Source: Rong et al. [37]/With permission of Springer Nature.

Spin coating is a valuable alternative to deposit the compact TiO2, especially at labscale.
The films can be very thin and homogenous, but the substrate size is normally restricted
to no more than 10 cm2. For larger substrate areas, spin coating is not recommended.
Screen printing can be used to deposit a compact and thin TiO2 layer. The paste is based
on TiO2 nanoparticles mixed in a large quantity of binders. The very low amount of solid
content allows the deposition of thick wet films, typical via screen printing, that shrink to
tens of nm when the binder is removed. This method is promising for mCPSC because the
same technique is then viable for all layers of the device.
Conformal films can also be achieved via vacuum deposition methods for very thin and
conformal layers, such as ALD or sputtering. The resulting film quality can be ideal for the
preparation of highly efficient devices. Although the cost of the process can be low, the



capital cost of the equipment, especially for very large devices, can be significant, and an
accurate analysis of cost/benefit should be undertaken.
A potential solution to the requirements of compact layer deposition is to purchase
substrates that already have a thin TiO2 film applied via CVD during glass substrate
manufacture. This would reduce the need for capital expenditure on compact layer
deposition equipment. This approach has already been demonstrated for PSCs [48].

9.2.3 Deposition of the Mesoscopic Layers

Screen printing is the main deposition technique for the mesoscopic layers, but some
alternatives can be found. Spin coating can be used for both the deposition of the
mesoporous TiO2 as well as the insulating layer (predominantly ZrO2 but SiO2 [23] and
Al2O3 [24] have also been used). Spin coating allows the deposition of very consistent and
thin layers, but the thick carbon layer is more challenging and as such screen printing or
doctor blading is preferred. The doctor blade is a simple coating technique where a blade
spreads ink on a surface. The method can be simply used for either lab or industrial‐scale
applications. A disadvantage of doctor blading compared to screen printing is the inability
to produce any patterning.
An alternative approach to print the mesoscopic layers is via inkjet [22]. The method is
simple and very versatile in the customization of the pattern and it can be used for all the
layers, including the infiltration of perovskite [36]. The disadvantage compared to screen
printing is the cost of the equipment and the production time. The deposition of a very
large area film can be near‐instantaneous by screen printing, whereas inkjet can take
several minutes, depending on the number of nozzles present on the printing head.
The use of mesoporous layers requires high‐temperature heat treatment, typically
achieved in a furnace, to remove the organic binder and leave open pores. This crucial
step can be time‐consuming and requires significant consumption of energy [49].
Radiative annealing processes can speed up notably the heating step with lower energy
consumption. Processes that last hours can be reduced to minutes, seconds, or even
milliseconds. Such annealing processes have been already demonstrated for the annealing
of the perovskite layers. The annealing of perovskite can be 90 minutes on conventional
hot plate, but it can be reduced to 2.5 seconds via near‐infrared radiation (NIR) [50] or
even 1 ms via photonic [51]. The difference in speed between photonic and NIR is huge,
although NIR is still fast enough for conventional production lines. NIR has already been
demonstrated for the annealing of the inorganic triple stack of mCPSCs by Baker et al in
2017 [52]. In this case, the manufacture was sped up from a few hours to a few seconds
with negligible effect on device performance.

9.2.4 Deposition of Additional Interlayers

The inorganic stack in mCPSC is typically based on three layers, but in some instances, an
additional layer is used. For example, an inorganic and mesoporous hole transporting
layer (HTL) can be added to enhance the hole extraction. The most common HTL is NiO
[5, 21, 29] but other thermostable materials have been shown, such as Co3O4 [20]. In
these cases, the layers are usually deposited via screen printing or doctor blade between
the insulating and carbon layers. Alternatively, flame‐assisted CVD (FACVD) can be a
viable deposition method for NiO nanoparticles, as reported by Yates et al. in 2019 and
2020 [31, 53].
A further thin insulating layer between TiO2 and the insulating layer can improve the
performance of the device. This thin film, generally Al2O3, was shown to improve the VOC
compared to standard architectures. Its effect is so important that the mesoscopic
insulating layer could even be removed, although the synergy of both thin Al2O3 and



mesoscopic ZrO2 was reported to improve considerably the device performance. These
thin layers were deposited via sputtering by Mathiazhagan et al. in 2020 [25], spray
pyrolysis by Wang et al. in 2018 [28], or vacuum evaporation of Al and subsequent
oxidation by Xiong et al. 2018 [32].

9.2.5 Infiltration of Perovskite

Many different perovskite formulations have been demonstrated for mCPSC. The first
formulation was the methylammonium lead iodide perovskite (CH3NH3PbI3, MAPI) in
2013 [2]. MAPI can be deposited via the one‐step method, i.e. the infiltration of a solution
with all the perovskite precursors, or the two‐step, i.e. the infiltration of PbI2 first and
conversion into MAPI via dipping in a solution of methylammonium iodide (CH3NH3I,
MAI). After this reported work in Ref. [2], improved performance and device stability was
observed with the addition of 5‐aminovaleric acid iodide (NH3(CH2)4COOHI, AVAI) in the
perovskite precursor solution, producing a 2D/3D perovskite structure (AVAxMAx−1PbI3)
[3, 12]. Other perovskite formulations with different or mixed cations, such as Cs+ or
formamidinium ((NH2)2CH+, FA+), or different halides, such as Br−, have been shown via
either one‐step or two‐step methods.
The infiltration method itself can be considered one of the most straightforward steps of
device fabrication, however, achieving appropriate drying and crystallization is complex.
The process itself is simple, as the ink must only be added on top of the carbon surface to
initiate infiltration. The solvent will evaporate with a gentle heating step leading to
perovskite crystallization. This process is usually carried out via manual dropping at lab
scale, resulting in very high‐performance single‐cell devices. As can be expected, the
difficulty arises from the fact that if the infiltration is not complete or homogenous, the
device will not function. The challenge increases over large area, where the dropping
method is impractical and prone to inhomogeneities. Under these circumstances, the
perovskite precursor solution in contact with the hydrophobic carbon layer can reorganize
itself, resulting in an unwanted pattern. An approach developed to resolve this issue is the
use of a robotic dispenser to continuously dispense the solution, and a fine mesh to
control the infiltration (Figure 9.8a). This technique, named robotic mesh (RbM), was
demonstrated for the infiltration of perovskite in the two‐step method [33] and then also
used for the one‐step method [15, 34].
Alternative approaches to deposit perovskite can be used. Inkjet is an important example
and it was demonstrated by Hashmi et al in 2017 for the infiltration of AVA‐MAPI
perovskite [36]. Slot‐die was also employed for the infiltration of modules by Bashir et al
in 2019 and Xu et al in 2020 [21, 35] (Figure 9.8b). A list of reports using different
techniques to infiltrate perovskite in the mCPSC can be found in Table 9.1.



Figure 9.8 Infiltration methods for mCPSC. (a) Schematic representation of the RbM
process. Source: Meroni et al. [33]/Taylor & Francis/CC BY‐4.0. (b) Schematic
representation of slot‐die process. Source: Xu et al. [35]/With permission of Elsevier.

9.3 Modules

The resistance of the electrodes, especially of the transparent conductive layer, can make
the fabrication of efficient large single cells impossible [54, 55]. To overcome the limits of
electrode conductivity, parallel or series‐connected modules can be designed. A typical
design for a module is based on long and narrow single cells separated by a gap
(Figure 9.9). These narrow single cells define the active area, and the width of each cell is
called active area width (Wa). The gap between the cells is required to include
interconnects, either bus bars to extract the current (see parallel connected modules) or
the connection in series to allow the current to flow from one cell to another. From a
current generation perspective, this area is called the dead area. The width of the dead
area (Wd) defines the distance between the cells. The overall substrate area also includes



a lateral frame to place the electrical contacts or any other service space for the
manufacture of the device, for example, the encapsulation. The aperture area is the area
occupied by the active and dead areas.

Figure 9.9 Generic schematic of a module with five single cells.

9.3.1 Designs

The single cells can be connected in parallel, for high‐current devices, or in series, for
high voltage modules. An example of a module in lateral view is shown in Figure 9.10a. A
combination of parallel and series‐connected modules can be used in certain
circumstances to customize the current and voltage output of the device, either on the
same substrate or via external connections.
The interconnects are crucial for the current flow between cells. In manufacturing terms,
the interconnects can be created via registration of each layer, using printing technology,
or via material removal (scribing method). The registration approach exploits the ability
of the printing process to pattern each deposited layer. A very accurate registration
between each layer can create the desired electrical connections in the substrates. For
example, in mCPSC series‐connected modules, the carbon layer must cover the ZrO2 layer
without touching the TiO2 layer and connect the FTO of the following cell (see
Figure 9.10b inset). The scribing method, by contrast, does not strictly require a printing
process as all the layers are deposited on a solid area and the interconnects are created
via removal of material on a specific location. The registration method is the most obvious
approach for the mCPSC. Starting from a pre‐patterned substrate, the three inorganic
layers are printed sequentially with an increasing offset to create the interconnects via
overlapping areas. The registration method is simple and allows the fabrication of
efficient modules. The g‐FF relies on the accuracy of the printing equipment on a pre‐
patterned substrate. This is because a safe area must be included to avoid mismatching
between layers, thus, short circuits in the device. High accuracy allows a reduction of



these safe areas and increases space for active materials. Outstanding examples of
mCPSC modules prepared via registration are from the following:

Figure 9.10 Example of modules prepared via the registration method. (a) Cross‐section
schematics of adjacent cells in a series‐connected module. The single cells are defined by
the presence of TiO2. The distance between the cells is the result of the carbon/FTO
contact area and the safe area to avoid mismatching between layers. (b) Module
schematics, showing the different overlapping layers. In the inset, a blow‐up of three
single cells, showing the position of each layer. (c) Photo of a module. Source: De Rossi et
al. [15], John Wiley & Sons.

Grancini et al. in 2017 [12]. A module with more than 10.1% PCE was demonstrated
on a 10× 10 cm2 substrate and 46.7 cm2 active area.
Hu et al. in 2017 [13]. A module with more than 10.4% PCE was demonstrated on a
10× 10 cm2 substrate and 49 cm2 active area.
De Rossi et al in 2018 [15]. A module with more than 6.6% PCE was demonstrated on
a 27.5× 21 cm2 substrate and 198 cm2 active area (shown in Figure 9.10c).



The scribing method, by contrast, does not rely on the accuracy of the printing equipment,
but on the alignment of the substrate relative to the scribing agents. The scribing agents
can be anything that can remove materials, such as a blade – mechanical scribing – or a
laser. The layers are printed or deposited on a solid area and the scribing process
removes material, so that subsequent layers can be applied, to achieve the electrode‐to‐
electrode interconnect. The scribes are named P1 on the transparent electrode, P2 on the
active layers, and P3 on the top electrode (Figure 9.11). The g‐FF can be much higher
than in the registration method, as some waste of space, due to possible misalignments
during the printing, can be removed. The approach is very simple and, when using blades,
the cost of the equipment remains low, protecting the low‐capital cost principle of the
architecture. Examples of mCPSC modules prepared via the scribing method are given
below:

Meroni et al. in 2020 [34]. A module with more than 10.3% PCE on a 10 × 10 cm2

substrate via the low‐capital cost mechanical scribing.
Xu et al. in 2020 [35]. A module with more than 12.8% PCE on a 10 × 10 cm2

substrate via laser scribing.

9.3.2 Optimization

The dimensions of the single cells and the distance between them are key to optimizing
module performance. Very large single cells can suffer from the high resistance at the
electrode, while very narrow ones require a large number of interconnects, reducing the
active area. The optimal design can be estimated with high accuracy via theoretical
consideration.
The main parameters to define a design are Wa and Wd. Wd should be minimized as much
as possible because it defines the dead area. However, the minimization of Wd is limited
by the size of the interconnects, i.e. the area where top and bottom contacts overlap, as
shown in Figure 9.12. The interconnects are crucial to ensure current flow in the device.
A large Wa can be beneficial to reduce the number of interconnects. This is because a
lower number of cells can fit on the same substrate when these are large, reducing also
the number of interconnects between them. If the number of cells is nc, the number of
interconnects is nc – 1. Thus, a lower number of interconnects increases the coverage of
the substrate with active material (g‐FF). However, large Wa can increase the resistance
in the device with a considerable current–resistance (iR) drop effect. When Wa is large,
the charge must travel for a long distance before being injected into the following single
cell. A narrow Wa can reduce this distance and the resistance of the electrodes. Therefore,
while Wd can be simply minimized provided that the interconnects are large enough to
electrically connect the single cells, the optimal Wa is the result of a compromise between
high g‐FF and low resistance of the electrodes. To determine the optimal Wa, some
theoretical considerations can be made.

9.3.2.1 A Simplified Approach

For small distances, the problem can be simplified with the consideration of constant
resistance of the electrode (Rel) in relationship with the geometrical characteristic of the
single cells without the use of any integral. This simple approach, proposed by Giordano
et al. in 2011, was proved to be effective in double glass sealing modules and can give a
good approximation for different design scenarios [56]. In short, the total Rs (series
resistance) can be represented with an internal vertical resistance Rvc, which is constant,
plus the resistance of the electrode Rel, which changes with the design geometry, i.e.:



Figure 9.11 The mCPSC module based on the scribing method. (a) P1 on a substrate of
glass/FTO/bLayer via laser scribing and then deposition of the bLayer. (b) Deposition of
mesoporous TiO2 and ZrO2 via screen printing. (c) P2 via mechanical scribing to open an
aperture for the interconnects. (d) Deposition of the top carbon electrode. (e) P3 to
insulate the cells in series. In the inset, a magnification of the interconnection area shows
the three scribes and the distance between them, i.e. S1 and S2. (f) Perovskite infiltration.
Source: Meroni et al. [34]/MDPI/CC BY‐4.0.



(9.5)

Figure 9.12 Schematic representation of a series‐connected module with three single
cells. Above, the top view; below, a lateral view.

where Rsq is the sheet resistance of the transparent electrode, and H is the length of the
single cell. This calculation assumes that one of the two electrodes can be considered
unaffected by the design geometry, which is the case for most of the devices using metal
contacts, e.g. Au or Ag. The calculated values are very close to the experimental ones,
especially when Wa is very narrow, i.e. few mm wide (Figure 9.13). This method can
closely predict the effect of the geometry on the single cell and on the module. The
method has the advantage to be very simple and it does not require a high computing
time. The tiny error that this method commits is largely compensated by the huge
simplification of the problem.

9.3.2.2 2D Poisson's Equation

The simplified approach can be unsuitable for modules with very large cells and when the
resistance of one of the two electrodes cannot be neglected. In case of mCPSC, no metal
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contacts are utilized, and the carbon electrode is often more resistant than the FTO. More
accurate models should include Poisson's equation. This was done by Galagan et al. in
2016 by solving the 2D Poisson's equation with the aid of COMSOL [57]. As for the
simplified approach, the effect of the lateral resistance was taken into account starting
from Rsq of the electrodes as:

Figure 9.13 PCE of unit cells (experimental and simulated) and of Z modules. In case of
modules, the PCE is referred to as the aperture area. Rvc is an additional internal
resistance considering the vertical charge transfer and is independent from the module
geometry. Source: Giordano et al. [56]/IEEE.

where  and  are the sheet resistance of the top and bottom electrodes, ∇Vtop

and ∇Vbottom are the voltage gradient at the top and bottom electrodes (in 2D) and ΔV is
the electrical potential difference between the top and bottom electrodes. ΔV is the
externally applied voltage when the edge of one of the electrodes is connected to the



(9.8)

ground and the edge of the other electrode is prescribed to a working V. Jp is the density
of current at the different positions of the cell. The density of current of the device, Jcell, at
given applied voltage is

which is a normalized integral over the entire surface, or area, of the device.
The model was tested for a sandwich architecture with Au as top electrode
(glass/ITO/TiO2/perovskite/P3HT/Au). The results can be represented as shown in
Figure 9.14.
The results in Figure 9.14a show the gradient in generated power depending on the
distance from the electrodes. It is evident that the size of the device becomes critical
when the resistance of the electrodes increases. Figure 9.14b shows the effect of Wa and
the resistance of the electrode. As one of the electrodes is Au, only the transparent
electrode limits the geometry of the module. VOC is completely unaffected from Rsq and
Wa. JSC is relatively low when Wa is low. This is because the current density is referred to
the total area of the device and g‐FF is low in this condition. In short, the low current is
due to the low coverage of active material on the substrate and not by electrical issues. If
JSC was referred to the active area, the graph would show a plateau as the narrow single
cells do not affect the current generation. JSC is affected by the high resistance, as it is
observed when Wa increases, especially with low conductive electrodes. The main
parameter that is affected by the design is FF.

Figure 9.14 Reported results using Poisson's equation. (a) A study on single cells with a
calculated power generation on the device area. (b) PV parameters of modules in different
scenarios of Wa size and Rsq of the transparent electrode. The power density is referred to
the device total area. Source: Galagan et al. [57]/With permission of Royal Society of
Chemistry.



Figure 9.15 3D plot of generated power as function of P2 and Wa of a module made with
10 single cells connected in series for a carbon layer with Rsq = 10 Ωsq and Rc = 60 mΩ at
the interconnect. Source: Mouhamad et al. [58]/With permission of Elsevier.

9.3.2.3 Carbon Cells and Contact Resistance

The mCPSC can be quite different compared to the other PSC. The presence of a carbon
electrode, which is comparable to the transparent electrode in terms of resistance, makes
ineffective the use of the simplified method, as discussed above because the coupling
effect of both top and bottom electrodes can affect device performance enormously.
Furthermore, the contact resistance (Rc) can play an important role. Rc is the resistance
element that connects two single cells and that is added to Rs. The presence of Rc can be
usually neglected with metal contacts, as in [57]. However, a porous carbon electrode can
affect Rc significantly, and the minimal contact area for effective interconnects must be
determined. This is because, as discussed above, Wd must be minimized to maximize g‐FF,
but the dead area must contain the interconnects. The contact area is as large as the P2 in
a series‐connected scribed module (Section 9.3.1). The optimal contact area to achieve a
compromise between high g‐FF (or low Wd) and low Rc can be calculated with 2D
Poisson's equation and was proposed by Mouhamad et al in 2019 [58]. Figure 9.15 shows
a 3D plot of the module power density generation relatively to the device's total area and
in function of both Wa and P2 (or contact area width), accounting for the effect of Rc.



According to these results, the optimal contact area (P2) is between 0.5 and 1 mm
(Figure 9.15), much larger than typical interconnects, which are around 0.2 mm [59].

9.4 Applications

9.4.1 Modules Performance

Due to its low cost, good performance, and stability, the mCPSC is seen as the front‐
runner in the market [1]. To prove the effectiveness of the technology, mini‐modules on 5
or 10 cm2 substrates have been demonstrated in the literature. Table 9.2 shows some
examples of mCPSC modules reported in the literature.

Table 9.2 Architecture, design, and performance of some of the most significant mCPSC
modules reported in the literature.

  

References

  

Design:

single

cell/Wa

(mm)/Wd

(mm)

  Area: active

(cm2)/substrate

(cm2)

  g‐FF:

(Wa/(Wa + Wd),

%)

  

Scribing

method?

  PV

parameters

FF/Av−VOC

(mV)/ Min−JSC

(mA cm−2)

 [14]  10 SC  70/10 × 10    No  0.63/963/17.7  
 [12]  8 SC/7/3  48/10× 10  70  No  0.66/900/17.0  
 [13]  10

SC/5.3/5

 49/10 × 10  51.5  No  0.56/930/20.0  

 [15]  22

SC/5.5/6

 198/27.5 × 21  47.8  No  0.34/895/21.3  

 [20]  10 SC  70    No  0.57/915/22.1  
 [60]  9

SC/7.5/3

 60/10 × 10  71.4  No  0.51/844/23.4  

 [34]  12

SC/5/2

 50/10 × 10  71.4  Yes,
mechanical

 0.54/866/22.2  

 [35]  9

SC/7.5/2.5

 60/10 × 10  75  Yes,
laser

 0.61/940/22.5  

Numbers in bold = stated in the article, in gray = calculated here from reported data. The g‐FF is defined as
Wa/(Wa + Wd). Av‐VOC is the averaged VOC of the single cells, i.e. the VOC of the module divided by the number of
cells. Min‐JSC is the minimal JSC of the single cells, i.e. the current of the module referred to the area of a single cell in
series connection in the module (see module design, Section 9.3.1).

Some modules have not been reported in the literature but illustrate outstanding
examples of mCPSC modules. Wondersolar has fabricated 60× 60 cm2 mCPSC modules
with an active area of 2862.72 cm2. Their preparation is based on the laser scribing
method, proving the feasible fabrication of 71 series connected cells with a distance (Wd)
of only 0.6 mm. With a Wa of 7.5 mm, the g‐FF is nearly 93%. The performance of these
modules is still undisclosed.

9.4.2 Encapsulation and Outdoor Performance

Device encapsulation is a key component of a completed mCPSC device. The
encapsulation can act as a barrier from external agents, such as O2 or moisture, but also
as a protection from internal pollutants, such as Pb. A huge amount of work is still



necessary to prove the effectiveness of the encapsulation barrier, but some encouraging
results have already been reported. Grancini et al reported one‐year stability of devices
kept under 1 sun illumination with UV filter and measured via regular JV scans [12]. Li et
al reported high stability in outdoor conditions and hot weather, i.e. in Saudi Arabia, in
2015 [61]. Negligible degradation was observed after seven days of outdoor testing at
above 40 °C. To study the device in more stressful conditions, some single cells were kept
at 85 °C and regularly tested, showing negligible degradation after 90 days. Similarly, the
devices were kept at 45 °C and continuously measured at maximal power point (MPP).
The device showed no degradation after 44 days of test.
In terms of encapsulation, the mCPSC devices can be protected with similar strategies to
other thin film devices. Glass–glass encapsulation is a common approach for PSC. This
approach can be quickly summarized as having the device sandwiched between two glass
sheets using a sealant. The sealants can be either thermo‐curable, for example, ethylene
vinyl acetate and surlyn ionomer, or UV‐curable, for example, some epoxy resins [62].
Polymers can be also deposited directly on top of the device without the use of any glass
sheet. This approach reduces the weight of the device and allows the encapsulation on
flexible substrate. Some examples of polymers that can be deposited on the top of PSC
without affecting the performance are poly(methyl methacrylate), polycarbonate,
polyethylene naphthalate, and others [62]. Specifically for mCPSC, Fu et al reported the
use of a polymeric film between the device and a top glass in 2019 [60] (Figure 9.16a,b).
When using polyurethane (PU) films, the devices demonstrated high stability when kept at
85 °C for more than 300 hours.
An alternative approach adopted for mCPSC is the use of glass frit and laser ablation.
Glass frit is a ceramic material that can be fused to obtain glass. A very accurate
annealing step at a localized spot can fuse the frit to achieve a very good hermetic sealing
around the device. The accurate annealing was achieved via laser (Figure 9.16c,d). The
method was already proposed for DSSC [64] and used for mCPSC by Emami et al in 2020
[63]. The hermetically sealed mCPSC devices are not affected by the humidity of the
external environment, as proven when the devices were aged in a humidity‐air chamber.
The humid air feed was produced by humidifying a 450 ml min−1 dry air feed to a
cylindrical column filled with distilled water. Under these conditions, unencapsulated
devices lost 100% of the original PCE in 50 hours, while the encapsulated devices did not
show any degradation after 500 hours. This proved that the encapsulation strategy is very
effective against humidity.



Figure 9.16 (a) The scheme of the encapsulation of mCPSCs based on hot melt films and
glass sheets. (b) Images of the encapsulated cells. Source: Fu et al. [60]/With permission
of John Wiley & Sons. Schematic view of (c) glass frit laser‐assisted sealing configuration,
and (d) encapsulated mCPSC device. Source: Emami et al. [63]/With permission of Royal
Society of Chemistry.

9.4.3 Indoor Applications

The stability of mCPSC has been demonstrated as superior to a number of other PSC
architectures for outdoor applications. The stability indoors can be expected to be even
higher due to the lack of weathering stress, such as high illumination, high temperature,
and high humidity. Perovskite is degraded by a combination of different factors, in
particular O2, moisture, high temperature, and UV light [65–69]. Factors like moisture
and O2 can be removed with a proper encapsulation strategy. UV light and temperature
are related to the intrinsic stability of the device architecture or can be removed via
approaches that can reduce the efficiency of the device, such as UV filters or energy‐
consuming chillers. The presence of UV light and high temperature can represent an issue
outdoors but not indoors. UV light is not generated from indoor light sources, such as
fluorescence lamps or LEDs. Light intensity is generally much lower, around 3 orders of
magnitude lower, and no light‐induced heating is expected indoors. The use of indoor PV
systems is also promising for IoT (internet of things) applications, showing an interesting
market for emerging PV. Due to the commercial value and the expected long‐term
stability indoors, Lee et al compared the performance of mCPSC with mesostructured and
planar structures under fluorescence lamps in 2018 [70] (Figure 9.17). The mesoporous
structures were nip devices with either spiro‐OMeTAD or PTAA as HTL, while the planar
structures were pin devices with either PEDOT:PSS or poly‐TPD as HTL. The mCPSC was
lower in performance compared with the other PSC architectures when tested under 1
sun illumination, but it showed much better results when measured under indoor
illumination (1000 and 200 lx). When tested under 1 sun, the mCPSC generated only 60%
of the power of the best PSC device (planar with poly‐TPD 17.0%, mCPSC 11.2%) and it
generated the least power compared to the other architectures (Figure 9.17). However,
the situation was very different when the devices were measured under fluorescent lamps
at 1000 lx. The mCPSC behaved much better than the device with PEDOT : PSS or PTAA



and generated nearly 80% of the power of the best device (in this case with Spiro‐
OMeTAD and poly‐TPD). The trend was then confirmed at 200 lx when the mCPSC
generated more than 80% of the power of the best devices in this experiment
(Figure 9.17). The power generation of the mCPSC is comparable (or better in some
instances) to the expensive PSC architecture, which is based on metal‐evaporated
electrodes. The indoor power generation of the mCPSC can reach the power generation of
the best PSC devices and this can be explained by considering the conductivity of the top
electrode. Carbon is not as conductive as metal (Au or Ag) contacts are. This means that it
suffers from high resistance when the transported current is high due to the iR‐drop.
When the current is low, such as indoors, this resistance does not play a significant role,
and the mCPSC recovers in performance. This opens opportunities in decreasing the
carbon top contact resistance, for example, via applying metallic grids on top [71]. This
experiment suggests that mCPSC is a technology ready for commercial (indoors)
applications.

Figure 9.17 Comparison of device performance under different illumination conditions.
The more expensive architectures of mesoscopic nip with Spiro‐OMeTAD of PTTA as HTL
and planar pin with PEDOT:PSS and poly‐TPD were compared with the low cost and
stable mCPSC. The power generation for each kind of device is shown as normalization to
the highest‐performing device in the illumination condition under study. The blue color
shows the performance under 1 Sun (AM 1.5G), orange under 1000 lx, gray under 200 lx
(fluorescent lamps). Source: Lee et al. [70]/With permission of John Wiley & Sons.

9.5 Summary

This chapter described three main engineering aspects of the fully printable triple
mCPSC: the manufacture, the module design, and studies on the application of modules in
outdoor and indoor conditions.
Manufacturing is the key to achieving the best compromise between high device
performance and low‐cost production. The low cost of the mCPSC is due to three main
aspects: the low cost of the manufacture for high volume production; the low cost of the
adopted materials; the low‐capital cost that reduces the initial investment (due to the low
cost of the equipment). All of this is possible, especially thanks to the industry‐established



screen‐printing method. The printing method is also key for the manufacture of large
modules on a single substrate, i.e. without external connections. The performance of the
devices was demonstrated to be relatively consistent at different sizes, proving that the
up‐scaling process is easily achievable.
The design of the module plays an important role in the final power generation of the
device. An optimized design can reduce the effect of parasitic resistances such as series
resistance (Rs) and contact resistance (Rc). Furthermore, a good working device has a
high geometrical fill factor, i.e. a high coverage of the substrate with active materials,
enhancing the exploitation of the available space for power generation.
The stability of the devices is outstanding compared to other PSCs. Still, plenty of work
must be done to enhance the intrinsic stability of the devices and the effectiveness of the
encapsulation strategy.
Considering its low cost, the good performance of its large area modules, and its stability,
the mCPSC is an example of PSC capable of achieving market penetration in the near
future.
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10.1 Commercializing

Further reducing the cost of solar cells is an inevitable
trend and an eternal topic for the development of the
photovoltaic industry. The first‐generation solar cells
represented by crystalline silicon solar cells based on bulk
materials have made great progress. Their costs are mainly
concentrated in silicon raw materials, which account for
more than 60% of the total component cost. Due to the
traditional p–n junction structure, the charge separation is
realized by the built‐in electric field. In this process, the
silicon semiconductor material participates in both charge
separation and photon capture. Therefore, high‐purity
materials are required, and silicon semiconductor materials
with a high purity of 99.999% or even 99.9999% are used
to obtain high‐efficiency devices. Through the improvement
of efficiency and fabrication processes, especially the
progress of cutting technology, the thickness of silicon
wafers has been reduced from the original millimeter level
to the current 150∼200 μm, and the peak watt cost of
silicon photovoltaic devices has been reduced accordingly.
In order to fundamentally reduce the consumption of raw
materials, the second‐generation photovoltaic technologies
including CIGS, CdTe, and other types of solar cells based



on a few micron‐scale thin‐film technologies came into
being. Traditional thin‐film solar cells use expensive
vacuum processes, so the fixed investment cost of
equipment is still very high. Compared with the first‐
generation crystalline silicon photovoltaic technology, the
cost advantage of the second‐generation thin‐film solar
cells is not obvious, and the market share is less than 10%.
Throughout the market development process of the
photovoltaic industry, the essence is the cost advantage
brought by technological iteration. The emergence of new
technologies will defeat the old production capacity. There
has never been a first‐mover advantage or scale advantage.
In order to reduce the processing costs, the third‐
generation or the emerging photovoltaic devices based on
solution‐processable methods have been developed, while
perovskite solar cells are a typical representative of such
devices. Since perovskite was introduced into all‐solid‐state
mesoscopic solar cells by Nam‐Gyu Park and Professor
Michael Grätzel in 2012, perovskite solar cells have
achieved rapid development, and their highest certified
power conversion efficiency has exceeded 25.7% now.
Emerging technology companies have also begun the
commercialization process of perovskite photovoltaic
technologies. However, due to the uneven surfaces of glass
and especially the bad points such as “burr” in the film
prepared by the third‐generation coating process, the
uniformity of the film is seriously restricted, resulting in the
imbalance of photon absorption and charge separation and
transmission, which in turn leads to great reduction of
efficiency when the device is scaled up. Unlike traditional
p–n junction solar cells in which charge separation is
achieved by the built‐in electric field, charge separation is
achieved by the kinetic competition of photosynthesis
processes in mesoscopic solar cells. The mesoscale wide
bandgap semiconductor material only participates in



charge separation, but not in photon capture. These have
been demonstrated in dye‐sensitized solar cells. Based on
the printing technology and the mesoscopic triple‐layer
structure, the printable mesoscopic perovskite solar cell
itself adopts an uneven mesoporous structure. The
confinement of perovskite material in nanopores not only
avoids the adverse influence of thermal expansion
mismatch on the device's operational stability but also
promotes the injection of photocarriers into the wide
bandgap semiconductor, which essentially avoids the
influence of uneven film on charge separation efficiency. As
a result, the influence of the conductive glass unevenness
on the performance of the device is avoided, and the
performance of related large‐area modules will exhibit
enhanced tolerance to the fabrication process.
According to the light absorption characteristics of
perovskite materials, the theoretical power conversion
efficiency limit of single‐junction perovskite solar cells
could reach 32%. Due to the direct bandgap intrinsic
characteristics of perovskite semiconductor materials, such
as GaAs, the obtainable power conversion efficiency of
single junction perovskite solar cells is expected to exceed
29%. However, how to exceed the Shockley–Queisser (SQ)
limit of single‐junction perovskite solar cells, especially
whether the printable mesoscopic perovskite solar cells
based on nano‐mesoporous scale can break the SQ limit, is
still a topic worthy of in‐depth study.

10.2 Exceeding SQ Limit

In the recent publication [1], we have updated the power
conversion efficiency of the fully printable mesoscopic
perovskite solar cells to 18.82% with a perovskite's
bandgap of 1.62 eV, where Voc = 1.03 V, Jsc = 22.82 mA 



cm−2, and FF = 0.80. How far can the efficiency go for
these fully printable mesoscopic perovskite solar cells?
It is straightforward to compare the efficiency of the fully
printable mesoscopic cells and the cells with regular
structure including hole‐transporting layer, vacuum‐
deposited metal electrode, and spin‐coated perovskite
layers. Recently, in early 2021, cells with the regular
structure deliver power conversion efficiency of 25.2%,
with Voc = 1.18 V, Jsc = 25.14 mA cm−2, and FF = 0.85,
where the perovskite's bandgap is 1.56 eV [2] (Table 10.1).

Table 10.1 Photovoltaic parameters of the state‐of‐the‐art
fully printable mesoscopic perovskite solar cells, regular
perovskite solar cells, and GaAs solar cells.

Device type Eg of the

absorber

(eV)

PCE

(%)

Voc

(V)

Jsc

(mA 

cm−2)

FF

Perovskite
(mesoscopic triple‐
layer)

1.62 18.82 1.03 22.82 0.80

Perovskite
(regular)

1.56 25.2 1.18 25.14 0.85

GaAs 1.43 29.1 1.13 29.78 0.87
The GaAs cells hold the highest efficiency among all‐type single‐junction
perovskite solar cells.

Furthermore, for a semiconductor‐based single‐junction
photovoltaic device, its efficiency always follows the SQ
efficiency limit, initiated by Shockley and Queisser in 1961
[3]. It describes the efficiency limit of single‐junction solar
cells. The limit as a function of bandgap (Eg), resulting
from absorption loss (due to the photons having energy
lower than bandgap), thermalization loss (due to the
photons having energy higher than bandgap that will excite



electrons to a higher energy level and then the electrons
will relax to the edge of the bandgap), and radiative
recombination loss (equivalent to blackbody emission
having a temperature over 0 K).
The power conversion efficiency (PCE) of the fully printable
cells is within the range between 50% and 75% of the SQ
limit, while that of the regular perovskite solar cells is
within the range between 75% and 100% of the SQ limit.
The trend of regular perovskite solar cells is approaching
GaAs solar cells. It is amazing that the solution‐coated
perovskite solar cells can deliver comparable performance
to the GaAs cells fabricated by delicate metal–organic
chemical vapor deposition.
From each photovoltaic parameter to the SQ limit, we
understand the reason causing the efficiency difference
and the gap to the SQ limit. For Jsc, the three‐type of cells
are very close to the SQ limit. For the fully printable cells,
the Jsc is even closer to the limit that the other two cells,
which might be associated with the thicker perovskite
absorber layer (around 1–2 μm). That suggests sufficient
light harvest in the fully printable cells. The shortage of
fully printable cells is the FF and Voc. Both FF and Voc are
correlated to the charge carrier management [4], i.e.
nonradiative recombination.
Actually, for the recently reported 25.2% cells with regular
structure, high efficiency was obtained via improved
charge carrier management. [2] Therefore, they fabricated
an electron transport layer (SnO2) with sufficient film
coverage and composition by tuning the chemical bath
deposition. Combined with the decoupled passivation
strategy between the bulk and the interface, a high
efficiency of 25.2% was obtained. That reaches 80.5% of
the theoretical SQ limit efficiency. The ratio of Voc to the



radiative Voc limit reaches 96.5%. Such a low Voc deficit
suggests that almost all nonradiative recombination
pathways have been efficiently eliminated. A high
electroluminescence external quantum efficiency (EQE) of
up to 17.2% confirms the elimination of nonradiative
recombination.
This tells charge carrier management is the direction to
overcome the loss of Voc and FF to enhance the efficiency
of the fully printable mesoscopic perovskite solar cells. But
the methods of carrier management for the printable cells
can be different from the cells with regular structure. It is
related to two major differences between the regular
device and fully printable devices:

(1) Device structure: The fully printable cells are
hole‐transporting layer free. The hole‐transporting
interface between the perovskite film and the top
electrode is completely different for the two types of
cells. For example, according to the reported literature,
surface passivation and modification are very important
to charge recombination and Voc loss. In regular cells,
coating a large‐sized cation to construct 2D perovskite
structure at the interface between the hole‐
transporting layer (HTL) and 3D perovskite absorber is
a very effective strategy to suppress nonradiative
recombination. But this method is not applicable in our
fully printable cells due to the complete device
structure and processing sequence of layers of the
cells.
(2) Processing method and thickness/crystallinity

of the perovskite absorber: For the regular
structure, the cells are fabricated layer by layer from
the bottom to the top. The perovskite layer is coated on
top of the transparent electrode/electron‐transporting



layer. HTL and top electrodes are then deposited on the
perovskite layer. The processing step of the perovskite
layer is between the bottom electrode/ETL and
HTL/top electrode. For fully printed cells, the bottom
electrode/ETL, scaffold layer, and top electrode are
fabricated first. After sintering, mesoscopic pores form
a continuous path: from the top carbon electrode,
across the scaffold layer, to the ETL. The dropping or
coating of the perovskite layer is the final step of the
fabrication.

In regular structure, thickness of the perovskite absorber is
typically 300–500 nm; the thickness of the fully printable
cells is typically 1–2 μm.
In regular structure, the perovskite crystalizes freely in a
300–500 nm film; in fully printable cells, the process of
perovskite crystallization is confined in mesoscopic pores.
Thus, both the bulky crystallinity and interface structure in
fully printable solar cells are different from those in regular
structures. It is known that the charge recombination
occurs exactly in the bulky absorber as well as at the
interfacial contact (perovskite/anode or HTL). Thus, the
charge recombination behavior and strategies to suppress
the charge behavior can be completely different. The
thicker perovskite absorber and HTL‐free structure would
turn out more difficult to suppress the nonradiative
recombination in fully printable perovskite solar cells than
in regular structures.
Strategies to improve perovskite crystallinity grown inside
the mesoscopic pores can be effective to reduce traps in
the bulky films and therefore suppress the bulky charge
carrier recombination. Materials and mesoscopic structures
to improve the contact between the perovskite absorber
and the anode are also to be developed to suppress the



charge recombination at the interface. After understanding
and well manipulating the charge recombination, efficiency
of the fully printable mesoscopic solar cells can catch that
of their compartments in regular structure by about 25%. It
can also be further enhanced to that of GaAs solar cells by
28%–29%, approaching the SQ theoretical limit,
considering the excellent optoelectronic properties of metal
halide perovskite absorbers.

10.3 Efficiency Breaking Out of SQ

Limit

The above discussion is based on a general single‐junction
solar cell, whose efficiencies are below the SQ theoretical
limit due to the trade‐off between light harvest and
thermalization of excess energy over bandgap.
In the past years, the community has been seeking methods
to surpass the SQ limit and achieve very high efficiency.
The calculation of the SQ limit is based on the following
assumptions:

(1) Concentration of one sun;
(2) Sun and cells are considered as blackbodies;
(3) Absorption is in step function, photons only with
energy over Eg can be absorbed by the cell, and band
tails of semiconductor are not considered;
(4) An absorbed photon only creates an electron–hole
pair;
(5) Recombination is radiative and nonradiative
recombination is not considered.

Once these assumptions are broken up, it is possible to
surpass the SQ limit. Typically, the following strategies are



expected and some of them are experimentally confirmed
to surpass the SQ limit:

(1) Building tandem structure;
(2) Concentration of sunlight up to hundred times of
intensity;
(3) One photon produces multiple electron–hole pairs
(excitons).

First, the community fabricates multijunction structure.
The SQ limit is for single‐junction devices. The
multijunction overcomes the trade‐off between the light
harvest and the thermalization of excess energy over
bandgap. Thus, it can break the limit for single‐junction
photovoltaic devices. Indeed, in the reality, the highest
efficiency of all types of photovoltaic cells is in
multijunction tandem structures. A 6‐junction solar cell
delivers an efficiency of 39.2% under one‐sun illumination
reported by National Renewable Energy Laboratory
(NREL) [5]. This number is higher than the theoretical SQ
limit of 33% for single‐junction solar cells.
Second, under illumination of concentrated sunlight, the
efficiency can be future enhanced. That is because the ratio
of photocurrent over current produced from radiative
illumination is significantly enhanced, thus leading to an
effectively enhanced Voc and efficiency. For the 39.2% 6‐
junction solar cell (under one sun), its efficiency reaches
47.1% under illumination of 143 × sunlight.
Thus, the dual strategies of multijunction structure and
concentrated sunlight can yield an efficiency much higher
than the SQ limit for single‐junction cells.
For perovskite cells, the demonstrated efficiency of two‐
junction structure reaches 26.4%, which is also higher than
the reported single‐junction cells of 25.5%. This is also an



example showing the multijunction strategy to improve
efficiency. The demonstrated two‐junction solar cells are
based on regular structure. For fully printable mesoscopic
perovskite solar cells, it is difficult to fabricate tandem
structures. The current top electrode, sintering process,
and coating perovskite as the final processing steps are
hurdles for fabricating the multijunction structure. It might
also be possible if porous tunneling junction materials are
developed and new methods can be developed to
manipulate bandgaps of the junctions through coating time
offset or if other new materials and processing methods
can be produced. With the multijunction structure,
efficiency of the fully printing perovskite solar cells can
potentially be enhanced.
Another strategy that is possible to surpass the SQ limit
and enhance device efficiency to obtain multiple exciton
generation (MEG) effects that spawns two or more
electron–hole pairs from an absorbed high‐energy photon
(larger than two times bandgap energy). The MEG effect
utilizes excess photon energy to create additional electron–
hole pairs that can increase the thermodynamically allowed
PCE to ∼44% for unconcentrated light [6]. It is a very good
model to bypass the SQ limit. The MEG effect has been
widely studied in quantum dots (QDs) photovoltaic system.
In 2011, Beard et al. reported MEG effect in PbSe QD‐
based solar cells that can successfully produce quantum
efficiency over 100%: external quantum efficiency of 114%
and internal quantum efficiency of 130% [7].
For perovskite, some reports have shown MEG effect can
be produced in metal halide perovskite nanocrystals [8, 9].
The MEG contribution to solar cell efficiency enhancement
has not been observed. The MEG is a promising strategy to
enhance the device efficiency, but it is also a very difficult
one based on the present material structure and
crystallinity of perovskites. The mesoscopic or microscopic



pores might have some unique advantages in producing the
MEG or others compared with the traditional and widely
studied thin films. It is a great adventure that is worth
pursuing.
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