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a b s t r a c t

A remarkable and fast development has been recently noticed in perovskite solar cells (PSCs). The effi-
ciency of the emerging PCSs has been improved from 3.8% to 25.5% in only about one decade. The
outstanding improvement in the performance of PSCs is attributed to perovskites' unique structural
properties, high absorption coefficient, tunable band gap, long electron-hole diffusion length, and high
charge carriers’ mobility. Efficient PSCs devices are normally fabricated at a lab scale in an inert envi-
ronment with a very small area (~0.1 cm2). However, for practical applications, there is a need to develop
PSCs on a large-scale level in an ambient environment. Recently, enormous efforts have been devoted to
design ambient-environment processable PSCs with considerable attention on understanding the impact
of moisture and oxygen on their stability and efficiency. In this review, we start by shedding light on the
main crystal and electronic properties of PSCs. We then focus on the recent progress in the ambient-
environment processed PSCs and detailed the impact of moisture and oxygen on perovskite crystal
growth, morphology, and stability. The possible approaches to control the fabrication of efficient and
ambient stable perovskite solar cells have been discussed in detail. The available techniques for the
development of PSCs at the lab scale with either controlled or ambient environments and at the large
scale have been discussed and summarized. This review is finally concluded with a highlight of chal-
lenges encountered and pathways to improve the performance, stability, and scalability of PSCs before
commercialization.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The global energy demand is prominently increasing day by day,
and thus renewable energy sources are needed due to the possible
scarcity of fossil fuel resources in the near future. According to
recent reports, the world energy demand will increase from
13.5 TW in 2001 to 27 TW (double) in 2050, and will be 43 TW
(triple) in 2100 [1]. A huge power supply gap is well expected in the
near future [2]. The world is meeting most of its energy demands
from fossil fuels [3], which are depleting and becoming more
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controversial being unfriendly to the environment [4]. Therefore,
green and renewable energy source is highly required to meet and
sustain the world's energy demand. Solar energy is one of the best
renewable energy options to meet the world's future energy de-
mand. This is due to two main reasons; (1) solar energy is abun-
dant, approximately 3 � 1024 J reaches every year to the surface of
the earth, which is 10,000 times higher than the current world
energy demand [5]; and (2) environmental-friendly [6] .

Among the proposed technologies to harvest and utilize solar
energy, solar cells are at the forefront. Solar cells are a device to
convert solar energy directly to electrical energy. There are various
types of solar cells which are mainly divided into three generations;
(1) first-generation solar cells which are based on silicon materials;
(2) second-generation solar cells which consist of thin films, such as
copper indium gallium selenide (CIGS) and Cadmium telluride
(CdTe)materials, and (3) third-generation solar cells, which are also
called emerging solar cells, and consist of new materials, e.g. dye-

mailto:tarek.kandiel@kfupm.edu.sa
mailto:qing.peng@kfupm.edu.sa
mailto:qing.peng@kfupm.edu.sa
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtphys.2021.100557&domain=pdf
www.sciencedirect.com/science/journal/25425293
https://www.journals.elsevier.com/materials-today-physics
https://www.journals.elsevier.com/materials-today-physics
https://doi.org/10.1016/j.mtphys.2021.100557
https://doi.org/10.1016/j.mtphys.2021.100557


Abbreviation

TU Toin University of Yokohama
SKKU Sungkyunkwan University
EPFL E'cole Polytechnique Fe'de0rale de Lausanne
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MIT Massachusetts Institute of Technology
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KU Korea University
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sensitized [7e15], organic, quantum dot, and perovskite solar cells
(PSCs) [16]. The first-generation solar cells are good in both effi-
ciency and stability, but their fabrication cost is high as well as they
need harsh manufacturing conditions, including high temperatures
and high vacuum [17]. Second-generation solar cells are less in cost
but their efficiency is moderate [18]. Third-generation solar cells,
especially PSCs, are promising solar cells which are less in cost and
high in efficiency [19e22].

Perovskites are crystalline materials with the formula ABX3,
where A is an organic or inorganic cation (e.g. methylammonium
(MAþ), formamidinium (FAþ) or cesium (Csþ)); B is an inorganic
cation (e.g. lead (Pb2þ), tin (Sn2þ)); and X is an anion (e.g. iodide
(I�), bromide (Br�) or chloride (Cl�)). These materials were first
discovered by Gustav Rose in 1839 in the mountains of Ural, Russia.
They were named perovskites after the name of Russian mineral-
ogist L.A. Perovski. Recently, they are found to be very promising
photovoltaic materials due to their tunable band gaps, high
extinction coefficient, solution processability at low-temperature
conditions, long diffusion length, and high mobility of charge car-
riers [17,23e30].

Aside from their application as solar cells [31e37], perovskites
have many other applications for example photodetector [38,39],
light-emitting diodes [40,41], X-ray detectors [42], transistors [43],
lasers [26,44], and hydrogen production [45]. The efficiency of PSCs
has increased from 3.8% in 2009 [31] to 25.5% in 2020 [16] in only
about 10 years. This is the fastest increase in the performance of any
solar cell among the photovoltaic community. The list of the
champion PSCs is given in Table 1 and illustrated in Fig. 1.

Interestingly, PSCs outweigh their most powerful competitors,
such as CIGS, CdTe, and multi-crystalline solar cells in terms of ef-
ficiency [16]. However, most of this success is on the lab-scale level
with a small active area (less than 0.1 cm2) and under a controlled
environment [46]. To commercialize this technology several issues
(e.g. large-scale fabrication, processing in ambient environment,
stability and high throughput solar module, and cost-effectiveness)
need to be resolved [47]. The most challenging part to fabricate
PSCs in ambient air is to control their crystal growth and
morphology. That is mainly due to their fast and less dense
nucleation in the presence of moisture and oxygen [30]. Therefore,
it is highly desired to understand the moisture and oxygen influ-
ence on the PSCs' efficiency and stability. In this review, we thus
mainly focus on the ambient-environment processed perovskite
solar cells (AE-PSCs), their current progress and challenges, along
with the structure and fabrication techniques. In the end, we briefly
2

shed light on the effective strategies to improve the performance,
stability, and scalability of the PSCs.

We organized this review in the following way. In sections 1-4,
we introduced the crystal and electronic structure of perovskite
materials, PSCs device architectures, and PSCs fabrication methods.
In section 5, we discussed the main challenges of PSCs, particularly,
hysteresis, toxicity, and stability. In section 6, we discussed the
impact of the ambient environment on the stability of the PSCs. In
section 7, we discussed the development of PSCs in the ambient
environment at the lab and on large scales. In section 8 we briefly
discussed the effective strategies to improve the performance,
stability, and scalability of the PSCs. In section 9, we presented the
summary and outlooks of PSCs.

2. Crystal and electronic structures of perovskite materials

The perovskites crystal structure is represented by the formula
ABX3, where A is an organic or inorganic cation, B is an inorganic
cation, and X is a halide. The A-site cation has twelve nearest
neighbor anions X, and the B site cation has 6 nearest neighbor
anions X as shown in Fig. 2a [66]. The BX6 makes an octahedral
shape as shown in Fig. 2b [67]. The perovskite crystal structure has
three phases (i.e. (1) cubic (a-phase), (2) tetragonal (b-phase), and
(3) orthorhombic (g-phase)) as shown in Fig. 2c [68]. The cubic unit
cell of perovskite consists of five atoms. Goldschmidt tolerance
factor is used to evaluate the symmetry of the structure. The
tolerance factor t is defined as the following formula in Equation
(1);

t¼ ðRA þ RXÞ
f√2ðRB þ RXÞg

(1)

where RA, RB, and RX are the ionic radii for cation A, cation B, and
anion X, respectively. For ideal conditions, the tolerance factor
should be equal to unity. The tolerance factor depends on the ionic
radii of the various ions. For cubic structure, it must be between t
~0.89 to 1.0, for tetragonal t ~0.8 to 0.88, and orthorhombic t < 0.8.
On the other hand, if t > 1, the symmetry of the perovskite unit cell
will be undermining and it will lead to low dimensional perovskite
structure, such as Ruddlesden-Popper [69], Aurivillius [70], and
Dion-Jacobson [71] phases. To get the ideal tolerance factor, the A-
site cation should be much bigger than the B-site cation. Usually, a
big cation such as Pb2þ or Sn2þ is present at the B site to maintain
the cubic structure. Therefore, the A-site cation should be



Table 1
Champion perovskite solar cells.

Sr. No. Year Institute (First
author affiliation)

Novelty PSC device structure Power
Conversion
Efficiency (%)

Reference

1 Apr-09 TU, Japan. MAPbI3 and MAPbBr3 Perovskite compound as sensitizer FTO/bl-TiO2/mp-TiO2/CH3NH3PbI3/
Redox Liquid electrolyte/Pt

3.8 [48]

2 Aug-11 SKKU, South
Korea.

Perovskite quantum dots FTO/bl-TiO2/mp-TiO2/CH3NH3PbI3/
Redox Liquid electrolyte/Pt

6.5 [49]

3 Aug-12 SKKU, South
Korea.

Solid hole transport material FTO/bl-TiO2/mp-w/CH3NH3PbI3/
Spiro-OMeTAD/Au

9.7 [50]

4 Oct-12 University of
Oxford, England.

meso-superstructure Al2O3 idea FTO/bl-TiO2/mp-Al2O3/CH3NH3PbI3/
Spiro-OMeTAD/Au

10.9 [51]

5 May-13 KRICT, South
Korea.

New HTM (PTAA) FTO/bl-TiO2/mp-TiO2/CH3NH3PbI3/
PTAA/Au

12 [20]

6 Mar-13 University of
Oxford, England

Low-temperature processing FTO/bl-TiO2/mp-Al2O3/CH3NH3PbI3
exClx/Spiro-OMeTAD/Ag

12.3 [52]

7 Jul-13 EPFL,
Switzerland.

Two-step deposition FTO/bl-TiO2/mp-TiO2/CH3NH3PbI3/
Spiro-OMeTAD/Au

15 [53]

8 Dec-13 University of
Oxford, England.

Low-Temperature processable ETL FTO/Graphene-TiO2/mp-Al2O3/
CH3NH3PbI3exClx/OMeTAD/Au

15.6 [54]

9 Dec-13 University of
Saskatchewan,
Canada.

ZnO as ETL with no sintering for preparation of flexible
PSC as well as ZnO with sintering method on hard
substrates

ITO/np-ZnO/CH3NH3PbI3/Spiro-
OMeTAD/Ag

15.7 [55]

10 Jun-14 SKKU, South
Korea.

FAPbI3 Perovskite compound as sensitizer FTO/bl-TiO2/mp-TiO2/FAPbI3/Spiro-
OMeTAD/Au

16.01 [22]

11 Jul-14 KRICT, South
Korea.

Solvent engineering FTO/bl-TiO2/mp- TiO2/CH3NH3PbI3-
xBrx/PTAA/Au

16.2 [19]

12 Nov-14 SKKU, South
Korea.

MAPbI3 cuboids FTO/bl-TiO2/mp-TiO2/CH3NH3PbI3/
Spiro-OMeTAD/Au

17.01 [21]

13 Aug-14 UCLA, USA. Interface engineering, air processed with RH30 ± 5% ITO-PEIE/YeTiO2/CH3NH3PbI3exClx/
Spiro-OMeTAD/Au

19.3 [56]

14 May-15 KRICT, South
Korea.

Intramolecular exchange FTO/bl-TiO2/mp-TiO2/(FAPbI3)1ex

(MAPbBr3)x/PTAA/Au
20.1 [57]

16 Mar-16 EPFL,
Switzerland.

Cesium-containing triple cation FTO/bl-TiO2/mp-TiO2/Csx
(MA0.17FA0.83) (1ex)Pb(I0$83Br0.17)3/
Spiro-OMeTAD/Au

21.1 [58]

17 Oct-16 EPFL,
Switzerland.

Incorporation of rubidium cations FTO/bl-TiO2/mp-TiO2/RbCsFAMAPbI3/
SPIRO-OMeTAD or PTAA/Au

21.6 [59]

18 June-17 NIST China
&
KRICT, South
Korea.

Iodide management FTO/bl-TiO2/mp- TiO2/FAMAPbI3-xBrx/
PTAA/Au

22.1 [60]

20 Mar-19 KRICT, South
Korea & UNIST, s

P3HT as HTL FTO/bl-TiO2/mp-TiO2/(FAPbI3)0.95
(MAPbBr3)0.05/P3HT/Au

22.7 [61]

19 Mar-21 NJTech, China PbI2@MAFr ITO/SnO2/FAPbI3/Spiro-OMeTAD/
MoO3/Au

24.1 [62]

20 Oct-20 UNIST, South
Korea.

Reduction in lattice strain by addition of Cs,
methylenediammonium in formamidinium

FTO/bl-TiO2/mp- TiO2/(FAPbI3)1-x
(MDA,Cs)x/Spiro-OMeTAD or PTAA/
Au

24.4 [63]

21 Feb-21 MIT, USA
&
KRICT, South
Korea

Carrier management FTO/SnO2/3D PS/2D PS/Spiro-
OMeTAD/Au

25.2 [64]

22 2021 UNIST, South
Korea.

NA NA 25.5 [16]

23 Apr-21 UNIST, South
Korea
&
EPFL,
Switzerland.

anion engineering (pseudo-halide anion formate
(HCOO�))

FTO/c-TiO2/mp-TiO2/FO-FAPbI3/
SPIRO-OMeTAD/Au

25.6 (Certified
25.2%)

[65]
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adequately large. Consequently, large ions and small molecules are
favorite including MAþ, FAþ, or Csþ as A-site cation.

Perovskite phases are temperature-dependent. At low temper-
ature (T< 165 K), orthorhombic perovskite phase exists.Whereas at
a temperature from ~165 to 327 K, tetragonal phase exists. Above
327 K cubic phase exists [72]. A reversible phase transition occurs
due to various external factors including temperature, pressure,
electric, and magnetic fields [72,73]. Formamidinium-based pe-
rovskites have a smaller band gap and undergo a phase transition at
higher temperatures as compared to methylammonium-based
perovskites. Thus Formamidinium-based perovskites are
3

thermally more stable [74]. Furthermore, it has been found that
light-induced reversible phase transition also occurs in perovskites
[75].

The electronic structure of perovskitematerials is unique among
photovoltaic materials including silicon or GaAs. The schematic
diagram for perovskite crystal structure and the role of various
cations/anions is presented in Fig. 3A [76]. The cation A, which
occupies the middle site, is electronically inactive. Only the BX6

- ,
whichmakes the octa-hydra, contributes to the electronic structure
of the perovskites. However, cation A will be contributing to
structural stability and tolerance factor. The anion at the X site will



Fig. 1. Graphical demonstration of the champion PSCs from 2009 to 2021.

Fig. 2. (a) Perovskite crystal structure [66], (b) BX6 octa-hydra [67], (c) cubic, tetrag-
onal and orthorhombic phases of perovskite and their relevant tolerance factor [68].
Reprinted from Refs. [66e68] with permission.
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be making a valence band and the B site cation will contribute to
the conduction band of the electronic structure. Taken the most
prominent perovskite material MAPbI3 (MA denotes methyl-
ammonium) as an example. MA is electronically inactive. The
electronic configurations of Pb2þ and I� are [Xe] 4f1⁴ 5 d1⁰ 6s2 and
[Kr] 4 d10 5s2 5p6, respectively. The valence band maximum (VBM)
or the highest occupied molecular orbit (HOMO) will be thus
4

decided by Pb 6s and I 5p with a strong s-antibonding orbital. On
the other hand, the conduction bandminimum (CBM) or the lowest
unoccupiedmolecular orbital (LUMO)will be contributed by Pb 6p-
I 5p -antibonding and Pb 6p-I 5s s-antibonding orbitals. The VBMof
perovskite structure has strong antibonding between Pb 6s and I 5p
orbitals and thus the CBM main contribution is from Pb 6p states.
Due to both ionic and covalent bonding, perovskite has a unique
electronic structure and properties [77e81]. The unique electronic
structure of hybrid perovskite materials is mainly due to the Pb 6s
lone pair of electrons that lay under the top of the VBM [82,83]. The
electronic structure of MAPbI3 in terms of density of state (DOS) is
shown in Fig. 3B. It clearly shows that the site A cation is well below
the bandgap, and hence electronically not contributing to the band
structure. On the other hand, the valence and conduction band
densities of states are due to Pb 6s-I 5p and Pb 6p-I 5p, Pb 6p-I 5s,
respectively [84].

A comparison of the bandgap and band structure of perovskite
materials with those of Si and GaAs solar cell materials are sche-
matically shown in Fig. 3C. The perovskites (third generation) and
GaAs (second generation) materials have direct band gaps. How-
ever, silicon material has an indirect bandgap. The direct bandgap
transition is beneficial for the electron-hole pair generation as
compared to the indirect bandgap. Therefore, high absorption co-
efficients are observed in the case of perovskite-based and GaAs
materials and thus thinner film is sufficient for efficient solar light
absorption. On the other hand, silicon has a lower absorption co-
efficient and less valence to conduction band transition (i.e. by two
orders of magnitude). Therefore, a thicker Si layer is needed to
absorb light, and hence increasing its cost and imposing inflexible
solar cells.

Although both perovskite and GaAs materials have a direct band
gap, the difference in electronic configurations leads to perovskite
superiority over GaAs in terms of the absorption coefficient. We can
see from Fig. 3C that the conduction band of GaAs is mainly due to
“s” orbital but the conduction band of perovskite is predominately
due to “p” orbitals. The p orbitals are less dispersive as compared to
s orbitals. As a result, the density of states in the conduction band of
perovskite is much higher as compared to that in the conduction
band of GaAs. Furthermore, the transition between the valence and
conduction bands in perovskite is between Pb 6s-I 5p to Pb 6p.



Fig. 3. (A) Schematic diagram of CH3NH3PbI3 perovskite crystal structure [76]. A, B, and X sites are mentioned with their electronic roles. On the right side of the figure, possible
occupation of sites A, B, and X is explained with their possible contributions, (B) DFT calculation of DOS for MAPbI3 [84], and (C) Comparison of energy transitions between (a) 1st
generation (silicon), (b) 2nd generation (GaAs), and (c) 3rd generation (perovskites) materials [85]. Reprinted from Refs. [76,84,85] with permission. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

M. Younas, T.A. Kandiel, A. Rinaldi et al. Materials Today Physics 21 (2021) 100557
Therefore, the transition between Pb s and Pb p in perovskite is
relatively high as compared to that in GaAs. This leads to a one
order of magnitude higher absorption coefficient of perovskite as
compared to direct band gap in GaAs, particularly, in the visible-
light region. Thus, the lower film thickness will be expected for
perovskite, and hence lower fabrication cost [85].

Another unique and important characteristic of perovskite is
that its grain boundaries are electrically benign as compared to
other photovoltaic materials. This is because of its unique electronic
structure due to the strong coupling between Pb 6s and I 5p in the
valence band, which leads to a higher level of valence band
maximum. Consequently perovskite has lower defect states and
lower recombination of charges [85e87]. In addition, the unique
properties of the perovskite materials include ambipolar carrier
diffusion, long electron-hole diffusion length, high charge carriers’
mobility, and the high quality of film formation due to their solu-
tion processability [88e92].
3. Perovskite solar cell device architectures

PSC device architectures can be divided into two main cate-
gories: (1) normal structure, and (2) inverted structure. The normal
structure is denoted as n-i-p and the inverted structure as p-i-n.
The normal and inverted device structures are shown in Fig. 4 (A).
5

In the normal device architecture, the perovskite film is sand-
wiched between the electron transporting layer (ETL) and hole
transporting layer (HTL). The commercially common transparent
conducting layers are indium-doped tin oxide (ITO) and fluorine-
doped tin oxide (FTO). The device design is layered as FTO or ITO/
ETL/Perovskite/HTL/Au or Ag. On the other hand, in the inverted
device architecture the perovskite layer is similarly sandwiched
between the electron and hole transporting layers but in opposite
positions i.e. FTO or ITO/HTL/Perovskite/ETL/Au or Ag. Further, the
normal and inverted structures could be of two types, i.e. (i)
mesoscopic, and (ii) planar. In this way, the normal architecture
could be categorized into (a) mesoscopic n-i-p, (b) planar n-i-p, and
the inverted architecture as (c) mesoscopic p-i-n, and (d) planar p-
i-n as shown in Fig. 4 (B).

The difference between mesoscopic and planar is the use of an
electron or hole extraction layer. In mesoscopic structure, a meso-
porous ETL or HTL layer is needed to absorb perovskite precursor
solution. On the other hand, in planar structure, only a compact ETL
or HTL layer (not mesoporous) is used to extract the respective
charges. Furthermore, a mesoscopic n-i-p structure can be of two
types: (a) with semiconductor metal oxide like TiO2, and (b) with
insulating metal oxide scaffold such as Al2O3 [51] as shown in
Fig. 4C (a & b). Additionally, PSC can be fabricated without HTL or
ETL [93] as well as with printed carbon as HTL free metal contact
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[34]. All these possible device structures are shown in Fig. 4C (e-g).
The energy band diagrams of various ETL and HTL layers for various
device architectures are also shown in Fig. 4D [94].

4. Fabrication methods of perovskite solar cells

There are three main fabrication methods for PSCs: (1) Solution-
based deposition, (2) Vapor deposition, and (3) Vapor-assisted so-
lution deposition. The flow chart diagram in Fig. 5A shows the
fabrication methods and their corresponding techniques. The
solution-based deposition method is promising to scale up due to
its ease of processing and lower cost. Both lab and industry scale
solution-based are provided along with other fabrication methods
in Fig. 5A. Each method has its own merits and drawbacks. For
instance, the vapor depositionmethod is expensive. However, it has
various advantages over the solution-based method, including that
it produces a uniform film with high quality and low wastage of
materials. The vapor-assisted solution deposition method could be
an intermediate between the solution-based and vapor deposition
methods, getting the advantages of both of them with a moderate
increase in the fabrication cost. The schematic diagrams for one-
step, two-step with dipping and solvent annealing, co-
evaporation, and vapor-assisted solution deposition are provided
in Fig. 5B (a-d), respectively. In Fig. 5C, a schematic diagram for
industry or large-scale fabrication processes has been provided.

In all cases, PSCs fabrication is much easier as compared to the
first and second-generation solar cells. Unlike the first and second-
generation solar cells, PSC fabrication does not need high temper-
ature, high pressure, and clean rooms, which consequently reduces
the cost of PSCs. Based on these striking qualities, unique crystal
structure, and abundant availability of perovskite materials, the
PSCs are the future of photovoltaics. However, to commercialize
these emerging solar cells, various challenges still need to be
resolved, especially, those related to the fabrication and charac-
terization of efficient and stable PSCs in the ambient environment.
The major challenges of perovskite solar cells, i.e. hysteresis,
toxicity, and stability are presented in the next section.

5. Challenges of perovskite solar cells

State-of-the-art PSCs remain very successful in the history of
photovoltaics as they achieved very high efficiency (25.5%) in less
than ten years, which is a striking record in the photovoltaic
community. The current efficiency of PSCs is very close to the well-
developed silicon-based solar cells [16]. Additionally, the cost of
PSC is less than half of the cost of silicon-based solar cells [98].
However, the worth of any solar cell is measured based on a golden
triangle provided in Fig. 6 [98]. According to the golden triangle, a
solar cell must be stable for at least 15 years. The current stability or
lifetime of PSCs is much less than its required minimum lifetime to
be commercialized. PSCs are facing several challenges out of them
three are considered as the main challenges which are (1) hyster-
esis, (2) toxicity, and (3) stability.

5.1. Hysteresis

Hysteresis in a solar cell is the variation between current and
voltage during its forward and reverse scan. The reverse (or back-
ward) scan is referred to the procedure when voltage swept from
Fig. 4. (A) Normal and inverted device structure [95], (B) mesoscopic and planar device stru
[96], (C) all possible device structures (a) mesoscopic n-i-p with semiconductor metal oxide (
free (f) HTM free, and (g) HTM free carbon electrode [93], and (D) Energy band diagrams o
pounds. The dotted lines represent work functions of the respective materials [94]. Reprint
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positive (open circuit voltage; Voc) to negative (short circuit current
density; Jsc) direction. The forward scan is termed opposite to this
direction: voltage swept from negative (short circuit current den-
sity; Jsc) to positive (open circuit voltage; Voc) direction. The hys-
teresis effect in PSCs is shown in Fig. 7A. It can be observed that the
voltage, fill factor, and efficiency of a solar cell are different in for-
ward and reverse scans [99]. On the other hand, the hysteresis ef-
fect might be negligible in some PSCs as shown in Fig. 7B. In such
cases, all parameters of the PSC are almost the same [100]. Various
works are reporting PSCs with negligible hysteresis [101], andmore
details can be found in the reviews and book chapters dedicated to
hysteresis of PSCs [99,102].

The origin of hysteresis is still not thoroughly clear. Several
mechanisms have been proposed and under debating. Among
them, four main mechanisms are shown in Fig. 7C [99]. These in-
cludes: (1) ferroelectric polarization [103e105], (2) unbalanced
charge transport/extraction due to capacitive effects [106], (3) ion
or vacancy migration [107e109], and (4) charge trapping [110,111].

The schematic diagramwith details of these four mechanisms is
presented in Fig. 7D [112]. Charge trapping is most likely to occurs
at the interfacial surface of transporting and perovskite layer. The
capacitive effects, ion, and vacancy migration, at interfaces, and
ferroelectric dipoles in perovskite layers. Since hysteresis is a
serious issue in PSCs, extra care is required while performing the J-
V characteristic curves of PSCs. Standard procedures to report the
efficiency of PSCs can be found in the literature [113].

5.2. Toxicity

The use of toxic lead (Pb) in the fabrication of PSCs is a concern
for the environment. The Pb in PSC fabrication is soluble in water
which may lead to health and environmental hazards [114]. How-
ever, the amount of lead included in the fabrication of PSCs is much
less in comparisonwith other mature technologies that are already
in use, for example, in lead-acid batteries [115]. The amount of Pb is
about one-third in the CH3NH3PbI3. Due to the very thin absorbing
layer (about 500 nm), the overall content of the lead is very small,
less than 1 g/m2.

The main concern comes from the slight water solubility of Pb
used in the fabrication of PSCs. It is expected that the lead may
leach from the broken panels to groundwater and the environment.
Hailegnaw et al. studied the worst-case scenario in the event of
catastrophic failure of the installed solar farm where rain with
various pH values completely dissolves the perovskite absorber
layer. They found that the solubility constant of PbI2 in water
(~ksp ¼ 9.8 � 10�9) is relatively low but considerably higher than
that of CdTe which is 10�27 [114,116]. Furthermore, they estimated
the Pb concentration in model soil which is less than the low level
of contamination considered in urban areas [117]. In their conclu-
sion, they claimed that the expected lead contamination from PSCs
to the environment is far from the catastrophic limits. The emission
of Pb to the environment from other sources like coal power plants
and fuel combustion are similar or even higher [118,119].

5.3. Stability

Stability is one of the major challenges in PSCs, which shortens
the lifetime of solar cell devices due to degradation. The PSCs
degradation might be caused by several external and intrinsic
ctures (a) mesoscopic n-i-p (b) planar n-i-p (c) planar p-i-n, and (d) mesoscopic p-i-n
b) mesoscopic n-i-p with insulating metal oxide (c) planar n-i-p (d) planar p-i-n (e) ETL
f various electron transporting layers, hole transporting layers, and perovskites com-
ed from Refs. [93e96] with permission.



Fig. 5. (A) Flow chart diagram of PSCs fabrication methods and techniques, (B) Lab-scale fabrication methods (a) one-step method (b) two-step or sequential method (c) evap-
oration or co-evaporation method, and (d) vapor-assisted solution process or hybrid method [97], and (C) large or industry scale fabrication process [47]. Reprinted from Refs. [47,97]
with permission.
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factors. The external factors include (1) moisture (2) temperature
(3) continuous light illumination, and (4) oxygen. Whereas the
intrinsic factors include: (1) electric field and (2) alternative ther-
mal stress. The stability of PSC can be assessed by the International
Electrotechnical Commission (IEC) damp heat test. According to
this test, the performance of solar cells should not be reduced by
8

10% after1000 h of operation at 85% relative humidity and 85 �C
temperature [120]. However, currently, PSC is far away from pass-
ing this standard.

The basic instability of PSCs comes from the decomposition of
perovskite material into its precursor constituents. For example,
CH3NH3PbI3 decomposes into PbI2 and CH3CH2 þ HI under thermal



Fig. 6. The golden triangle for the solar cell performance [98]. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version
of this article.)

Fig. 7. (A) Hysteresis effect in PSCs [99], (B) negligible hysteresis effect in PSCs [100], (C) Poss
reasons behind hysteresis effect in perovskites solar cells [112]. Reprinted from Refs. [99,10

ðCH3NH3Þþn�1: ðCH3NH2Þ: PbI3:ðH3OÞþ/CH3NH2ðaqÞ þ HI ðaqÞ þ Pb

n� 1½ðCH3NH3ÞþPbI3� þ H2O
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stress and moisture presence. The decomposition of perovskite
takes place between 100 �C and 140 �C and undergoes further
degradation if the temperature is raised to 165 �C [121e123]. The
moisture-induced instability occurs due to the rapid and less dense
nucleation of perovskite precursors in the ambient environment.
This leads to less surface coverage and non-uniform surface
morphology. There are several efforts to overcome the moisture-
induced instability by using various additives, solvents, and inter-
facial engineering [123e126]. The explanation of moisture-induced
instability is provided in section 6.1. The schematic diagram of the
water/moisture-induced instability mechanism is provided in Fig. 8
[127].

The above process of degradation can be expressed in the
following equations [128,129].

n½ðCH3NH3ÞþPbI3�þH2O/ðCH3NH3Þþn�1:ðCH3NH2Þ:PbI3:ðH3OÞþ
(2)
ible mechanisms of hysteresis effect in PSCs [99], and (D) Schematic diagram explaining
0,112] with permission.

I2 ðSÞþ
(3)



Fig. 8. Illustration for the decomposition of perovskite material in the presence of
water. The water or moisture molecule initiates the process of degradation at point a
and the resulting final product PbI2 is obtained at point d [127]. Reprinted from
Ref. [127] with permission.
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If we generalized the above process:

n½ðCH3NH3ÞþPbI3� þnH2O/nCH3NH2ðaqÞþnHIðaqÞþ PbI2ðsÞ
þ nH2O

(4)

In presence of oxygen, the HI will be decomposed through the
below reduction reaction:

4HI ðaqÞþO2ðgÞ/2I2 þ 2H2OðlÞ (5)

Under the UV light, the HI can be decomposed as shown in Eqn.
(6):

2HI
�����!UV

H2 þ I2 (6)

It could be concluded that perovskite is very sensitive to mois-
ture, oxygen, and UV radiation andwill be decomposed under these
three conditions. Furthermore, the light illumination also in-
fluences the perovskite stability. The light-induced degradation of
perovskite can be understood with the following equations [130]:

CH3NH3PbI3 / PbI2 þ CH3NH3I (7)

2CH3NH3Iþ
1
2
O2�������!hn 2CH3NH2 þ H2Oþ I2 (8)

CH3NH3IþCO2�������!hn
CH3NH2 þ HCO2 þ

1
2
I2 (9)

The decomposition of perovskite also takes place by tempera-
ture. The thermal decomposition of perovskite in dark and under
illumination can be summarized in Equations (10) and (11) [130]:

CH3NH3PbI3 ðsÞ�����������������!
hn or ðdarkþheatÞ

PbI2ðsÞþPb0ðsÞþI2ðgÞ
þCH3NH2ðgÞþCH3IðgÞþHIðgÞþNH3ðgÞ

(10)
10
CH3NH3PbBr3 ðsÞ�����������������!
hn or ðdarkþheatÞ

PbBr2 ðsÞþCH3NH2 ðgÞ
þHBr ðgÞ

(11)

The above-mentioned steps indicated that perovskite is very
sensitive to water/moisture, oxygen, UV radiations, light illumina-
tion, and temperature. In the next section, we will focus mainly on
the impact of the ambient environment (moisture and oxygen) on
the performance and stability of PSCs.

6. Impact of ambient-environment processing conditions on
the performance and stability of PSCs

Organic-inorganic halide perovskites are very sensitive to the
ambient environment, specifically towards oxygen and water
[128,131,132]. Water and oxygen critically influence the PSC de-
vice's stability and performance [133]. Initially, it was believed that
high-quality films and good device performance could only be
possible inside the glove box. However, in 2014 Zhou et al. showed
that the annealing of MAPbI3-xClx in relative humidity (RH) 30%
assists in the larger growth of perovskite crystals, which gives high
efficiency of 19.3% [134]. However, the mechanism of the ambient
environment's effect on the performance and stability of PSCs is
still not clear. Therefore, further investigations are needed to
disclose the underlying mechanisms. In this section, we aim to
discuss the ambient-environment processed perovskite solar cells
(AE-PSCs) with a focus on the role of the ambient environment
during their solution preparation, film-making, and crystal growth.
The effect of the ambient environment and the oxygen concen-
tration on the PSC film quality and stability will be further dis-
cussed in the following sections.

6.1. Impact of water

Water degrades the organic-inorganic halide perovskite layer
and thus decreases the stability and performance of the PSCs [135].
Therefore, generally, to obtain PSCs with high efficiency and good
quality, the fabrication is being carried out in a glovebox in the
absence of moisture and oxygen with an additional N2 supply for
dehydrating water-containing materials. Furthermore, anhydrous
solvents and materials are used to avoid water during the fabrica-
tion process [136]. The use of the glovebox and anhydrousmaterials
to achieve a water and oxygen-free environment complicates the
process and adds cost. Therefore, the fabrication of PSCs in open or
ambient environments is urgently needed. Several reports showed
that water might have a good impact on the surface morphology
and crystallization of perovskite film [137,138].

6.1.1. Impact of water in a precursor solution
Several positive effects of water in precursor solution have been

reported. For instance, Wu et al. found that the addition of a small
amount of water in the precursor solution, ratio between 0.5 and
3 wt% with DMF, increases the solubility of PbI2 as compared to
anhydrous DMF solvent (Fig. 9A). They used the hydrated DMF
solvent for the fabrication of perovskite films. Consequently, a
perovskite film with smoother and higher surface coverage is ob-
tained with hydrated DMF as compared to when using anhydrous
DMF (Fig. 12B). They used a two-step fabrication method and
achieved an efficiency of 18% with a high fill factor of 0.85. They
found that the small ratio (0.5-3 wt%) of water in DMF facilitates
more even dispersion of the precursor molecules on the hydro-
philic surface of PEDOT: PSS, resulting in denser nucleation and
growth of PbI2 [138]. In addition, the formation of hydrated



Fig. 9. (A) Perovskite precursor solutions with different water ratios (0-4 wt%), (B) scanning electron microscopic (SEM) images of the corresponding perovskite films [138]. (C) SEM
images of fresh CH3NH3PbI3-xClx films with (a) DMF (b) DMF þ 2 wt% water, and Aged (150 h) CH3NH3PbI3-xClx films with (c) DMF (d) DMF þ 2 wt% water [140]. (D) Higher weight
percent addition of water in DMF/DMSO based CH3NH3PbI3-xClx solutions (a) fresh precursor solutions with 0e25 wt% water ratios (b) aged precursor solutions with 0-25 wt%
water ratios, and (E) SEM images showing the morphology of CH3NH3PbI3-xClx films (a) anhydrous solvent (b) solvent with 20 wt% water [139]. Reproduced from Refs. [138e140]
with permission.
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perovskite (i.e. CH3NH3PbI3-xClx.nH2O) during the thermal
annealing process inhibits to some extent the corrosion caused by
water molecules [139].

Similarly, a one-step fabrication of PSC using 2.0 wt% water in
DMF precursor solution showed decent performance, better crystal
size, and morphology (Fig. 9C (a-d)) [140]. Recently, Liu et al. found
that the addition of 20 wt% water in DMF for preparation of
CH3NH3PbI3-xClx precursor solution showed no loss in solubility
after overnight aging as shown in Fig. 9D (a-b). The addition of
20 wt% water resulted also in a larger grain size due to a slower
nucleation rate as shown in Fig. 9E (a-b). This helped them to
achieve performance higher than 18.0% [139]. These studies high-
light the great potential for AE-PSCs, in which a high performance
can be still achieved even with the addition of a large amount of
water. These findings support the idea for a more water-tolerant
fabrication conditions to possibly avoid using a glovebox.

In addition to precursor solvents, positive effects of water have
also been found with perovskite precursor materials such as alky-
lammonium and Pb salts. Eperon et al. found that there is no
change in the surface coverage andmorphology when the hydrated
MAI precursor was used. Furthermore, they found a longer carrier
lifetime and higher PL quantum efficiency [141]. Wang et al. found a
similar effect (enhanced PL quantum efficiency) with the hydrated
Pb(Ac)2. They also found that hydration plays a very important role
in film porosity and roughness. It enhances the PL quantum
11
efficiency in consistent with the other recent reports [142,143].
These studies showed that the presence of water in the perovskite
precursor materials suppresses non-radiative pathways, which in
turn enhances the performance of the fabricated PSCs.
6.1.2. Impact of water during film formation (spin-coating and
thermal annealing)

The existence of water in the solvents and perovskite precursors
showed positive impacts as discussed in the previous section.
However, the high relative humidity of the environment during the
spin coating process is detrimental effect. It damages the surface
morphology and leads to imperfect and fast nucleation. Li et al.
found that humidity has a great effect on the surface morphology
and surface coverage of the perovskite films [144]. They prepared
perovskites film by spin coating in three different conditions: (1) in
a well-controlled glove box where humidity and oxygen are less
than 1 ppm, (2) in a homemade glove box where oxygen is more
than 100 ppm and RH 20%, and (3) in an ambient environment with
RH 70%. They carried out one-step and two-step fabrication
methods and compared the surface morphology and surface
coverage. The six SEM images in Fig. 10A demonstrate such three
conditions. They found that humidity plays a crucial role, especially,
in the one-step fabrication. It was observed that the grain
morphology significantly changed from continuous grain to non-
continuous branches. This change is attributed mainly to the less



Fig. 10. (A) SEM images with one-step and two-step fabrication method with three different conditions; Condition 1: under controlled environment i.e. in a glove box with hu-
midity and oxygen less than 1 ppm, Condition 2: in a homemade glove box with oxygen more than 100 ppm, and RH 20%, Condition 3: in an ambient environment with RH 70%. The
scale bar is 1 mm [144], (B) (a) Schematic diagram of nucleation under low and high humidity conditions, (b) Optical images of perovskite (CH3NH3PbI3-xClx) films prepared in an
ambient environment with different humidity levels. The annealing temperature in respective ambient environments is 100

�
C for different annealing times as indicated in the

images [145], and (C) (a) SEM images of perovskites films fabricated at different humidity levels in N2 glovebox (b) Schematic diagram of PbI2 film formation with preheated
substrate and PbI2 solution leading to dense nucleation, and (c) optical images of respective films under nitrogen and the ambient environment with different humidity levels [146].
Reproduced from Refs. [144e146] with permission.
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dense and fast nucleation induced bymoisture during spin-coating.
On the other hand, in the two-step method, the changes in the
morphology and the surface coverage are less significant and the
crystal grain size is reduced from 400 nm to less than 100 nm from
condition 1 to condition 3, respectively [144]. They concluded that
the well-controlled environment leads to the supersaturation of
perovskite precursor solution, which in turn leads to higher
nucleation density and better surface coverage. Therefore, the low
humidity is preferred for perovskite films fabrication using a one-
step method as shown also in another study [145] where it was
observed that denser nucleation and better surface coverage in less
annealing time could be achieved under low humidity (Fig. 10B).

In the two-step fabrication method, the firstly spin-coated PbI2
layer controls the fate of the final surface morphology and coverage
of the perovskite film. Cheng et al. investigated the role of humidity
in the two-step fabrication method. At high relative humidity
(more than 20%), non-continuous nucleation of the PbI2 layer starts
which leads to low surface coverage as shown in Fig. 10C [146]. This
is because that the moisture adsorption during the PbI2 deposition
results in a fast, and low-density nucleation. Consequently, the final
film depends on the underlying PbI2 film.

The role of other factors on the low density nucleation including
presence of oxygen, preheating of the precursor solution, and
preheated substrate were further investigated [146]. They
concluded that the presence of the oxygen exacerbates the wetta-
bility of the PbI2 solution on the substrate which leads to low dense
nucleation as shown in Fig. 10C. They overcame this issue by pre-
heating the substrate and PbI2 precursor solution. They found that
preheating the substrate and PbI2 solution can lead to fully covered
and uniform film in air. This might be because that increased vapor
pressure of solvent at high temperatures suppresses the ingress of
moisture and oxygen during PbI2 deposition [146].

In addition, Jong et al. used the first principle calculation to find
the effects of water on perovskite. They found that the incorpora-
tion of water into the perovskite crystallites during the crystal
growth step leads to the degradation of the perovskite layer [147].
Fig. 11. (A) Schematic diagram of the perovskite film formation with water vapor thermal
hydrolysis process takes place (2), and perovskite formation after thermal annealing (3), and
concentrations. (a) In air, (b) Water vapor assisted (WVA) with water vapor (water volume 5
volume 15 mL), (e) WVA with water vapor (water volume 20 mL), and (f) No water vapors a
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In conclusion, RH 20% or lower is optimal for good coverage of PbI2
in the controlled N2 environment without the presence of oxygen.
In the case of high RH~70% and the presence of oxygen, dense
nucleation of PbI2 film can be obtained by preheating the substrate
and PbI2 solution.

In contrast to the negative effect of water during spin coating,
water has some positive effects during the thermal annealing
process. Zhou et al. prepared perovskite crystals in the air with RH
30% ± 5%. They found larger crystals and better surface coverage
due to the presence of moisture during the annealing process. They
concluded that the presence of moisture during the annealing
process facilitates the dissolution of perovskite into its individual
parts (for example, to CH3NH3I and CH3NH3Cl) and accelerates the
mass transport within the film leading to better surface coverage
and larger grains [134].

Similarly, Wang et al. introduced water vapors during the
annealing process and obtained larger crystal grains [148]. Fig. 11
shows a schematic diagram for the fabrication process and illus-
tration for the incorporation of water molecules into the perovskite
structure which dissociates the bonding between MA and PbeI
cage. Then, on thermal annealing, the water molecule evaporates
and recrystallization resumes, leading to the formation of perov-
skite crystals with larger grains [148].

6.2. Impact of oxygen

The impact of oxygen on the perovskite films is different as
compared to that of water. Oxygen has negative effects and strongly
influences the stability and quality of perovskite film. However, it
has been observed that it has a negligible effect on surface
morphology. You et al. used the one-step spin coating method to
prepare perovskites (CH3NH3PbI3-xClx) films under three different
environments: (1) nitrogen, (2) ambient air, (3) oxygen. They found
no change in the surface morphology due to the different envi-
ronments as shown in Fig. 12A [149]. In the two-step method, there
was also a negligible change in morphology. But, severe de-wetting
annealing assistance, (B) (a) mechanism of ingression of water into perovskite (1), the
(C) SEM images of the perovskite films at various conditions with different water vapor
mL), (c) WVAwith water vapor (water volume 10 mL), (d) WVAwith water vapor (water
nd only thermal annealing [148]. Reproduced from Ref. [148] with permission.



Fig. 12. (A) SEM images of perovskite films fabricated in different environments (a &b) under nitrogen, (c & d) in ambient air, and (e & f) in oxygen environment [149], (B) Contact
angle measurements of PbI2 solution in different environments (a) under nitrogen, (b) under nitrogen þ oxygen, and (c) Contact angles of PbI2 solution on different substrates [146].
Reproduced from Refs. [146,149] with permission.
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of the PbI2 solution was found during the two-step deposition on
different substrates with different hydrophilic and hydrophobic
surfaces in the presence and absence of oxygen. It was observed
that the contact angle is increased in all cases in the presence of
oxygen as shown in Fig. 12B. This is because oxygen alters the
wetting property of PbI2 which determines the final film formation.
Furthermore, they found a critical contact angle of 30 �C for uni-
form and high coverage surface [146,150].
14
On the other hand, oxygen has some positive effects similarly as
water during thermal annealing and it can improve the quality of
perovskite films by reducing defects. Brenes et al. demonstrated
that oxygen can be reduced by photogenerated electrons and form
oxygen superoxide O2

� which sticks with the electron trap states
and decreases charge recombination [151,152]. However, oxygen
superoxide is not always beneficial for perovskite films [153e155].
It causes degradation of the perovskite films if these films were



Fig. 13. (A) Schematic illustration for the process of perovskite degradation in presence of oxygen and light. (a) oxygen ingression to perovskites crystal (CH3NH3PbI3), (b) gen-
eration of photo-electron-hole pairs, (c) superoxide anion formation, and (d) degradation of CH3NH3PbI3 into CH3NH2 þ PbI2 þ I2 þ H2O [154], and (B) Schematic illustration of
lattice sites superoxide formation and their corresponding formation energies [154]. Reproduced from Ref. [154] with permission.
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exposed to light and oxygen at the same time. This process could be
understood by following equations [155].

CH3NH3PbI3 ������������������!
Light ; nomoisture

CH3NH3PbI
*
3 (12)

O2 ��������������������������!CH3NH3PbI*3 O*�
2 (13)

CH3NH3PbI3 þO*�
2 ������������������������!Deprotonation

CH3NH2

þ PbI2 þ
1
2
I2 þ H2O

(14)

Furthermore, Aristidou et al. used DFT calculation to find the
possible degradation mechanism caused by the oxygen. They found
that vacant iodine sites have the maximum possibility for the
reduction of oxygen, to form O2

� due to the lowest formation en-
ergy. Such a reduction of oxygen leads to perovskite degradation.
Both processes, i.e. how oxygen degrades perovskite and how su-
peroxide formation occurs, are shown in Fig. 13A and B, respec-
tively. In Fig. 13A, the process of perovskite degradation took place
under the following four steps; (a) oxygen ingression to perovskites
crystal (CH3NH3PbI3), (b) generation of photo-electron-hole pairs,
(c) superoxide anion formation, and (d) degradation of CH3NH3PbI3
into CH3NH2 þ PbI2 þ I2 þ H2O [154].

In another DFT study, Ma et al. studied the mechanism of the
15
degradation of perovskite by superoxide in presence of oxygen.
They demonstrated that oxygen bind with the (100) surface of
perovskites due to the van der Waals forces. Upon light illumina-
tion, the adsorbed oxygen atoms interact with the photogenerated
electrons, form superoxide anion, and finally degrade the perov-
skite structure [156].
6.3. Concluding remarks of the section

We conclude that water and oxygen have both positive and
negative effects on the crystallization, surface morphology, quality,
and stability of perovskite films as summarized in the flow chart
diagram in Fig. 14. The presence of water and oxygen during the
thermal annealing process improves the quality of the film, in-
creases the grain size, and reduces defects. On the other hand,
water and oxygen are harmful during the spin coating process. They
degrade the film and induce less dense and fast nucleation, and
decrease surface coverage. Furthermore, the presence of oxygen
and light leads to severe degradation of the perovskite layer.

In short, to get perovskite films with good quality and stability,
water and oxygen need to be avoided during the spin coating
process. Besides, if various cations and anions are used to get mixed
cation mixed halide perovskites, the ambient environment effects
on the film quality and stability of these mixed cation mixed halide
perovskites have to be considered. For instance, Trilok et al.
demonstrated that the incorporation of Cs into FA/MA combination



Fig. 14. Flow chart diagram showing the impact of ambient environment on perovskite film quality, morphology, and stability.
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in ambient air can lead to high efficiency and thermal stability but
the underlying mechanism is still elusive [157]. Thus, this topic
needs more attention and investigation for material design of
highly efficient and highly stable AE-PSCs.

7. Progress in ambient-environment processed PSCs at the lab
and industry scale

Here we aim to cover the recent progress in the development of
ambient-environment processed PSCs (AE-PSCs) on both lab and
industry/large scale. Lab-scale fabrication usually has a very small
active area, i.e. less than 0.1 cm2. On the contrary, on an industrial
scale, modules with an active area larger than hundreds of cm2

need to be fabricated. On a lab scale, the most popular method of
fabrication is spin-coating. While on an industry scale, various
state-of-the-art and established methods, for example, spray
coating, screen printing, slot die coating, doctor blade, and Roll-to-
roll (R2R), are commonly used [158].

7.1. Progress of AE-PSCs at lab-scale

Lab-scale development can be further divided into two cate-
gories: (1) lab-scale fabrication in a controlled environment, and
(2) lab-scale fabrication in an ambient environment.

7.1.1. Lab-scale development of PSCs in a controlled environment
In 2009, Kojima et al. used perovskites as a photosensitizer for

the first time when they fabricated dye-sensitized solar cells and
replaced conventional dyes with perovskites. They used liquid
iodide-based electrolytes and achieved an efficiency of 3.81% with
an active area of 0.238 cm2 [31]. In 2011, Park et al. fabricated a
similar solar cell using perovskite quantum dots sensitized solar
cells and obtained an efficiency of 6.5%. Both groups have used
liquid electrolyte, which is not stable and cannot be long lasting for
practical applications. To resolve this issue, in 2012, the Gr€atzel
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group have fabricated all-solid-state perovskites by introducing
Spiro-MeOTAD as a hole transporting layer. They achieved an effi-
ciency of 9.7% [50]. Later in the same year, the efficiency of pe-
rovskites was raised to 10.9% by Snaith et al. [51]. They introduced
the meso-superstructure idea, which reveals new ways to look into
these champion photovoltaic absorbers [51]. Since then, many
groups have beenworking on PSCs and so far an efficiency of 25.5%
has been achieved [16]. Mostly, the PSCs fabrication is carried out at
a lab-scale with a very small active area ~0.1 cm2 in a controlled
environment. As it was realized that perovskites are very sensitive
to the ambient environment, which contains moisture and oxygen
[159].

Extensive efforts were carried out to enhance the efficiency
from 3.8% to 25.5%. For instance, Ryu et al. used triarylamine
polymer derivatives to lower the HOMO of the hole transporting
materials to enhance the open-circuit voltage (Voc). They achieved
Voc of 1.4 V and fill factor of 79%with an overall efficiency of 6.7% for
MAPbBr3 [160]. They concluded that the type of perovskite material
and the HOMO level of the HTL determine the value of the Voc. Yang
et al. used an intermolecular exchange process to fabricate high-
efficiency PSCs and achieved an efficiency of 20% using small
bandgap formamidinium lead iodide (FAPbI3) perovskite [161]. This
process enhanced the film quality and grain size as compared to the
conventional process, which leads to high efficiency. In 2019, Jiang
et al. have used phenethylammonium iodide (PEAI), an organic
halide salt, on HC(NH2)2eCH3NH3 mixed perovskite films to reduce
the surface defects and achieved an efficiency of 23.32% [162]. A list
of the most efficient PSCs developed at a lab scale in a controlled
environment is given in Table 2.

7.1.2. Lab-scale development of PSCs in ambient-environment
Fabrication of PSCs in an ambient environment is one of the

main goals of the perovskite community. Several attempts and
methods have been investigated to fabricate AE-PSCs. The main
hurdle is the fast and less dense nucleation of PbI2 in ambient air



Table 2
Progress of PSCs at lab-scale in controlled-environment.

Sr.
No.

Year Institute (First
author affiliation)

Novelty PSC device structure Perovskite
method

Device
area

PCE
(%)

Ref.

1 May-14 KRICT, Korea. Solvent engineering FTO/TiO2/CH3NH3PbI3/PTAA/Au Spin-coating 0.16 16.2 [160]
2 Jun-15 KRICT, Korea. intramolecular exchange FTO/TiO2/(FAPbI3)1-x (MAPbBr3)x/PTAA/Au Spin-coating 0.16 20.1 [57]
3 Sep-17 TU, Japan. Mixed cation FTO/TiO2/meso-TiO2/Cs0.05(FA0.83MA0.17)

0.95 Pb(I0$83Br0.17)3/Spiro-OMeTAD/Au
Spin-coating
(20e35% RH)

0.25 20.8 [157]

4 Jun-17 UNIST, South
Korea.

Iodide management FTO/TiO2/FAPbI3/PTAA/Au Spin-coating 0.0946 22.1 [60]

5 Apr-19 CAS, China. Surface passivation ITO/SnO2/FA1�xMAxPbI3/PEAI/Spiro-
OMeTAD/Au

Spin-coating 0.108 23.3 [162]

6 Oct-20 UNIST, South
Korea.

Reduction in lattice strain by addition of Cs,
methylenediammonium in formamidinium

FTO/bl-TiO2/mp- TiO2/(FAPbI3)1-x (MDA,Cs)x/
Spiro-OMeTAD or PTAA/Au

Spin-coating 0.0952 24.4 [63]
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due to the presence of moisture and oxygen that leads to bad
quality, less surface coverage, and non-uniform perovskite films. To
control the fast nucleation of PbI2 and other issues, various
methods have been tried. For instance, Rong et al. have used ad-
ditive engineering techniques to enhance film quality. They used
ammonium chloride (NH4Cl) salt as an additive to reduce the
moisture effect as well as to slow down the sudden and non-
uniform nucleation. The schematic illustration of this process is
shown in Fig. 15A. The NH4Cl slows down the fast nucleation during
the solvent evaporation and thermal annealing steps. The moisture
in the ambient environment is utilized to remove NH4

þ ions to
finally get CH3NH3PbX3. They carried these fabrications in ambient
conditions with RH 30% and achieved an efficiency of 15.6% with
130 days of stability [163].

Troughton et al. have used an anti-solvent approach during the
one-step fabrication method with RH 75% and achieved an effi-
ciency of around 15%. They introduced ethyl acetate as an anti-
solvent during the fabrication which acts as a moisture absorber
and reduces the effect of moisture-induced instability during the
crystallization of the perovskite layer. They investigated various
anti-solvents like ethyl acetate, diethyl ether, toluene, and chloro-
benzene. They found that ethyl acetate is the best in an ambient
environment [164]. They compared the film morphologies using
scanning electron microscopy (Fig. 15B). Furthermore, as discussed
earlier, thermal annealing in ambient air has a positive impact on
the growth of the grain size, but it has also few drawbacks like the
formation of less dense nucleation, which leads to disconnected
grains.

To overcome this issue, Wang et al. investigated the effect of the
various environment during the thermal annealing step on the film
quality and stability. They fabricated perovskites films using a one-
step method with thermal annealing in two environments, i.e. in
the air with RH 50% and under vacuum. They found that the ther-
mal annealing under vacuum gives much better film quality, which
leads to a 45% enhancement in the efficiency of PSCs as compared
to the conventional air-processed counterparts. This improvement
is mainly attributed to the faster evaporation of solvents in a vac-
uum environment [165]. The schematic process of thermal
annealing and the corresponding SEM images in air (vacuum) are
shown in Fig. 15C (15D). In Fig. 15D, a tremendous improvement in
the film quality can be observed.

Besides the aforementioned additives and solvent engineering
and vacuum environment annealing strategies, various groups have
used the interface engineering strategy to fabricate PSCs in ambient
environment. For instance, Wang et al. used interfacial engineering
in ambient air conditionwith RH 45e50% and fabricated perovskite
solar cells with the configuration FTO/c-TiO2/mp-TiO2/Al2O3/NiO/
17
islands-structure-MAPbI3-xClx-NiO/spiro-OMeTAD/Au. They ach-
ieved an efficiency of 17% with the stability of more than 270 days.
This success was due to the reduction of the charge recombination
at interfaces of various layers of fabricated solar cells [166]. The
schematic illustration for this interface engineering process with
the corresponding energy band diagram is shown in Fig. 16A.

Recently, another study by the same authors showed an inter-
face engineering with carbonegraphiteeCuxNi1-xO based perov-
skite composites. They achieved an efficiency of around 14.78%
with stability over 300 days. This strategy improved the charge
transport, increased the interface contact, and reduced the charge
recombination by suppressing the trap states [167]. The stability,
carrier-working mechanism, and the possibility of chemical
bonding are shown in Fig. 16B along with the schematic energy
band diagram.

Furthermore, Wang et al. also used the interface-engineering
technique by using Al2O3 layer between mp-TiO2 and perovskites
layers to improve the ambient-environment stability of PSCs. They
achieved an efficiency of 16.84% with stability around 2000 h with
82% of initial efficiency without encapsulation [168]. The schematic
diagrams of fabricated PSCs and moisture stability improvement
are shown in Fig. 16C and D, respectively. In Fig. 16C two meso-
porous scaffolds are used for better stability of PSCs because of the
reduction of moisture ingress due to the presence of a second
mesoporous scaffold layer. However, Fig. 16D represents the PSC
with a single scaffold which leads to faster degradation.

In the two-step fabrication method, the PbI2 layer decides the
morphology of the final perovskite film. Moisture and oxygen in the
ambient environment interfere with the perovskite film while spin
coating process. The interference induces the rapid and less dense
nucleation, which is not ideal for uniform and smooth perovskite
films. To avoid this non-uniformity and less dense filmmorphology,
different techniques have been employed. For example, Huang et al.
used an organic solvent environment to improve the film
morphology. They used the vapor environment of various organic
solvents while they are depositing perovskites film in a two-step
method. They found that chlorobenzene (CBZ) is the best organic
ambiance for the spin coating of PbI2 film. They found a 35%
enhancement in the efficiency as compared to the ambient air
environment. They commented that this was due to the decrease in
grain boundaries which leads to higher current density and hence
better efficiency [169]. They used DMF and DMSO ambiances as
well but they showed negative effects. The schematic diagram for
this approach and the SEM images of the perovskite films processed
in different environments are shown in Fig. 17A and Fig. 17B,
respectively.

Wang et al. have used ZnO nanoparticles in PbI2 precursors to



Fig. 15. (A) Schematic diagram showing the process of perovskite crystal growth in presence of ammonium chloride and moisture [163], (B) SEM images of CH3NH3PbI3 films
fabricated under different environments using different anti-solvents (a) in glovebox, (b) in RH 30%, (c) in RH 50%, and (d) in RH 75% [164], (C) Schematic diagram for perovskite
crystal growth by annealing in air and vacuum environment, and (D) SEM images of perovskite films annealed in (a) air, and (b) in vacuum [165]. Reproduced from Refs. [163e165]
with permission.
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control the nucleation sites and they successfully improved the
morphology of the underlying PbI2 layer. They used nanoparticles
to induce fast nucleation. They achieved an efficiency of 18.3% in
ambient air fabrication conditions [170]. The schematic illustration
of this process and their SEM images are shown in Fig. 17C.

Cheng et al. have used preheating method to control the ingress
of moisture and oxygen during the first step of spin coating. They
18
pre-heated the precursor solution and substrate to control the ef-
fect of oxygen and moisture. The proposed that the high vapor
pressure of solvent will provide a shield to protect the PbI2 pre-
cursor from moisture and oxygen while spin coting. Additionally,
fast evaporation of DMF from the precursor solution due to high
temperature will also help to save the PbI2 from moisture and ox-
ygen. This improves the quality and stability of underlying PbI2 film,



Fig. 16. (A) (a) Schematic diagram of PSC device with different charge extraction layers and their charge extraction pathways, (b) their corresponding energy band diagram [166], (B)
(i) The schematic diagram of perovskite solar cell with carbonegraphiteeCuxNi1-xO based perovskite composite, (ii) energy band diagram of the perovskite composite based solar
cell [167], (C) (I) Schematic diagram with two mesoporous scaffolds: TiO2/Al2O3 and single scaffold TiO2, (II) energy band diagram of these configurations, and (D) (a) Schematic
diagram with two mesoporous scaffolds TiO2/Al2O3, which represent the improvement in the moisture ingression, (b) Schematic diagram with one mesoporous scaffold TiO2 that
representing moisture-induced degradation [168]. Reproduced from Refs. [166e168] with permission.
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which leads to uniform final perovskite film. They achieved an ef-
ficiency of 18.11% in RH 70% [146]. The schematic diagram for the
preheating solution and substrate processes and their SEM images
at various conditions are provided in Fig. 10C.

In another study done by the same group, they have introduced
19
CsI into PbI2 to improve the stability and they achieved an efficiency
of 15.56% with RH of 70 ± 10% [171]. The schematic diagram of the
fabrication process and the SEM images of perovskite films are
shown in Fig. 17D and E, respectively.

Furthermore, in the two-step deposition method, various other



Fig. 17. (A) (a) Schematic diagram of PSC, (b) schematic diagram of perovskite film formation under solvent evaporation environment to get more dense and uniform film, (B) SEM
image of the perovskite films fabricated in ambient environment in different solvent ambiences (a) air, (b) CBZ, (c) DMF, and DMSO [169], (C) Schematic diagram of two-step
perovskite films formation and their respective SEM images. (a) spin coating of pristine PbI2 and its SEM image, (b) spin coating of MAI on PbI2 film and its SEM image, (c)
spin-coating of PbI2þZnO nanoparticles and its SEM image, (d) spin coating of MAI on PbI2þZnO nanoparticles film and its SEM image [170], (D) Schematic diagram of PSCs
fabrication with preheating solution and preheating substrate method with the addition of CsI as cation engineering to enhance the stability, and (E) SEM images of final film
formation of perovskites (Cs0.15FA0.85PbI3) derived from the intermediate complex of PbI2 e (CsI)0.15 e (FAI)x with (a) x ¼ 0; (b) x ¼ 0.1; (c) x ¼ 0.2; (d) x ¼ 0.3; (e) x ¼ 0.4; (f) x ¼ 0.6
[171]. Reproduced from Refs. [169e171] with permission.
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studies were carried out to improve the moisture stability of the
PbI2 layer. For instance, Liu et al. have used hydrophobic 4-tert-
butylpyridine (tBP) as a surface agent to shield PbI2 from moisture.
They also noticed that after the reaction of MAI with the PbI2 un-
derlying layer, the residual of tBP still surrounds the CH3NH3PbI3
crystals. This configuration gives an additional stability improve-
ment to the final perovskite's films in ambient air. Theywere able to
obtain an efficiency of 12.62% at RH > 50% [172]. Similarly, Tai et al.
have used moisture-resistant lead (II) thiocyanate [Pb(SCN)2] in the
preparation of perovskite films. They found an average efficiency of
20
13.49% and maximum efficiency of 15% with RH >70%. They found
also that the inclusion of thiocyanate ions in the perovskite crystal
improved its stability against moisture in ambient air due to the
strong bond between Pb atoms and SCN� as well as the hydrogen
bond between SCN� and CH3NH3

þ [173].
Recently, Chang et al. used a surface defect passivation strategy

to improve the efficiency and stability of the PSCs in ambient air.
They took thiazole-bridged diketopyrrolopyrrole (DPP-based)
semiconducting polymer (PTzDPPBTz) as a surface passivation
layer and achieved an efficiency of 19.19% with RH>70%. They



Table 3
Progress of perovskite solar cells at lab-scale in ambient air.

Sr.
No.

Year Institute (First
author affiliation)

Novelty PSC device structure Perovskite method Device
area

PCE (%) Ref.

1 Sep-14 IISER Air-processed PSC FTO/TiO2/CH3NH3PbI3-XClx/
P3HT/Ag

Spin-coating (50% RH) 0.09 5.67 [175]

2 Jan-15 HUT, China. low-pressure chemical vapor deposition FTO/TiO2/CH3NH3PbI3/Spiro-
OMeTAD/Ag

Low-pressure chemical
vapor deposition (RH
60%)

0.12 12.73 [176]

3 Aug-16 ZJU, China. Various solvents ambience fabrication FTO/TiO2/CH3NH3PbI3/Spiro-
OMeTAD/Au

Spin-coating (35% RH) 0.1256 14.55 [169]

4 Apr-16 PolyU, Hong Kong. lead (II) thiocyanate (Pb(SCN)2)
introduction in perovskite precursor

FTO/TiO2/CH3NH3PbI3-x
(SCN)x/Spiro-OMeTAD/Au

Spin-coating (70% RH) 0.10 15.12 [173]

5 Mar-18 CityU, Hong Kong. PbI2eCsIeFAI intermediate complex ITO/PolyTPD/CH3NH3PbI3/C60/
BCP/Ag

Spin-coating (70% RH) 0.1 15.56 [171]

6 Dec-16 XJTU, China. multi-flow air knife (MAK) method FTO/TiO2/CH3NH3PbI3/Spiro-
OMeTAD/Au

Multi-flow air
Knife (RH 40%)

0.1 17.71 [177]

7 July-17 UNIST, South Korea. Substrate pre-heating ITO/PolyTPD/CH3NH3PbI3/C60/
BCP/Ag

Spin-coating (70% RH) 0.1 18.11 [146]

8 Apr-18 NTUST, Taiwan. nanoparticle-induced fast nucleation
(NIFN) method

ITO/ZnO/CH3NH3PbI3/Spiro-
OMeTAD/Ag

Spin-coating (55e65%
RH)

0.04 18.34 [170]

9 Feb-19 CSU, China. Substrate-Heating-Assisted Deposition ITO/SnO2/
Cs0.21FA0.56MA0.23(I0$98Br0.02)3/
Spiro-OMeTAD/Ag

Spin-coating (40% RH) 0.09 18.38 [178]

10 Dec-18 HKU, Hong Kong. Air KnifeeAssisted Recrystallization
Method

ITO/SnO2/MAPbI3/Spiro-
OMeTAD/Au

Air-blading (60% RH) 0.1 19.39 [179]

11 Feb-18 CSIRO
Manufacturing,
Australia.

BADC in conjunction with an NH4Cl
additive to prepare CH3NH3PbI3 films in
air

ITO/m-PEDOT: PSS/
CH3NH3PbI3/PCBM/Ca/Al

Blowing assisted drop-
casting (BADC)

0.10 19.48 [180]

12 Feb-19 CAS
, China.

Air balding for high-efficiency PSC ITO/SnO2/MAPbI3/Spiro-
OMeTAD/Au

Air blading 0.09 20.08 [181]

13 Mar-21 NJTech, China PbI2@MAFr ITO/SnO2/FAPbI3/Spiro-
OMeTAD/MoO3/Au

Spin-coating (70e90%
RH)

0.05 24.1 [62]

14 Feb-21 MIT, USA & KRICT,
South Korea,

Carrier management FTO/SnO2/3D PS/2D PS/Spiro-
OMeTAD/Au

Spin-coating (40 ± 10%
RH)

0.09 25.2 [64]

15 Apr-21 UNIST, South Korea
&
EPFL, Switzerland.

anion engineering (pseudo-halide anion
formate (HCOO�))

FTO/c-TiO2/mp-TiO2/FO-
FAPbI3/Spiro-OMeTAD/Au

Spin-coating (20% RH) 0.08 25.6
(Certified
25.2%)

[65]
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claimed that this is the best efficiency achieved so far with RH
>70%. This polymer layer efficiently passivates the under-
coordinated Pb2þ vacancies without negative effects on the
perovskite film properties [174]. A list of PSCs developed at lab-
scale in ambient-environment at various humidity conditions is
provided in Table 3.

The above-discussed PSCs are all at lab-scale whether in a
controlled or ambient environment with a very small active area
~0.1 cm2. However, from Table- 3, we foresight that PSC fabrication
at a large scale is possible along with high efficiency. In the next
section, we will discuss the large-scale development of PSCs by
summarizing the available fabrication methods.

7.2. Large-scale development of AE-PSCs

For commercialization, high throughput fabrication processes to
produce perovskite solar cells with high precision and stability are
imperative. To that end, we cover in this section the various avail-
able large-scale fabricationmethods.We focus on the following five
available large-scale fabrication methods: (1) slot die coating, (2)
printing, (3) spray-coating (4) doctor blademethod, and (5) Roll-to-
Roll (R2R) method.

7.2.1. Slot-die coating
Slot-die coating is one of the most used methods. It is the

earliest developed method for large-scale fabrication of PSCs.
However, this method is still premature with some drawbacks. For
example, it has no self-drying mechanism, and thus it takes more
processing time which results in overgrown crystals with very low
surface coverage. To surpass these drawbacks, Kim et al. have
21
introduced sequential deposition with gas quenching. However,
these processes are time-consuming and not suitable for roll-to-roll
printing for the flexible solar cell's fabrication. The schematic dia-
gram shown in Fig. 18A is for slot-die coating for natural drying as
well as for N2 blow-drying with heating [182]. The natural drying
gives very little surface coverage. The natural drying can be
improved by gas blowing and heating assistance. However, these
additional steps are time-consuming and increase the cost of
fabrication.

There are other studies where the slot-die fabrication method
has been improved with different objectives; for example, HTL
coating using the slot-die method, etc. [183e185]. The positive
aspect of the slot-die method is its minimum material loss, unlike
spray coating and spin coating techniques. Most recently, Burkitt
et al. used plastic substrates for roll-to-roll coating along with slot-
die coating. They achieved an efficiency of 12.2%. The schematic
diagram for this slot-die roll-to-roll fabrication is provided in
Fig. 18B [186]. A review of the slot-die coating method was recently
published and it is available in this reference [187].
7.2.2. Ink-jet printing
Ink-jet printing is a very useful technique to fabricate large-scale

PSCs. For instance, in 2014, Mei et al. introduced fully printable
PSCs. They used carbon as a counter electrode by printing and
fabricated HTL free PSCs. They achieved an efficiency of 12.8% with
stability in ambient air >10,000 h under full sunlight [34]. In 2018,
Rossi et al. fabricated a large area ~198 cm2 fully printable solar cells
in ambient air conditions with an efficiency exceeding 6% [188].
There are various other reports available for the fabrication of PSCs
with printingmethods in ambient air with different efficiencies and



Fig. 18. (A) Schematic diagram of slot-die coating along with nitrogen gas blowing þ heating [182], and (B) The photos of smart coater with roll-to-roll slot-die coating setup along
with schematic diagram of this process [186]. Reproduced from Refs. [182,186] with permission.

Fig. 19. (A) Optical images of MAPbCl3 deposited by spray coating at different substrate temperatures (a) 28 �C, (b) 38 �C, (c) 55 �C, (d) 75 �C, (e) 80 �C, (f) 87 �C. The scale bar is
20 mm [192], and (B) (a) Schematic diagram of ultrasonic spray coating in one-step with preheating of the substrate, (b) Schematic illustration of the two-step spray coating with
preheating of the substrate [196]. Reprinted from Refs. [192,196] with permission.
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having different active areas [189e191].

7.2.3. Spray-coating
The spray coating technique is important for large area coatings

which is imperative for large-scale production of PSCs. In 2014,
Barrows et al. used ultra-sonic spray coating accompanied with the
one-step deposition method. They found less surface coverage
around 85% due to pinholes in the surface. They achieved an effi-
ciency of around 11% [192]. They reported that the film surface
coverage varies with the substrate temperature during the spray
coating as shown in Fig. 19A. The other studies also reported low
surface density and pinholes with a one-step spray coating depo-
sition process [17,193e195].

To avoid the low surface coverage and to get pinhole-free films,
the researcher used the two-step deposition method and improved
the morphology of the fabricated films. An efficiency of 16% was
achieved in ambient air conditions [196e198]. The schematic dia-
grams for the one-step and two-step spray coating processes are
shown in Fig. 19B and C, respectively. The processing time for the
two-step deposition is longer than that of the one-step deposition.
Morework is still needed to improve the one-step deposition [195].

7.2.4. Doctor-blade coating
Doctor blade technique is supposed to be an intermediate step

to upscale the PSCs. Yang et al. used the doctor blade technique and
studied the effect of humidity on the fabricated perovskite films.
They fabricated perovskite films at different humidity conditions
between 15 and 70%. They observed that the humidity influences
the film surface coverage, especially at higher humidity conditions,
the film formation degrades significantly. The schematic diagram of
Fig. 20A illustrates the doctor-blade film fabrication. The resulting
perovskite films with different humidity conditions are shown in
Fig. 20B (a-d). The perovskite films shown in Fig. 20B (a and d) are
Fig. 20. (A) (a) Schematic illustration of fully printable PSC fabrication by blade coating tec
and (B) Photographs and SEM images of final perovskite fabricated films by blade-coating t
15%e25% [199]. Reprinted from Ref. [199] with permission.
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fabricated at the humidity level of 60e70%, Fig. 20B (b and e) at
40e50%, and Fig. 20B (c and f) at 15e25%. At higher humidity, the
quality of the film is not good and has many gaps thus less surface
coverage. It is attributed to the moisture-induced fast and less-
dense nucleation, which ultimately leads to low efficiency. On the
other hand, the film quality at low humidity conditions is good and
a fully covered surface is observed, which results into a higher ef-
ficiency. At the humidity condition of 15e25%, the fabricated PSC
achieved an efficiency of 10.44% [199]. These results are in good
agreement with the spin-coating fabricationwhere larger humidity
levels lead to fast crystallization and less dense nucleation and low
surface coverage [146].

Ren et al. have found a similar effect when they doped TiO2 with
Er and used it as ETL. They found that Er-doped TiO2 is more
moisture resistant and UV stable than that of pristine TiO2 [200].
There are other studies with the doctor blade method where effi-
ciency of 10.4% [201], and 12.6% [202] in air, 10.92% at RH 40% [203],
and 17.33% at RH 15% [204] can be achieved. In addition to hu-
midity, substrate temperature plays a vital role in film fabrication
via the doctor blade method. Zhong et al. investigated various
processing temperatures with blade coating and spin coating
methods to see their effect on the final morphology and quality of
the perovskite films. They found that the coating technique and
processing conditions are crucial for final film quality and
morphology which ultimately affects its performance. They ach-
ieved an efficiency of 17.5% while blade coating at 150 �C [205].
Mallajosyula et al. have found that the minimum temperature to
fabricate a perovskite film via doctor blade method is 120 �C.
Furthermore, they found that when the temperature raised to
165 �C, the grain size of the crystals increased. They also found that
doctor blade speed and precursor volume play a role in the
perovskite film fabrication [206]. Recently, Deng et al. found that
the addition of small amount of surfactant (L-alpha-
hnique, (b) Blade-coating equipment with as-prepared 10 cm � 10 cm perovskite film,
echnique under different humidity conditions (a,d) 60%e70%, (b,e) 40%e50%, and (c,f)



Fig. 21. (A) Schematic illustration of blowing-assisted drop-casting (BADC) scheme for the preparation of perovskite films, (B) (a) schematic Illustration of slot-die coating with
nitrogen blow, (b) device structure of PSCs, and (C) (a) schematic diagram of the role-to-roll fabrication set-up equipped with slot-die, nitrogen, and hot plate for PSCs, (b) photos of
prepared perovskite films by this method [180]. Reprinted from Ref. [180] with permission.
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phosphatidylcholine) to perovskite precursor can enhance the film
quality in terms of uniformity and more surface coverage even at
higher blade coating speed. This because the surfactant molecules
can be self-assembled on perovskite surface and reduce the surface
tension of the solution. They were able to fabricate 57.2 cm2

modules with an efficiency of 14.6% [207].

7.2.5. Roll-to-roll fabrication
Roll-to-roll (R2R) process could be considered as best for the

large area fabrication in the ambient environment. It has been used
to fabricate large-area organic solar cells [208]. Zuo et al. used the
R2R method to fabricate flexible PSCs and achieved an efficiency of
11.6%. First, they introduced blowing assisted drop-casting (BADC)
technique as shown in Fig. 21A to fabricate perovskite films. They
used NH4Cl as an additive to improve the surface coverage and
morphology. Then, they tied this method to slot-die coating and
obtained a uniform and fully covered surface. The schemes of the
slot-die coating and the PSC are shown in Fig. 21B.

Later they have used the above two ideas compatible with the
R2R method to fabricate flexible PSCs, which is shown in
Fig. 21C(a). The R2R prepared films can be seen in Fig. 21C (b) [180].
Furthermore, the R2R process has been implied to various other
studies where they achieved around 11% at the ambient environ-
ment and RH 40% [184,209,210]. Further improvements are needed
in the R2R process to get good efficiency.

The R2R process has also been used in counter electrode
deposition, for instance, to coat carbon as a back electrode
24
[34,211,212]. A detailed list of PSCs developed at a large scale in
ambient air is given in Table 4.

7.3. Concluding remarks of the section

In summary, an impressive development in ambient-
environment processed organic-inorganic halide PSCs has been
achieved on lab- and industry-scale in the past few years. The lab-
scale development based on an inert environment has achieved a
huge success in terms of high efficiency. The achieved efficiency is
more than 25%, approaching the well-established technologies like
silicon-based solar cells. Furthermore, an outstanding success in
lab-scale ambient-environment processed perovskite solar cells
has also been achieved in the last few years with an efficiency of
around 20%.

On the other hand, great success has been seen in the large-scale
development of perovskite solar cells with moderate efficiency.
More research work and efforts are still needed to commercialize
this emerging technology. A flowchart diagram for the develop-
ment of AE-PSCs is provided in Fig. 22.

8. Strategies of improvement of PSCs

PSCs have achieved a remarkable efficiency (25.5%) in less than a
decade, but their low operational stability is still the main draw-
back and challenge before commercialization. Several efforts have
been carried out to solve the stability issue of PSCs. We brief down



Table 4
Progress of perovskite solar cells development at large-scale in ambient air.

Sr. No. Year Institute (First
author
affiliation)

Novelty PSC device structure Perovskite
method

Device
area
(cm2)

PCE (%) Ref.

1 Jan-15 GIST, South
Korea.

fully printed PSC using slot-die coating ITO/ZnO/MAPbI3/P3HT/Ag Slot-die (30
e40% RH)

0.1 11.96 [184]

2 Feb-18 CSIRO
Manufacturing,
Australia.

blowing and heating during the slot-
die-coating

ITO/ZnO/MAPbI3/P3HT/MoOx/Ag Slot-die (in
air)

0.1 12.7 [182]

3 Nov-16 NJTech Bifluo-OMeTAD as HTM into slot-die
coated devices

ITO/ZnO/MAPbI3/Bifluo-OMeTAD/MoOx/
Ag

Slot-die (30
e40% RH)

0.1 14.7 [183]

4 Feb-18 CSIRO
Manufacturing,
Australia

BADC in conjunction with an NH4Cl
additive to prepare CH3NH3PbI3 films in
air

ITO/m-PEDOT: PSS/CH3NH3PbI3/PCBM/
Ca/Al

Slot-die 0.1 15.57 [180]

5 June-21 WUT, China. lead halideetemplated crystallization
strategy

FTO/SnO2/3D-PS/2D-PS/Spiro-OMeTAD/
Au

Slot-die
(20% RH)

17.1
65.0

20.4219.54 [213]

6 Oct-15 ZJU, China. 3-aminopropanoic acid as a self-
assembled monolayer for HTL
modification

ITO/PEDOT: PSS/CH3NH3PbI3-xClx
/PCBM/ZnO/Ag

R2R (in air) 0.5 5.1 [210]

7 Sep-17 CSIRO
Manufacturing,
Australia.

organic cations into the initial PbI2
solution

PET/TCO/ZnO/FA0.4MA0.6PbI3/PEDOT/Mo
O3/Ag

R2R (30
e40% RH)

0.1 11.0 [209]

8 Feb-18 CSIRO
Manufacturing,
Australia

BADC in conjunction with an NH4Cl
additive to prepare CH3NH3PbI3 films in
air

ITO/m-PEDOT: PSS/CH3NH3PbI3/PCBM/
Ca/Al

R2R 0.1 11.16 [180]

9 Feb-18 CSIRO
Manufacturing,
Australia.

R2R compatible blowing-assisted drop-
casting (BADC) method

ITO/m-PEDOT:PSS/CH3NH3PbI3/PCBM/
Ca/Al

R2R (45%
RH)

0.1 11.6 [180]

10 Dec-16 XJTU, China. multi-flow air knife (MAK) method FTO/TiO2/CH3NH3PbI3/Spiro-OMeTAD/Au Multi-flow
air
Knife (RH
40%)

1.0 11.70 [177]

11 Jul-14 TUOS, England. ultra-sonic spray-coating under
ambient conditions

ITO/PEDOT: PSS/CH3NH3PbI3-xClx/PCBM/
Ca/Al

Spray
coating (in
air)

0.025 11.1 [192]

12 May-15 UT, USA. photonic curing technique FTO/TiO2/CH3NH3PbI3-xClx/Spiro-
OMeTAD/Ag

Spray
coating (in
air)

0.065 13 [195]

13 Jul-16 CAS, China. two-step spray method FTO/TiO2/CH3NH3PbI3/Spiro-OMeTAD/Au Spray
coating (in
air)

1 13.09 [196]

14 Jan-17 HUST, China. Large area PSC FTO/compact-TiO2/(meso-TiO2/meso-
ZrO2/meso-carbon)/(5-AVA)x (MA)1-xPbI3
(module)

Printing (in
air)

49 10.4 [190]

15 Nov-16 NTU, Singapore. Large area PSC FTO/TiO2/ZrO2/Carbon/MAPbI3 (module) Printing (in
air)

70 10.74 [191]

16 Jul-14 HUST, China. Printed PSC FTO/TiO2/ZrO2/(5-AVA)x (MA)1-xPbI3/
Carbon

Printing (in
air)

0.5 12.8 [34]

17 Apr-18 KIT, Germany. Triple Cation PSC with inkjet printing FTO/TiO2/
Cs0.1(FA0.83MA0.17)0.9Pb(I0$83Br0.17
)3/Spiro-OMeTAD/Au

Printing
(45% RH)

0.09 15.3 [189]

18 Dec-14 University of
Rome, Italy.

controlling the crystallization of the
PbI2 with air flow

FTO/TiO2/CH3NH3PbI3/Spiro-OMeTAD/Au Doctor
blading (in
the air)

10.1 10.3 [201]

19 Dec-16 University of
Rome, Italy.

Graphene and related two dimensional
materials (GRMs) for interfacial
engineering

FTO/Graphene-TiO2/CH3NH3PbI3/Spiro-
OMeTAD/Au (module)

Doctor
blading (in
air)

50.6 12.6 [202]

20 Mar-17 NREL, USA. Perovskite ink with wide processing
window

FTO/TiO2-PCBM/CH3NH3PbI3/Spiro-
OMeTAD/Au

Doctor
blading
(20% RH)

1.2 17.33 [204]

21 Apr-18 CSU, China. Optimization of the solvents and MAI
precursor amount

ITO/NiOx/MAPbI3/PC61BM/Ag Doctor
blading
(40% RH)

0.09 10.92 [203]
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here some important methods which improve the ambient-
environment performance, stability, and scalability of PSCs.
8.1. 2D/3D perovskites-based PSCs

3D perovskite-based solar cells have astonishing high efficiency
but they exhibit low stability. On the other hand, 2D perovskites are
very stable but with restricting charge transport properties [214].
To get the benefit of both of them, the 2D-3D mixture and 3D-2D
25
layers strategies have been used [215,216]. In 2014, Karunadasa
et al. have introduced a mixture of 2D-3D perovskites. They have
used a mix of phenylethylammonium (PEAþ) large 2D cation (2D
perovskite) and methylammonium (MAþ) small 3D cation (3D
perovskite). A generalized formula can be used for the 2D-3D
perovskite mixture ((PEA)2 (MA)n�1 [PbnI3nþ1]). The ratio of 2D
large cation can be controlled by fixing the value of n ¼ 1, 2, 3, and
so on. For n ¼ ∞, the perovskite tends to be 3D. In the above work,
they controlled the contents of 2D large cation using the



Fig. 22. Schematic diagram for the development of AE-PSCs.
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generalized formula with n¼ 3 i.e. (PEA)2 (MA)2 [Pb3I10] and got an
efficiency of 4.73% with good stability of 46 days in air and RH 52%
[217].

At a similar time, the pristine MAPbI3 3D perovskite-based solar
cells were completely degraded [217]. Similar work was further
investigated for higher “n ¼ 6, 10, 40, 60 … ∞” values using DFT
investigation by Sargent et al. They found that the 2D perovskite
bulkier moieties strengthen the van der Waals interaction between
inorganic layers. This leads to higher formation energy and
increased stability of perovskites. Furthermore, the study showed
additional energy of 0.36 eV is required to remove the 2D cation
from the 2D-3D perovskite. This leads to a reduction in the mate-
rial's decomposition rate. They confirmed experimentally that the
quasi-2D perovskite with values of n ¼ 10, 40, and 60 are more
stable than their 3D counterparts. They found that the quasi-2D
with lower values of n <10 are more stable but with inferior per-
formance. This is because the quasi-2D with a lower value of “n”
owing to the property of lower charge transport which leads to
accumulation of the charges, thus increase in the radiative
recombination losses. The study concluded that there must be a
tradeoff between high efficiency and stability depending on the
value of “n”. If the value of “n” is small the stability will be good and
performance will be lower and vice versa [218].

Several 2D perovskites have been studied to get better perfor-
mance and good stability. 2D perovskites are very effective against
environmental and photo-degradation. Wu et al. have added
dodecylammonium as a 2D additive into 3D perovskites and found
environmental stability up to 9 days with 64% of their initial per-
formance at RH >50% and 85 �C. At the same time, pristine 3D
perovskite was completely decomposed with almost 0% efficiency
[219]. Gao et al. have used PEAþ and iso-BA cations to fabricate 2D-
3D PSCs in an ambient environment at RH ~35% and found good
performance with stability [220]. Nazeeruddin et al. have used the
2D/3D layered strategy and achieved one-year stability with 11.2%
efficiency [216]. A recent study showed that the TBABF4 salt post-
treatment enhances performance and stability. This is due to the
passivation of the grain boundaries and the reduction of the trap
state density at the perovskite/hole transport layer due to the
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formation of a 2D/3D structure [221]. Several detailed reviews are
available on this topic [214,222,223].

8.2. Multiple-cation based PSCs

Theuse ofmultiple-cation is another usefulway to get stablePSCs.
After the report on the efficient MAPbI3 based PSC, the researcher
found a more efficient small bandgap FAPbI3 based PSC. However,
FAPbI3 suffers fromphase transition instability at ambient conditions.
Cationengineering ishelpful infixing this instability issueof FAPbI3. If
weusemixedcation (MAþ/FAþorCsþ/FAþ) ormixedhalideespecially
Br�, the ambient environment phase instability can be significantly
suppressed. However, there are other issues like reduction in the
optical absorption that will appear [224].

Moreover, Saliba et al. have shown that the addition of small Cs
into FA/MA cation significantly increases the thermal stability
[225]. Afterward, it has been found that the A-site cation engi-
neering can lead to stable PSCs [226,227]. In addition, the
researcher showed the addition of Rbþ, Guþ, Kþ to the triple cation
i.e. Csþ/FAþ/MAþ can further boost the stability of PSC
[222,228,229].

8.3. Lead-free PSCs

In PSCs, the lead-based PSCs are the mark of high efficiency
[230]. However, the toxic nature of lead is harmful to the envi-
ronment because of its water solubility. It is desirable to search for
lead-free PSCs to avoid the toxic lead [114]. In 2014, the first lead-
free tin-based PSCs were reported by Snaith et al. with an effi-
ciency of over 6% [231]. Currently, there are various PSCs with lead-
free compositions. However, their performance is far low than that
of their lead-based counterparts.

Tin (Sn) is the best candidate out of all group 14 elements to
replace Pb at B site in ABX3 structure. However, Sn is not stable in
the ambient environment, particularly, moisture and oxygen. It can
easily be oxidized to an Sn4þ state in presence of moisture and
oxygen [230,231]. Additionally, Sn is also a toxic element. The
replacement of Pb with Sb leads to a small bandgap which is useful
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for the multijunction/tandem solar cells [230]. Out of all lead-free
PSCs, Tin-based PSCs are more efficient. Several reviews on tin-
based PSCs can be found here for detailed reading [232e236].

8.4. Green-solvent based PSCs

Solution processability of PSCs is one of the key properties
compared to other photovoltaic technologies. This leads to the easy
and cost-effective fabrication of PSCs. The current solvents in use
for the fabrication of PSCs at laboratory scale are hazardous and
carcinogenic, particularly, N, N-dimethylformamide (DMF) and N-
methyl-2-pyrrolidone (NMP). Dimethyl sulfoxide (DMSO) and
Gamma-butyrolactone (GBL) are less toxic and safer. Mixtures of
DMSO and GBL are commonly used but DMSO can readily penetrate
the skin [237,238]. PSCs have a great potential to be commercialize
very soon due to their unprecedented performance, low cost, and
easy processability. The use of toxic solvents is not sustainable for
commercial-scale fabrication. Therefore, it is very important to
formulate green and environment-friendly protocols to commer-
cialize this technology.

Green solvents are critical for the large-scale production of PSCs.
Recently, ionic liquids (ILs) also called room temperature molten
salts (RTMS) have attracted great attention from researchers. These
green solvents have many industrial applications including batte-
ries, solar thermal energy, and organic synthesis. Unlike other
perovskite solvents already in use, RTMS has many appealing
properties including strong dissolving ability, non-flammable, non-
volatile at room temperature or below, and high thermal stability
[239]. Along with the aforementioned properties, they are useful to
control crystal growth and morphology of the perovskite films
[240e244]. Due to their high viscosity ILs have another advantage
that a reasonably thick film can be obtained with low perovskite
precursor solution concentration, half of that of the DMF. This
advantage ultimately reduces the cost of the solar modules and
material waste management required for large scale production. A
detailed review on the green solvents can be found in Ref. [239].

8.5. Packaging of PSCs

Packaging of PSCs is also vital to keep the PSCs away from the
environment including moisture and oxygen. Packaging consists of
three main components (1) Non-conductive transparent glass
sheets for top and bottom, (2) Encapsulation polymer, and (3) Edge-
sealant [245]. Packaging material should be easy to clean and allow
maximum light to pass. It should be able to bear the environmental
stress. The main function of packaging is to separate the PSCs from
moisture and oxygen. The packaging is also helpful to avoid the loss
of volatile materials under various conditions like heat and light. It
protects PSCs from thermal and mechanical stress, and leakage of
the materials to the outside environment [130]. On the other hand,
we can use the metal oxides as interlayers and hydrophobic poly-
mers to protect the perovskite layer from moisture [135,246,247].
There are several dedicated reviews and useful sections on pack-
aging technology [130,248e250].

8.6. Concluding remarks of the section

2D perovskites are very stable as compared to their 3D perov-
skites counterpart but less efficient. With the 2D/3D perovskite
fabrication strategy, the stability of PSCs can be improved without
losing much of their efficiency. Similarly, the multi-cation perov-
skite strategy shows much better stability as compared to their
benchmark PSCs [225]. For the practical applications and
commercialization of PSCs, the development of lead-free PSCs and
green solvents is urgently needed. Packaging of PSCs is a necessary
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step for the long-life of PSCs as well as to address the potential
environmental hazards.

9. Summary and outlook

The efficiency of single-junction PSCs has been remarkably
escalated from 3.8% in 2009 to 25.5% in 2020. It is the fastest in-
crease among the photovoltaic community. The high efficiency,
however, was mainly achieved on the lab scale. These emerging
photovoltaic materials still suffer stability issues. A lot of research
and progress has been made for improving the stability issues of
PSCs in the controlled environment. In this review, we thus focused
mainly on the ambient-environment processed PSCs. First, we
generally discussed organic-inorganic halide perovskites, their
crystal and electronic structures, device architectures, and fabri-
cation methods. Then we discussed their hysteresis, toxicity, and
stability-related issues. We discussed in detail the positive and
negative impacts of the ambient environment, especially water and
oxygen, on the formation of perovskite films. We covered the
progress in ambient-environment processed PSCs at the lab and
industrial scales and compared their efficiencies with that pro-
cessed in the controlled environment.

The efficiency of the ambient-environment-processed PSCs is
reaching that of PSCs processed in the controlled environment at
the lab scale. However, there are still challenges with stability that
need to be addressed to bring the technology into industrial-scale
fabrication. We have explained various methods to fabricate
large-scale PSCs. These include slot-die, doctor blade, inkjet print-
ing, spray coating, and R2R fabrication. Furthermore, several
effective strategies to improve the performance, stability, and
scalability of PSCs have been briefly discussed. These strategies
include 2D/3D perovskites, multiple-cation PSCs, Lead-free PSCs,
green solvent, and packaging.

In the last decade, the cost of silicon photovoltaics reduced
significantly. Therefore, it becomes more competitive for PSCs to
enter the photovoltaic market. However, various exceptional
qualities of PSCs, such as tunable bandgap, solution processability,
and low-temperature fabrication, made them a potential future
photovoltaic candidate. Another notable quality of PSCs is that they
are compatible with tandem solar cells fabrication with a theoret-
ical efficiency of up to 46%.

Although Organic-inorganic halide perovskites show excep-
tionally good efficiency at various bandgaps and could be used as
tandem solar cells, the large-scale production of high-quality
perovskite layer to reduce the charge recombination is still a
grand challenge to upscale this technology. Finally, other issues like
toxicity, lifetime, and photo-stability need to be resolved before the
commercialization of PSCs.
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