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ABSTRACT
Perovskite solar cells (PSCs) have received worldwide attention due to excellent power-to-electricity
conversion efficiency (PCE). Currently, a PCE record of as high as 22.1% has been achieved, comparative
to those of copper indium gallium selenide and CdTe solar cells. However, there are still some critical issues
to solve, especially the stability issue at the current state, in order to promote PSC commercialization. In
this respect, various device architectures and the working principle are briefly introduced.Then, key
features of inorganic–organic hybrid perovskites and related film deposition methods are discussed.
Typically, experimental and theoretical efforts to reveal the physical issues of the device are emphasized as
well as the cell stability. Finally, a short summary, challenge and prospect are given.

Keywords: inorganic–organic hybrid perovskite materials, perovskite solar cells, heterojunction,
photophysics, stability

INTRODUCTION
Thin-film solar cells are a promising type of cost-
competitive solar power via cost-effective materi-
als and fabrication technology, comparable with
commercial silicon-based photovoltaics [1]. The
bandgaps of CdTe (1.45 eV) and copper indium
gallium selenide (CIGS, 1.04–1.68 eV) semicon-
ductors can well meet the spectrum of sunlight,
guaranteeing a power-to-electricity conversion ef-
ficiency (PCE) of over 22% for CdTe and CIGS
thin-film solar cells; however, vacuum deposition
and/or high-temperature processes are still needed
[2–3]. Solution-processed technology represents
the lowest-cost production method for thin-film
solar cells, including spin-coating, blade-coating,
spraying, inkjet printing, gravure printing, slot-
dye coating and so on [4–5]. Recently, solution-
processed perovskite solar cells (PSCs) have at-
tracted worldwide attention due to their extremely
high efficiency exceeding 22%, comparative to those
of CIGS and CdTe solar cells and far exceeding
dye-sensitized solar cells (DSCs) and organic pho-
tovoltaics (OPVs) [6]. It is very likely that a PCE of
25%may be achieved in the future [7]. Surprisingly,

this progress has been achieved in only a few years
along with rapid development of different device ar-
chitectures, processing techniques and novel mate-
rials.

The excellent cell performance of PSCs mainly
benefits from inorganic–organic hybrid perovskite
materials with advantages of ease of fabrication,
panchromatic sunlight absorption, high carrier mo-
bility, superior carrier diffusion length, long carrier
lifetimes and so on [8]. The first PSC based on
CH3NH3PbX3 (X = Cl and Br) as sensitizers was
reported by Kojima et al. in 2009, exhibiting 3.8%
PCE, which was further improved to 6.54% by Im
et al. in 2011; however, a rapid degradationof the cell
performance perplexed scientists [9–10].Thebreak-
through came in 2012 when Kim et al. fabricated
all solid-state mesoscopic heterojunction PSCs by
using spiro-OMeTAD, presenting 9.7% PCE and
relatively good stability [11]. Since then, somemile-
stones in PCEs have emerged successively, which
further stimulated the development of PSCs. In
2012, Lee et al. fabricated a ‘meso-superstructured’
PSC with 10.9% PCE by replacing the mesoporous
TiO2 with Al2O3 [12]. The successful applica-
tion of this meso-structured insulating scaffold
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demonstrated that the CH3NH3PbI3-xClx per-
ovskite material is extraordinarily effective, and
can transport both electrons and holes between
cell terminals and function well in a simplified
device architecture even without scaffolds. In 2013,
Burschka et al. reported a sequential two-step
dipping method to fabricate PSCs with 15% and
a certified 14.14% PCEs [13]. Subsequently, by
the aid of compositional engineering and the
‘anti-solvent one step deposition method’, Saliba
and Shin’s groups independently achieved over
21% PCE [14–15]. In the meantime, the stability
of the PSCs was improved by introducing Cs+ and
Rb+ cations, adopting 2D perovskite films or using
La–BaSnO3 to replace conventional TiO2 [15–17].
In addition, a certified 19.7% PCE for PSCs with
an aperture area exceeding 1 cm2 was also obtained
[18].

Although the high efficiencies of PSCs have been
frequently refreshed, the perovskite layers are sub-
ject to compositional degradation under high hu-
midity and thermal treatment. Recent investigation
reveals that the PSC may suffer from a change in
the semiconductor electric properties while the cell
operates. Therefore, long-term stability becomes a
primary concern of the community [19]. On one
hand, thermal stability is particularly important for
solar cell operation; on the other hand, solar mod-
ules have to operate continuously between tempera-
tures of−40and85◦Caswell as high solar irradiance
over a long period of time [14].

In this review, we will briefly introduce the de-
vice architectures and theworking principle.Thekey
features of perovskite materials and film deposition
techniques will also be reviewed. Typically, experi-
mental and theoretical efforts to reveal the physical
issues of the device are emphasized as well as cell sta-
bility. Finally, a short conclusion andprospectwill be
given.

DEVICE ARCHITECTURES
The huge success of PSCs not only lies in their high
efficiencies but also their diversity in device architec-
tures, all ofwhich arederived from thedistinctiveop-
toelectric properties of the perovskite materials. It is
also found that the evolution of device structures is
also accompanied by the development history of the
devices. In this section, we will briefly introduce dif-
ferent PSC structures and the development history
of the devices.

The first PSC employed a mesoporous TiO2
layer as a scaffold, which supported hybrid
perovskite materials as sensitizers and transported
photo-generated electrons [9]. Due to the fine

carrier transportation ability of inorganic–organic
hybrid perovskites, the device architecture has
evolved and different PSC structures have emerged
[20]. Mesoscopic structure employs a semiconduc-
tor oxide scaffold, which is fully infiltrated with the
perovskite and can extend over the nanostructure
to form a capping layer, so-called ‘mesoporous
structure’, see Fig. 1a. A specific mesoporous PSC
structure worth mentioning is based on a meso-
porous Al2O3 insulating scaffold [12]. PSCs can
also be fabricated without a mesoporous scaffold,
so-called ‘planar PSCs’ [21]. Considering the
position of the electron- or hole-transporting layer
in front of the incident light, planar PSCs can be
classified into n-i-p and p-i-n (inverted) structures;
see Fig. 1b. Regardless of the light irradiation
direction, the PSC generally consists of a conductive
substrate (fluorine-doped tin oxide (FTO), indium-
tin-oxide (ITO) or flexible ITO-polyethylene
terephthalate (PET)), an electron-transporting
layer (ETL), a perovskite layer, a hole-transporting
layer (HTL) and a back electrode (Au or Ag).
When PSCs are defined by whether they use
an HTL or not, the HTL-free PSC is also an
important branch; the HTL-free full-printable
PSCs in particular exhibit good stability [22]. At
present, mesoscopic systems exhibit a certified
PCE of 22.1% on the National Renewable Energy
Laboratory’s best efficiency chart, slightly superior
to planar embodiments with a PCE of 20.8%
[6,23].

PSCs have been proved to be a free carrier-based
device, in which the charge separation and trans-
portation processes are more like a heterojunction
solar cell [24–25]. To achieve efficient PSCs, the en-
ergy levels of these different components need to be
well matched (see Fig. 1c, d). In addition, the key
materials, fabrication techniques and interface engi-
neering have to be optimized. In the meantime, a
better understanding the dynamic processes of the
device is alsoneeded.Detaileddiscussionwill bepre-
sented in the following sections.

PEROVSKITE MATERIALS AND FILM
FABRICATION TECHNIQUES
Generally, optoelectrical materials with different
chemical compositions exhibit different trends in
their application. The hybrid organic–inorganic
perovskite structures closely bridge organic and
inorganic materials through a well-defined molecu-
lar assembly. In this section, we will review the basic
properties of perovskite materials and the recent ef-
forts in understanding the relationship between the
composition, properties and fabrication techniques.
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Figure 1. Schemes of basic PSC structures: (a) mesoporous PSCs; (b) planar PSCs with
n-i-p and p-i-n cell architectures; (c) and (d) energy-level diagrams (eV) of routine PSC
materials.

Engineering perovskite materials as light
absorbers
Brief introduction to perovskites
Theperovskite structure was first recognized asmin-
eral calcium titanate (CaTiO3). Halide perovskite,
as a new branch of perovskite materials, exhibits
attractive photovoltaic characteristics [26]. So far,
all inorganic CsBX3 (B = Sn, Pb; X = Cl, Br, I)
and inorganic–organic hybrid perovskites have been
successfully used in photovoltaic devices. Stoichio-
metric inorganic–organic hybrid perovskites, ABX3
(A = organic cation, widely used methylammo-
nium (MA) or formamidinium (FA); B = Pb, Sn;
X = Cl, Br and I), are generally used to describe
this kind of perovskite, which has a 3D structure
with corner-sharing anionic BX6 octahedra with the
X atoms located in the corners and the B atom
in the middle of the octahedra, and A cations lo-
cated at interstices surrounded by eight octahedra

in the cuboctahedral gap; see Fig. 2a. These hy-
brid perovskite materials present fascinating charac-
teristics for high-performance photovoltaic devices,
i.e. adjustable bandgap (optimal 1.4– 1.5 eV), high
absorption coefficient (104–105 cm−1), low exci-
ton binding energy (<50 meV), ambipolar charge
transport capability and long carrier diffusion length
(∼175 μm) [8,27,28]. In addition, relatively good
crystallization and easy film formation derived from
a solution-processed method at low temperature
make them highly competitive, promising low-cost
photovoltaic materials.

Generally speaking, the crystallographic stability
and possible structure of perovskite ABX3, even se-
lecting A, B and X ions, have to consider an octahe-
dral factorμ and a tolerance factor t:

μ = RB

RX
(1)

t = RA + RX√
2 (RB + RX)

(2)

where RA, RB and RX represent the ionic radii of A,
B and X ions. If t is in the range of 0.89–1.0, the
perovskite material usually adopts a cubic structure,
as shown in Fig. 2c; however, a lower t value will
result in less symmetrical tetragonal or orthorhom-
bic structures. When t is close to unity, the ideal
cubic perovskite structure can be obtained. Calcu-
lated t andμ factors for a range of halide perovskites
are shown in Fig. 2c [26]. Despite these constraints,
transitions between such structures while heating
are common for any given halide perovskites, such
as MAPbI3 (Fig. 3a) and FAPbI3 (Fig. 3b), and the
high-temperature phase is generally cubic [29]. In
fact, a cation is generally considered to be the charge
compensation in the lattice, and does not contribute
to the band structure. However, variation of the A
cation’s size will strongly influence the optical prop-
erty due to its deformation of theMX6

4− octahedral
network. Namely, smaller A cations (i.e. MA or FA)
canmaintain a3Dstructure,whereas largerAcations
(long chain alkyl or aryl ammonium) will result in
lower-dimensional layered or confined perovskites,
as seen in Fig. 2b.

The 3D halide perovskites have a high extinction
coefficient (α) up to 105 cm−1 [30–31]. For exam-
ple, the light absorption capability ofMAPbI3 is even
higher than that of GaAs, which contributes to the
best-performing single-junction solar cell, and two
orders higher than that of crystal silicon [6]. Accord-
ing to the first-principles calculation, the electronic
structure of MAPbI3 is dominated by characteris-
tics of the Pb–I bond, the valence-band maximum
of which is characterized as an anti-bonding hybrid
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Figure 2. (a) The basic perovskite structure ABX3 and their extended network structure
connected by the corner-shared octahedral; (b) basic structures of 2D organic–inorganic
perovskite with bilayer intercalated organic molecules; (c) calculated t and μ factors
for 12 halide perovskites; EA represents CH3CH2NH3 (Note: redrawn figure). Adapted
with permission from [26].

state of Pb 6s and I 5p orbitals, while the conduction
band minimum is characterized as a non-bonding
hybrid state of Pb 6p and I 5p orbitals [32]. The
high α is attributed to the high density of states in
the conduction band minimum (CBM) of the per-
ovskite, and direct p–p transition may be the origin.
Due to the high α and strongly reflective back elec-
trode, a 500-nm-thick perovskite film is enough to
capture most incident photons with energies lower
than the energy gap (Eg).

Perovskite film fabrication techniques
The morphology and crystallization of perovskite
films will strongly influence the cell performance. In
themeantime, high-quality perovskite film is suscep-
tible to film deposition conditions and techniques.
For the moment, three main film deposition meth-
ods are usually adopted: one-step precursor solution
deposition, two-step sequential deposition (includ-
ing the vapor-assisted solution process) and vapor
deposition, as shown in Fig. 4.

One-step precursor solution deposition
At the initial development stage of PSCs, the one-
step precursor solution depositionmethodwas used
most often; it was carried out by directly spin-
coating the mixed solution on the substrate, and the
precursor solution was obtained by dissolving all the
precursor salts in high-boiling-point polar solvent
(i.e. dimethylformamide (DMF), dimethylsulfoxide
(DMSO), γ -butyrolactone (GBL)), as shown in
Fig. 4a [11]. Aiming at uncovered pinhole areas de-
rived from large MAPbI3 grains, Zhao et al. devel-
oped a one-step, solvent-induced, fast crystallization
method(the so-called ‘anti-solventmethod’) involv-
ing spin-coating a DMF solution of MAPbI3 fol-
lowed immediately by exposure to chlorobenzene
to induce perovskite crystallization for planar PSCs
[33]. So far, by using the anti-solvent method com-
bined with compositional engineering, over 21%
PCE has been achieved [14–17,34]. In addition, a
simple alternative vacuum flash-assisted deposition
method was reported by Li et al., which enabled a
certified record PCE of 19.6% for a 1-cm2-sized de-
vice and a maximum efficiency of 20.5% without
hysteresis [35]. Overall, the anti-solvent one-step
method can clearly induce rapid nucleation and slow
crystal growth processes during the perovskite film
formation, thus providing an effectiveway to achieve
high-quality perovskite crystals. In the meantime,
this method is suitable for all PSC structures (planar
vs. mesoporous), and it may be one possible way to
realize the large-area manufacturing.

Two-step deposition method
A sequential two-step dipping technique was first
reported by Mitzi in 1998, then Burschka et al. in
2013 [13]. In a typical two-step method, PbI2 is
firstly spin-coatedonto the substrate, followedby ex-
posure to the organic ions either in solution or in
vapor to afford the perovskite film (Fig. 4b). This
method presented the first 15% PCE with a certi-
fied 14.14%PCE [13]. Subsequently, aiming at solv-
ing incomplete conversion of PbI2 and uncontrol-
lable crystal size and surface morphology, different
post-treatment methods have also been developed;
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ovskite and (b) the FAPbI3 perovskite. Adapted with permission from [29].

e.g., Zhu et al. and Xiao et al. reported a pressure-
assisted morphology reconstruction method and
temperature-assisted sequential deposition method
to control film morphology and interfacial charge
transport property for high-efficiency PSCs, respec-
tively [36–37].

The vapor-assisted solution process (VASP) can
be considered as another kind of two-step method,
as shown in Fig. 4b [38]. This method is differ-
ent from the conventional two-step solution pro-
cess and vacuum deposition, and takes advantage
of the kinetic reactivity of methylamine iodide
(MAI) and the thermodynamic stability of per-
ovskites during the film growth process and af-
fords well-defined grain structures with sizes up to
micron-scale, full surface coverage and smooth sur-
face without pinholes. Currently, various VASP film
growth techniques have been developed, such as
hybrid chemical vapor deposition (HCVD), hybrid
physical chemical vapor deposition (HPCVD), low-
pressure chemical vapor deposition (LPCVD), in
situ tubular chemical vapor deposition (ITCVD)
and modified chemical vapor transport (mCVT)

[39]. 18.9% PCE was obtained under ambient at-
mosphere by a modified VASP method [40]. VASP
presents a simple, controllable and versatile method
for high-quality perovskite films and high-efficiency
PV devices.

Vapor deposition method
Vapor deposition techniques are widely used in the
semiconductor industry for largescale production
in optoelectronic applications. Perovskite films de-
rived from the vapor deposition process under vac-
uum were first reported by Salau et al. [41], then by
Mitzi et al. [42]. In 2013, Liu et al.modified this tech-
nique as a dual-source vapor deposition method for
pinhole-freeMAPbI1-xClx perovskite filmswithhun-
dreds of nanometer-scale crystals for planar PSCs;
see Fig. 4c [43]. Malinkiewicz et al. fabricated an
inverted p-i-n planar PSC with sublimated MAPbI3
perovskite layer [44]. Recently, the chemical vapor
deposition (CVD)methodwas also reported bypre-
cisely controlling the crystallization process [45].
Vapor deposition techniques are suitable for mul-
tilayered thin-film structures and a variety of sub-
strates; however, this technique demands high vac-
uum.

Compositional engineering
As we know, tailoring the bandgap of the light
absorber is important for minimizing the energy
loss and improving the cell performance. A material
engineering in terms of AMX3 compositional
control is necessary; namely, the absorption range
and the Eg value of these perovskites can be adjusted
by ion substitutions [28,47]. In addition, the Eg
value of a semiconductor is related to the lattice
size and the atomic interaction according to the
tight-binding approximation theory. MAPbI3 can
absorb the widest range of visible light, showing
an Eg value of about 1.5 eV; however, the Eg value
of MAPbBr3 is about 2.3 eV. Noh et al. reported
(MAPbI3)1-x(MAPbBr3)x mixed perovskite by ma-
terial engineering, the bandgap (Eg) of which can be
changed from 1.57 to 2.29 eV by the following equa-
tion Eg(x) = 1.57 + 0.039 x + 0.33 x2. This mixed
perovskite with x ≥ 0.2 exhibits higher stability
toward the humidity than those with x < 0.2 [48].
In the chlorine substitution of MAPbI3, the main
role of the chloride is not to regulate the bandgap.
Instead, the introduction of chloride into MAPbI3
mainly improves the film morphology, preferential
orientation, crystallinity, grain size and so on, which
can further improve carrier transport across the het-
erojunction interface, passivate the grain boundary
and result in higher cell performance [49]. Partial re-
placement of halides with the pseudohalide SCN−,
MAPbI3-x(SCN)x, has also been reported; this
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Figure 4. Three general perovskite film fabrication methods: (a) one-step precursor deposition method (CBZ: chlorobenzene);
(b) sequential deposition method; (c) dual-source vapor deposition method. Adapted with permission from [33,35,43].

exhibited good humidity-resistance characteristics,
thus leading to enhanced moisture stability of the
PSCs [50–51]. In fact, based on the investigation
of single crystals grown under the same conditions,
2D structured (MA)2Pb(SCN)2I2 is suggested
instead [52]. Xiao et al. further investigated this 2D
(MA)2Pb(SCN)2I2 by the aid of experimental mea-
surement and DFT calculation, and found that its
bandgap is about 2.0 eV, larger than that ofMAPbI3;
in the meantime, the carriers are confined within
the 2D layers [53]. PCEs of 8.3% were reported
for mixed (MA)2Pb(SCN)2I2/MAPbI3 devices
[54].

When larger-sized FA (HC(NH2)2+) occupies
the A site of the perovskite lattice, the Eg value
can be reduced to about 1.47 eV, closer to the
desired Eg of 1.4 eV. In addition, FAPbI3 has
other advantages over MAPbI3, such as a smaller
polarization dipole, stronger p-type characteristics
and higher thermal stability. For FAPbI3-based

PSCs, a higher photocurrent can be obtained but
with a lower photovoltage, and a non-perovskite
phase is found to restrict the cell performance
[55]. Therefore, the Eg needs to be optimized for
a balance. (FAPbI3)0.85(MAPbBr3)0.15 mixed per-
ovskite derived from FAPbI3, FAPbBr3, MAPbI3
and MAPbBr3 can afford a complete perovskite
phase, in which the PCE was increased to 20.8%
with a negligible hysteresis [15]. Very recently,
PSCs based on triple and quadruple cation per-
ovskites (CsRbMAFAPb(I/Br)3) have been fabri-
cated; which exhibited a PCE of 21.6% with an
average PCE of 20.2% and stabilized 19.0% on
a 0.5 cm2 cell. In addition, polymer-coated cells
can maintain 95% of their initial performance at
85◦C after 500 aging hours under full illumination
and maximum power point tracking [14,16]. Obvi-
ously, compositional engineering is feasible to fab-
ricate highly efficient PSCs with better stability and
reproducibility.
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Replacing the metal cation is another method
of narrowing the bandgap; in the meantime, devel-
oping lead-free perovskite photovoltaics is also in
line with the environmental regulations. Jain et al.
used high-throughput density functional theory cal-
culations to screen lead-free perovskite-like materi-
als and found that about 10 compounds (A=Na, K,
Rb,Cs,CuandAg;B=Ga, In andSb;X=Cl,Br and
I) have bandgaps in the range of 1.5–2.5 eV and ex-
hibit potential application in lead-free photovoltaic
devices [56]. Pure Snhalide perovskite itself only ex-
hibited a PCEof over 6% and poor stability [57–58].
However, according to the first-principles calcula-
tion, when Pb atoms are partially substituted by Sn
atoms, the Eg decreases instead, probably due to
weaker atomic interactions between Sn and halides
[59]. Eg can be further reduced to 1.16 eV when
mixed Sn/Pb atoms occupy the B site, and a steady
decrease in Eg is also verified by theoretical calcula-
tion and experimental measurement [60]. Although
a higher photocurrent could be obtained by decreas-
ing the Eg with Sn substitution, a much lower de-
vice performance was presented instead due to high
hole doping or defects, and the existence of Sn atoms
also resulted in low stability [57]. Bismuth (Bi3+)
can be used as a nontoxic replacement for Pb-based
perovskite due to its similar electronic structure to
Pb2+. Recently, some efforts have been made to
incorporate Bi3+ as the B-site cation in the ABX3
perovskite framework. (MA)3Bi2I9 perovskite pos-
sesses a bandgap of 2.1 eV and cannot realize the
high cell performance; however, the bandgap was
significantly reduced to 1.45 eV after sulfur doping,
which was supposed to be more suitable for appli-
cation in photovoltaics [61]. Some work reported
that, in the formation of 2D Bi3+-halide perovskites,
Bi3+ has been incorporated into the lattice with va-
cancy formation on the B site and an organic cation
as the template [62]. Slavney et al. reported adouble-
perovskite structure Cs2AgBiBr6 with an indirect
bandgap of 1.95 eV, suitable for a tandem solar cell
[63].

So far, compositional engineering with A and
X site substitutions has brought about tremendous
success. For a single-crystal MAPbI3 perovskite, the
absorption edge is red-shifted with Eg lower than
1.5 eV. This may be due to the difference in lattice
size and defect properties between the surface and
the bulk of perovskite crystals [64]. Currently, the
cell performance based on single-crystal perovskites
is still unsatisfactory.

Crystal growth engineering
A high-quality perovskite film is the key to high-
efficiency PSCs, and this kind of high-quality

perovskite film refers to films with fewer defects and
trap states derived from pinholes, crystal defects and
grain boundaries. As we know, inorganic–organic
halide perovskite films can be easily obtained inmild
conditions due to a low lattice energy. Therefore,
whatever fabrication method is adopted, it is nec-
essary to effectively control the perovskite growth
process. In fact, when the perovskite formation
rate is high, it is hard to control crystal growth. The
Lewis acid–base adduct method has been recog-
nized as a viable way to regulate perovskite crystal
growth. A Lewis acid is defined as an electron-pair
acceptor and a base as an electron-pair donor.
The Lewis acid–base reaction will lead to either a
redox reaction or adduct formation, and adducts
are generally a kind of coordination compounds.
For inorganic–organic halide perovskites, Pb(II)
halides are typical Lewis acids, which can afford
adducts with monodentate or bidentate ligands
in 1: 1, 1: 2 or 2: 1. Monodentate or bidentate
ligands (Lewis bases) usually contain O-donors
(e.g. DMSO, N-methyl-2-pyrrolidone (NMP)),
S-donors (e.g. thiourea, thioacetamide) and
N-donors (e.g. pyridine).

Initially, this adduct-induced perovskite film
growth method is supposed to strongly retard the
rapid crystallization of PbI2, which is based on the
strong interaction between Pb2+ and S = O from
DMSO. Jeon et al. first prepared the PbI2(DMSO)
precursor, which was further applied to fabricate
the FAPbI3/MAPbBr3 by direct intramolecular ex-
changewith FAI/MABr, presenting a PCEof 20.2%,
as shown in Fig. 5 [46].Then, themixture of DMSO
and DMF was directly adopted to give an adduct
of MAI·PbI2·DMSO, since PbI2 prefers to coor-
dinating with DMSO relative to DMF due to its
stronger Lewis basicity [65]. This exchange does
not induce volume expansion or change the film
thickness due to the similar molecular volumes of
DMSO and FAI, and the perovskite film is ex-
tremely uniform and flat as well. Recently, Jo et al.
reported that a PbI2(NMP) complex (NMP = N-
methyl-2-pyrrolidone) as an intermediate can also
convert into high-quality perovskites. Larger per-
ovskite grain sizewasobtained fromthePbI2(NMP)
film than from the PbI2(DMSO), which can re-
duce bulk defects and improve charge carrier mo-
bility, thus leading to a PCE of 19.5% [66–67].
When the FAPbI3 film was fabricated by this adduct
method, however, thiourea as an S-donor was pre-
ferred rather than DMSO as an O-donor due to
its stronger coordination ability, and a 1:1:1 adduct
of FAI·PbI2·thiourea is suggested. The resulting
FAPbI3 films showed better cell performance be-
cause of faster charge transport and the reduced trap
states [68]. In addition, this kind of Lewis acid–base
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Figure 5. Scheme for perovskite formation via the MAI–PbI2–DMSO intermediate:
(i) PbI2 with edge-sharing [PbI6]4− octahedral layers; (ii) the formation of flat MAI–
PbI2–DMSO intermediate phase by MAI and DMSO molecules intercalated between
the layers while toluene is introduced to the wet film with PbI2, MAI and DMSO; (iii)
conversion of MAI–PbI2–DMSO into the perovskite phase with corner-sharing octa-
hedra by removing DMSO molecules while annealing. Adapted with permission from
[46].

intermediate adducts plays a crucial role in control-
ling the morphology of perovskites. Crystal growth
engineering via Lewis acid–base adducts is expected
to afford homogeneous films with large grain sizes
since the removal of the Lewis base in the adduct can
also reduce perovskite crystallization rate.

Inorder to improve the crystallizationquality and
reduce defect states of the perovskite films, some ad-
ditives have also been introduced. Yang et al. intro-
duced additional iodide ions into the organic cation
solution, which was subsequently used for the in-
tramolecular exchange process for perovskite films.
Their distinctivework lies in the fact that their iodide
solution was actually triiodide (I3−) solution, which
was obtained by stirring iodine (I2) in isopropanol
(IPA) at 80◦C and reducing some I2 molecules to
I3− ions. Further investigation revealed that I3− de-
creased deep-level traps in bulk perovskite layers,
thus leading to a PCE as high as 22.1% with a cer-
tified PCE of 19.7% [69]. However, unlike Yang’s
work, Liu et al. used a small amount of methylamine
solution as an additive to eliminate small I2 and
polyiodide colloids in the precursor solution, also
leading to reduced defect density and extended car-
rier diffusion length in the resultant film [70]. Obvi-
ously, a thorough understanding a variety of defect
states as well as the origin is desirable in the future.

PHYSICS IN PEROVSKITE SOLAR CELLS
Although a certified PCE of 22.1% is presented in
the NREL best efficiency chart [6], some impor-
tant issues still need to be clarified. In addition to
the stability, the discrepancy in reverse and forward
scanned current–voltage curves, so-called ‘hystere-
sis’, is also an obstacle. Therefore, deep understand-
ing the physics involved in PSCs is essential for de-
veloping stable and highly efficient devices.

Doping, carrier and electric properties
Point defects and doping
Point defects and self-doping of a multiple-
component semiconductor are permanent topics,
especially in understanding the physical properties
of a photovoltaic material. As a ternary semicon-
ductor, organic halide lead hybrid perovskites can
be stable in a certain thermodynamic region [71].
In this region, the composition of halide perovskite
materials may deviate from stoichiometry more
or less, forming point doping or defects, such as
ion vacancies, interstitials and substitutions. The
self-doping properties of the perovskite MAPbI3
are shown in Fig. 6. Iodide interstitial (Ii), cation
substitution (MAPb), cation vacancies (VMA and
VPb) and anti-substitutions (e.g. IMA and IPb) will
introduce shallow acceptor doping levels, while
deep defects may be caused by the IMA and IPb.
On the other hand, the cation interstitial (MAi
and Pbi), anion vacancies (VI), cation substitution
(PbMA) and anti-substitutions (e.g. MAI and PbI)
will introduce shallow donor doping levels, while
Pb interstitial and anti-substitution will cause deep
defects. Generally speaking, it is still dependent
on their formation energies in the thermodynamic
regionwhether these self-doping levels could appear
while the perovskite film is growing. The formation
energy is mainly related to growth conditions.
For example, the Pb vacancy easily appears in the
I-rich/Pb-poor condition instead of the I-poor/Pb-
rich condition. In experiments, this self-doping
may be influenced by the film deposition method,
precursor compositions, thermal treatment temper-
ature and crystallization process. Wang et al. found
that the doping type of MAPbI3 is strongly depen-
dent on themolar ratio of PbI2/MAI in the one-step
deposition process, and more MAI would lead to
p-type perovskite [73]. They also found that the
interdiffusion method is beneficial to the growth of
p-typeMAPbI3 film whereas the hole concentration
will decrease while prolonging the annealing time.
For the two-step method, the hole concentration
could be adjusted by the MAI concentration, and
higher hole concentration was obtained by using
a more diluted MAI solution [74]. For Sn-based
perovskites, the exotic self-doping ability of the
Sn-based perovskites allows them to adopt electrical
properties from semiconductor to metallic, which
are dependent on the synthetic procedures [58,75].
In particular, easy oxidization of Sn2+ to Sn4+ will
cause materials doped with Sn4+, which behave
as p-type semiconductors, however, displaying
metal-like conductivity, e.g. the electron and hole
mobilities of MASnI3 are estimated to exceed 2000
and 300 cm2/(Vs), respectively [76].
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Figure 6. (a) Calculated transition energy levels of intrinsic point defects in
CH3NH3PbI3, and possible (b) donor and (c) acceptor doping by impurity atom substitu-
tion or interstitial. Adapted with permission from [71,72].

Figure 7. (a) Schematic diagram of the Kelvin probe force microscopy (KPFM) for the
measurement of surface contact potential across the cell. (b) KPFM results and derived
electric field properties of a planar perovskite solar cell under different steady-state
bias voltages. Adapted with permission from [85].

Besides self-doping, p- or n-type doping by
impurity atoms has also been theoretically studied
[77]. Yan et al. found that cation substitutions with
higher valent atoms or cation interstitials could
give more free electrons to the perovskite system,
so-called ‘n doping’ [72]. On the other hand, ion
substitutions with lower valent atoms would bring
about electron-deficient energy levels, capturing the
electrons in the valence bandmaximum (VBM) and
causing p doping, as shown in Fig. 6c. Recently, the
doping toward the Pb atom (such as Sb, In, Rb, Cu
and Ag) has been reported to enhance the efficiency
and stability of the solar cell [24,78–80]. However,
little experimental work could directly confirm the
doping and carrier properties.

Junction and electric field
According to the basic principles of semiconductor
physics, a junction with a built-in electric field may
form when two materials with different Fermi en-
ergy levels electrically contact with each other [81].
However, this concept was not widely accepted in
the early developing stage of PSCs until more and
more real-space nanoscale electric measurements
were carried out [82].

Kelvin probe force microscopy (KPFM) is an
effective approach to investigate the potential and
electric field properties inside the cell [83]. By the
aid of KPFM, a potential distribution is found in
the perovskite and theTiO2-basedmesoscopic PSC,
and a large electric field of about 106 V m−1 can
be derived. A similar result was obtained in the pla-
nar cellwith a∼300-nm-thickdepletion region [84].
In these measurements, no obvious depletion was
found in the n–TiO2 layer. This agrees well with the
junction theory since the majority electron concen-
tration in the TiO2 is much higher than the majority
hole in the perovskite absorber.

To exclude the influence of surface defects for
a more reliable result, steady-state bias voltages are
applied at the cell to produce potential and elec-
tric field differences [85]. The KPFM setup for this
measurement is depicted in Fig. 7a, where a volt-
age source is connected to the electrodes of the cell
and the nanoscale potential across the cell is probed
by the Kelvin probe. When a positive bias voltage
is applied at the cell, the electric field strength in
the perovskite absorber obviously decreases, in good
agreement with the junction theory, as shown in
Fig. 7b. Also, almost no electric field change can
be observed in the TiO2 and spiro-OMeTAD lay-
ers, which further confirms that the depletion re-
gion ismainly located in the perovskite region.How-
ever, if the perovskite absorber is thick enough, the
depletion will also appear in the transparent con-
ductive oxide layer. When a negative bias voltage
is applied, more significant depletion can be ob-
served. Less electric field change is observed inTiO2
and spiro-OMeTAD layers, which further tells us
that the bias voltage is mainly applied at the per-
ovskite absorber due to its low carrier density and
conductivity. Another important result is that no
junction forms at the perovskite/spiro-OMeTAD in-
terface although doped spiro-OMeTAD is usually
a heavy p-type semiconductor. One reason for this
is that the perovskite absorber usually has a hole
density of about 1014–1016 cm−3 [86–87]. There-
fore, the Fermi energy level of the perovskite ab-
sorber is about −5.2 eV [88], much closer to the
highest occupied molecular orbital (HOMO) en-
ergy level of the spiro-OMeTAD; thus, no obvious
junction is found. Another possible reason lies in
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Figure 8. (a) Capacitance as a function of frequency of the PSC with a structure of ITO/PEDOT:PSS/MAPbI3/PCBM/Al; (b) Arrhenius curves derived from
the capacitance spectra, giving defect activation energies of 0.24 and 0.66 eV from the curves; (c) thermally stimulated current (TSC) spectra of PSCs
with different device architectures; (d) and (e) defect activation energies derived from the TSC spectra. Adapted with permission from [89–90].

different charge transfer mechanisms between the
organic charge transporting layer (CTL) and the in-
organic semiconductor, which still needs more fun-
damental investigation.

Defect properties and relative
measurement methods
Carrier property is not only determined by shallow
doping; deep defects also have a significant influ-
ence on the charge dynamics and the performance
of the semiconductor device. For example, deep de-
fects can be caused by self-doping under certain
film deposition conditions, as shown in Fig. 8a. Be-
sides bulk defects, defects may also exist on the
crystal surface and grain boundaries due to unco-
ordinated atoms and active electronic sites. In ex-
periments, the low-temperature solution process is
supposed to easily bring the impurity into the per-
ovskite crystal, which may also cause deep defects.
Some characterization methods have been applied
to investigate deep defects in the perovskite mate-
rial, especially in MAPbI3. By replacing the oxygen
atom on spiro-OMeTAD with a sulfur atom, which
can effectively lower the highest occupiedmolecular
orbital of the molecule, a stronger Pb–S interaction

with perovskites occurs, thus leading to efficient hole
extraction and surface trap passivation [91].

Thermal admittance (capacitance) spectroscopy
(TAS) is an effective approach to obtain the defect
distribution (i.e. defect density and activation en-
ergy) and dynamic information (i.e. capture velocity
and escape frequency) in the absorber [92]. A com-
plete device is needed in TAS measurement to en-
sure that the perturbation voltage can be applied at
the absorber. According to the theory for admittance
(capacitance) spectra, the distributionof defect den-
sity,Nt (Eω), is obtained by the following equation:

Nt(Eω) = − VD

qWD

ω

K T
dC
dω

where VD and WD are the heterojunction potential
barrier and depletion width derived from the Mott–
Schottkymeasurement, respectively;ω andC are the
angular frequency and capacitance from capacitance
spectra, respectively; K is the Boltzmann constant
andT is the absolute temperature. Eω , defined as the
energy above the VBM, is obtained as follows:

Eω = K T ln
2βp NV

ω

where βp is the hole coefficient and NV is the effec-
tive density of states in the valence band. To obtain
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βp and NV, a temperature-dependent capacitance
spectrogram is needed. The minimum Eω value is
the energy difference between the Fermi energy and
the VBM, usually larger than zero. To accurately
evaluate the defect distribution, capacitance spectra
at different temperatures andMott–Schottky curves
are also needed. Figure 8a gives an example of ca-
pacitance spectra (−f × dC/df) at different tem-
peratures [89]. For each curve, a peak corresponds
to a certain frequency, and the peaks appear at a
lower frequency while at relatively high tempera-
tures, or at higher frequency while at relatively low
temperatures. The peak −f × dC/df at higher tem-
peratures is much larger than that at lower tem-
peratures, indicating that two defect energy levels
with different densities may coexist in the bandgap.
Arrhenius curves are thus derived with these feature
frequencies in Fig. 8b. Clearly, two distinct curves
exist at different temperature regions, the slopes of
which tell us that the perovskiteMAPbI3 has two de-
fect energy levels of 0.24 eV (Ea) and 0.66 eV (Eb)
above the VBM. Heo et al. observed a defect en-
ergy level of about 0.28 eV, generally in agreement
with Ea in Fig. 8b, and the density of states (DOS)
is on the order of about 1017– 1018 cm−3 eV−1

[93]. Huang and co-workers reported a defect en-
ergy level of ∼0.35 eV, and a much lower DOS of
∼1012 cm−3 eV−1 in the interdiffusion-deposited
film [92,94]. The calculated defect density distribu-
tion is shown in Fig. 8c; the DOS of the defects cen-
tered at∼0.62 eV is on the order of 1016 cm−3 eV−1.
Snaith and co-workers used a transient photolumi-
nescence (PL)method to evaluate thedefect density
of the perovskite filmof about 1016–1017 cm−3 eV−1

[95–96]. Current–voltage measurements were used
to estimate a defect density of about 1015–1016 cm−3

(∼1016–1017 cm−3 eV−1) [97]. Importantly, the
defect density can be significantly decreased by in-
creasing the perovskite crystal quality [98].

Thermally stimulated current spectroscopy
(TSC) is also an effective method to evaluate the
defect distribution in a high-resistivity semicon-
ductor, II-VI and III-V semiconductor materials
[99–100]. By using this method, the current origi-
nating from the carriers released from trap defects is
measured while increasing the sample temperature
at a certain rate. Figure 8d shows the TSC spectra
of MAPbI3 perovskite devices with different struc-
tures. T1 and T2 TSC peaks at low temperature
were assigned to shallow defects in the PCBM/C60
layers; however, the T3 peak was due to the lattice
phase transition of MAPbI3.The T4 peak was finally
assigned to deep defects in the perovskite. Arrhenius
curves for different device structures were finally de-
rived in Fig. 8e. A deep defect energy level of about
508 ± 20 meV with a density of about 1015 cm−3

(∼1016 cm−3 eV−1) was estimated and the trap
density was basically consistent with that evaluated
from the TAS method; however, the energy posi-
tions of the defect and the type (electron or hole)
still need further clarification. However, where
these defects are from, in bulk, film surface or grain
boundaries, is still a question.

Ion migration and its influence on doping
and defect
As discussed above, the carrier and defect proper-
ties of the perovskite film are related to the intrin-
sic doping, while the intrinsic doping is influenced
by the localized element distribution inside the film.
Recently, it has been found that the element distri-
bution in the perovskite is significantly influenced by
the external measurement conditions, such as bias
voltage and illumination [101–103]. Ion migration
is considered as theorigin for element redistribution,
which has been a hot research topic on the material
and physics properties of the perovskite [104]. Xiao
et al. first reported the ion migration and its influ-
enceon thephotoelectric behaviors of theperovskite
device [105].Theoretical calculation based on DFT
suggests the mechanism of ion migration, revealing
that the ion migration activation energy is as low as
about 0.5 eV [106]. In addition, the ions can eas-
ily migrate under an electric field of about 106 V/m,
similar to the strength of the built-in electric field.
Furthermore, the distribution ofMA+ cations in the
perovskite film was observed by using spatially re-
solvedphotothermal induced resonance (PTIR)mi-
croscopy, and the MA+ was found to migrate and
accumulate at the perovskite/cathode interface, as
shown in Fig. 9a. A distribution of electric poten-
tial was also observed in the film, possibly due to a
p–n homojunction derived from the ion accumula-
tion induced doping, see Fig. 9b. This implies that
the ion migration under electric field will change
the localized carriers and electrical properties of the
film.

More importantly, ion migration is supposed to
be an origin of the anomalous photoelectric hys-
teresis in PSCs. Xiao et al. suggested that the dop-
ing effect caused by the ion migration is the physics
mechanismof the hysteresis.Thedoping and the ho-
mojunction formation may change the net charge
distribution inside thefilm.On theotherhand, based
on theoretical calculation, Reenen et al. investigated
the interfacial charge accumulation is due to ion mi-
gration [107]. They suggested that charge accumu-
lation alone would not lead to the hysteresis and
the traps at the interface also have to be consid-
ered, as shown in Fig. 9c. A steady-state bias voltage
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Figure 9. (a) Photothermal induced resonance (PTIR) microscopy of MA+ group and (b)
Kelvin probe contact potential in the perovskite film after electrical poling; (c) simulated
current–voltage (I–V) curves of the cells with ion migration and interfacial traps; the
cell was applied by different steady-state bias voltages before I–V measurement; (d)
schematic diagram of the ion migration and interfacial traps. Adapted with permission
from [101,107].

(Vstabilized) is applied to accumulate different densi-
ties of ions at the interface, and at different Vstabilized,
the cells showdifferent I–V characteristics in Fig. 9d.
In themeantime, considering the ionmigration pro-
cess, time-dependent I–V curves are simulated.

The influence of ion migration on the electric
properties of the film was also investigated by our
lab-madeoptoelectro-modulatedTPV/TPCsystem
(M-TPV/M-TPC), as shown in Fig. 10a [108].
This measurement system can experimentally probe
the charge dynamics while modulating the electric
field and light illumination, and thus can provide
more valuable information on the physical proper-
ties, operating mechanisms and device performance
of solar cells or other related photoelectric devices
[108–109]. A negative electric field was found in
the perovskite film close to the TiO2/perovskite in-
terface when a positive bias voltage was applied.
By simulation, this negative electric field can be in-
duced only by additional interfacial doping.This ad-
ditional interfacial doping derived from ion migra-
tion will cause photoelectrical hysteresis, but cannot
decrease theopen-circuit voltage (Voc).Whena con-
stant interfacial trap is also considered, Voc would
not be influenced either. Only when both the inter-
facial doping and trap density are influenced by the
ion migration, a negative electric field and Voc will
change, thus leading to obvious photoelectric hys-
teresis, as shown in Fig. 10b–d. It is thus concluded
that the ion migration in the perovskite can change
both the intrinsic doping anddefect properties of the
film [109–110]. This will finally influence the elec-
tric field and charge dynamic properties of PSCs.

However, quantitative relationships between the ion
accumulation, the change of doping and defect den-
sity have not been established yet.

STABILITY
Although the high PCEof the PSCs exhibited attrac-
tive potential for commercial application, its stabil-
ity issue makes people a little worried as the PSCs
in the NREL efficiency chart are labeled with ‘not
stabilized” [6]. Obviously, the stability issue is the
most important problem to be solved at the cur-
rent point. Therefore, research work on the sta-
bility of perovskite solar cells as well as relevant
influencing factors has beenwidely investigated.Hu-
midity, electrical field (including applied bias), UV
radiation, thermal treatment and even some addi-
tives in the hole-transportation material are gener-
ally considered as common extrinsic incentives to
thedegradationof organic–inorganic perovskitema-
terials and PSCs [111–112].

The humidity degradation mechanism of
organic–inorganic perovskite materials is sup-
posed to be that perovskite materials can react
with water to hydrate intermediate compounds
and finally decompose into PbI2 [113]. For ex-
ample, CH3NH3PbI3 readily reacts with water
to monohydrate CH3NH3PbI3·H2O, dihydrate
(CH3NH3)4PbI6·2H2O and eventually decom-
poses into CH3NH3I and PbI2. An effectivemethod
to suppress this degradation is to prevent humidity
penetration, i.e. some surface passivation mate-
rials including hydrophobic materials have been
employed to modify the perovskite film, such as
crystal crosslinkers, a non-hydrolytic Al2O3 layer,
polystyrene and so on [114–116]. PSCs with en-
capsulation materials (e.g. a Teflon polymer layer,
bifunctional polydimethylsiloxane and so on) have
also been reported [117–118]. Another method
is to use an insulating hygroscopic-like polymer
polyethylene glycol (PEG) as the scaffold, which
is supposed to work as a moisture absorber around
the perovskite crystals, thus restraining themoisture
from permeating and reacting with the perovskites
[119].The device based on a hygroscopic PEG scaf-
fold can present an extraordinarily stable behavior
at a humidity of 70% for 300 h.

Photo-induced degradation of perovskites is
mainly supposed to dependon the hybrid perovskite
compositions in the crystal structure, which is also
related to the light intensity and the temperature
[29,120]. In particular, TiO2 is a typical photocat-
alyst for oxidizing water to afford hydroxyl radicals
which can oxidize organic materials as well. There-
fore, light irradiation containing a small amount
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Figure 10. Schematic diagrams of (a) our electrically modulated transient photovoltage/photocurrent measurement system (TPV/TPC); (b) electric field
profile across the cell when both the interfacial doping and defect are considered, where Ea is the external modulation and Ebi is the junction built-in
electric field; (c) transient photovoltage results at different times after the bias voltage at the cell is switched from 0 to 900 mV and (d) the evolution of
collected photo-induced charge, peak photovoltage and photovoltage lifetime with time in dark. Adapted with permission from [108–109].

of UV light with the existence of O2 can degrade
the meso-TiO2-based perovskites film, i.e. the de-
composition of iodide-substituted perovskites into
HI [121]. Obviously, interfacial modification be-
tweenmesoporousTiO2 scaffold and theperovskite,
or using other non-UV response electron trans-
port materials, have usually been adopted to im-
prove the photo-induced instability of perovskites
[122–123]. Very recently, Shin et al. adopted La–
BaSnO3 to replace conventional TiO2, which not
only presented a PCE of 21.2% but also retained
93% of its initial performance after 1000 h of full sun
illumination [15].

Thermal degradation of organic–inorganic
perovskite materials is that the dark-brown per-
ovskite materials gradually turn to yellow PbI2 with
increasing thermal treatment temperature [16].
CH3NH3PbI3 was reported to start decomposing
at 230◦C while its decomposition temperature is
290◦C [124]. Of course, the thermal degradation
of perovskites is closely related to the moisture and
characteristics of perovskite materials [125]. Very
recently, with the aid of thermal gravimetric and
differential thermal analysis (TG-DTA) coupled
with quadrupole mass spectrometry (MS) and
first-principles calculations, Juarez-Perez et al. found
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that the thermal degradation of MAPbI3 and MAI
releasesmethyliodide (CH3I) and ammonia (NH3)
as degradation products, instead of the common
CH3NH2 and HI [126]. Furthermore, the key
factor to the degradation mechanism is also the
instability of the organic cation (i.e. MA+ or FA+).
Therefore, the most effective way to improve the
stability of perovskite is to engineer the composi-
tions of perovskite materials. Mei et al. reported
(5-AVA)x(MA)1-xPbI3 perovskite material by par-
tially replacing theMAwith 5-aninovaleric (5-AVA)
in the cuboctahedral site of typical MAPbI3, and
the hole-conductor-free, fully printable mesoporous
device based on this material demonstrated excel-
lent long-term stability for more than 1000 h in
ambient air under full sunlight illumination [127].
Replacing organic cations with inorganic Cs+ or
Rb+ is another effective way to stabilize perovskite
solar cells [14,16,128]. Besides that, the layered
perovskites or named 2D perovskites coupled
with carbon electrodes show better resistance to
humidity than their 3D analogues [129–130].
Grancini et al. reported one-year stable perovskite
devices by introducing an ultra-stable 2D/3D
(HOOC(CH2)4NH3)2PbI4/CH3NH3PbI3 perov-
skite junction, which is an exceptional gradually-
organized multidimensional interface, thus present-
ing a PCE of 12.9% with carbon electrodes and
14.6% with normal mesoporous structure [131].

Very recently, the electric stability issue of PSCs
has been gradually recognized. As reported, mo-
bile ions, in particular MA+ ions, will drift along
the electric field and build up certain stress regions
within PSCs, leaving ion vacancies [28]. Leijtens
et al. thought that ion motion alone is reversible and
would not degrade PSCs, whereas combining mois-
ture, residual solvent and electric bias may reduce
the device stability [132]. In detail, electrical bias
can initiate a rapid degradation of perovskitemateri-
als under humid conditions. Some investigation fur-
ther revealed that the existence of grain boundaries
will provide fast channels for ion transport, where
the degradation usually starts [133–134]. Continu-
ous and alternating ion transport in the perovskite
will bring about thematerial degradation and the de-
cay of the cell performance. The key problem lies in
the fact that the solar cell has to work under elec-
tric fields and light illumination, and the working
condition has to switch between day and night.This
will definitely induce irreversible ion migration, and
then cause stability issues. Although the mechanism
of electrical-field-induced PSC performance deteri-
oration is still under research, seeking suitable ways
to suppress the ion migration and reduce the grain
boundaries is imperative for improving the stability
of PSCs.

SUMMARY AND PROSPECTS
Perovskite materials are already a kind of star
material and receive much more attention from
the research community, especially in the field of
materials science and photovoltaics. So far, per-
ovskite solar cells have already exhibited over 22%
efficiency, comparable to CdTe and CIGS solar
cells. Perovskite materials are even expected to have
the potential to change the current photovoltaics
landscape. As we know, the ultimate goal of a pho-
tovoltaic technology is to realize its commercializa-
tion and wide application. To PSCs, although great
progress has been achieved, there is still a long way
to go until its practical application in the PVmarket.
To further enhance the cell performance and speed
up the commercialization, several issues need to be
addressed in the future.

First of all, the stability issue is of primary impor-
tance. As inorganic–organic hybrid perovskites and
devices are susceptible to environmental factors (i.e.
moisture, UV light, oxygen, heating), the instability
problems of PSCs under outdoor conditions must
be resolved.These degradation pathways can be cir-
cumventedby appropriate encapsulation, such as us-
ing waterproof, airtight coating and UV-protective
coating. In addition, the key instabilities are inter-
facial and electrical-field-induced instability issues,
which are strongly dependent on ion migration in
the perovskite itself. This ion migration may be in-
trinsic and cannotbe solvedbydevice encapsulation.
Further investigationhas revealed that ionmigration
may be responsible for many unusual phenomena in
the perovskite and the devices, such as I-Vhysteresis,
the switchable photovoltaic effect, the giant dielec-
tric constant, photo-induced phase separation, the
photo-induced self-poling effect and electrical-field-
driven reversible conversion between PbI2 and per-
ovskite [135]. Therefore, a thorough understanding
of the ionmigrationmechanism is crucial at both ex-
perimental and theoretical levels and is expected to
help us develop appropriate methodologies to con-
trol ion migration in the future. Currently, material
engineering and interfacial engineering are gener-
ally considered to be effective ways to reduce grain
boundaries to prevent ionmigration and the decom-
position of the perovskite film as well as to improve
the stability. Some new methodologies and tech-
nologies are also imperative in the future.

Secondly, much more effort is still needed to
deeply understand the photophysics of perovskites
and the devices. Currently, by various time-resolved
spectroscopy techniques and theoretical calculation,
some physical properties of perovskite materials
have been investigated, which can further confirm
their superiority in the charge transfer/separation
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characteristics coupled with the suppressed charge
recombination, an extremely shallow trap depth
(10meV) with a low trap-state concentration, ultra-
long diffusion length and so on. For the whole de-
vice, however, when the doping, defects and static
charge distribution vary inside the perovskite mate-
rial, the variety of basic dynamic processes is still un-
clear, especially when the device is operating. From
this perspective, in-depth understanding the intrin-
sic physics of perovskites and devices is the key to
further improve the cell performance and the stabil-
ity issue.

Thirdly, developing large-area stable PSCs and
modules is inevitable to realize their commercializa-
tion and wide application. Recently, people have at-
tempted realistic ways (especially fabrication tech-
niques) to obtain highly efficient largescale PSCs.
The one-step anti-solvent spin-coating method has
been proved to be a state-of-the-art technology;
however, it is not suitable for largescale devices.
Some research groups have developed different
perovskite film deposition methods suitable for
largescale devices; a certified PCE as high as 19.7%
of 1-cm2-sized PSCs has been achieved [35,69,136].
Grancini et al. fabricated 10 × 10 cm2 solar mod-
ules by a fully printable industrial-scale process, pre-
senting a PCE of 11.2% with zero loss in cell per-
formance for over 10 000 h measured under con-
trolled standard conditions [131]. As we know,
for a largescale PSC, the defect density, the crys-
tal size, film uniformity and the electron collect-
ing resistances are significant challenges. Therefore,
several aspects have to be considered, such as the
balance between fabrication technique and cell per-
formance, and the relationship between interface
properties and device efficiency, of course, still in-
cluding the hysteresis and stability.

Fourthly, highly efficient PSCs are based on lead-
based perovskites, all of which contain the toxic Pb
element. More importantly, halide perovskites can
easily dissolve inwater, thus leading tomore concern
about the toxicity issue when largescale application
of PSCs will be on the agenda. Obviously, to facili-
tate the practical application, the toxicity issue of the
lead element cannot be ignored; however, how to
handle this problem is still under debate. In fact, de-
veloping highly efficient, stable lead-free alternatives
may permanently solve this issue. Currently, pure
Sn-based PSCs struggle to repeat the high perfor-
mance of Pb-based devices [57,80]. Therefore, fur-
ther enhancement in cell performance and stability
is necessary, which is expected to come from funda-
mental research on understanding the electron dy-
namics and interfacial engineering.

Overall, with these mixed halide perovskite ma-
terials, higher efficiency is still possible through
structural modification along with bandgap tuning.

In the meantime, higher Voc is also expected by
careful control of the luminescent property of the
perovskite, thus leading to higher PCE. Fabricating
highly efficient, stable PSCs is a systematic andmul-
tidisciplinary project, which requires contributions
from semiconductor physicists, organic chemists,
material scientists and even engineers. With sub-
stantial efforts toward developing hybrid perovskite
materials, it is believed that a kind of reliable
photovoltaic technologybasedonperovskites canbe
realized in the future.
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