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The rapid evolution of highly efficient perovskite
solar cells
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T. Jesper Jacobsson,d Michael Grätzelc and Anders Hagfeldta

Perovskite solar cells (PSCs) have attracted much attention because of their rapid rise to 22% efficiencies.

Here, we review the rapid evolution of PSCs as they enter a new phase that could revolutionize the

photovoltaic industry. In particular, we describe the properties that make perovskites so remarkable, and the

current understanding of the PSC device physics, including the operation of state-of-the-art solar cells with

efficiencies above 20%. The extraordinary progress of long-term stability is discussed and we provide an

outlook on what the future of PSCs might soon bring the photovoltaic community. Some challenges remain

in terms of reducing non-radiative recombination and increasing conductivity of the different device layers,

and these will be discussed in depth in this review.

Broader context
Perovskite-based solar cells have emerged as a promising technology for highly efficient and low-cost photovoltaics. Using low-temperature solution processing, the
high efficiencies so far reported go beyond 20% and start approaching their practical limitations. This unprecedented rise in efficiency, with the added advantage of
low-cost processing, has made perovskite solar cells an exciting field of study. In this review, we summarize some of the major developments in the perovskite field
related to thin film material processing, solar cell physics and long-term stability, which are key to commercialization of this exciting technology.

1. Introduction

One of the hottest topics in materials science in the past few
years has been hybrid organic–inorganic perovskites, which have
risen to stardom due to their remarkable properties in opto-
electronic applications. In particular, they have revolutionized
the field of photovoltaics, with spectacular achievements in
power conversion efficiencies that rival silicon and other
established thin-film technologies (i.e. CdTe and CIGS). With
more than 2000 publications on the subject in just a few years,
perovskite solar cells (PSCs) have evolved and matured quickly.
First, the efficiencies are as high as is necessary for commer-
cialization. Then, the fundamental properties of the material

have been properly established. The main debate of the field
on hysteresis and ferroelectricity has been debunked. Coupled
with remarkable stability and rapid progress in upscaling
(i.e. modules and processing), this review will provide an overview
of the latest developments in this rapidly evolving field.

PSCs composed of organic-metal-halide materials have made
impressive progress in just a few years with maximum power
conversion efficiencies (PCEs) evolving from 3.8%1 in 2009 to a
certified 22.1%2 in 2016. In the past year, huge progress has
been shown for different device configurations, including the
classic mesoporous-infiltrated n–i–p junction and mesoporous-free
‘‘planar’’ configurations. The latter are low temperature-processed
SnO2-based configurations, which can now yield efficiencies
close to the high temperature-processed mesoporous analogues.3,4

Monolithic tandem c-Si/perovskite solar cells have shown
tremendous progress, achieving high efficiencies above
25%5 with a potential of above 30%6 with further optimization.
Additionally, industry friendly deposition techniques have been
developed recently,7 bridging the gap between academic
research and its industrial partners.

The past two years have also proven to be of paramount
importance in understanding the transient phenomena that
have dominated the discussion of measuring the real power
conversion efficiency.8–13 Ionic movement modifying the electric
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field in the device is now widely accepted as the main mechanism
that causes hysteresis in the current–voltage curves under working
conditions. To properly address the issue of hysteresis, slow scan
rates have been suggested to yield steady-state efficiencies.
However, maximum power point tracking has been established
as the most accurate way to measure the real steady state
efficiency of perovskite solar cells.

While progress has been related mostly to the short-term
performance of devices, very little attention has been paid so far
to their long-term implications. In the past year, however, there
has been a push towards further understanding of the mechanisms
that drive the stability of PSCs, with rapid progress towards long-
term stable devices.

Here, we review the rapid evolution of PSCs as these enter a
new phase that could revolutionize the photovoltaic industry.

In particular, we describe the properties that make perovskites
so remarkable, and the current understanding of the PSC
device physics, including the operation of state-of-the-art solar
cells with efficiencies above 20%. Finally, we discuss the extra-
ordinary progress of long-term stability, and the evolution towards
modules, and provide an outlook on what the future of PSCs
might soon bring the photovoltaic (PV) community.

2. Perovskite properties and
processing
Structural features

The perovskite structure, with composition ABX3, was first
described by Goldsmith in the 1920s in work relating to
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tolerance factors14 and lends its name from CaTiO3. The ideal
structure has cubic symmetry and is composed of a backbone
of corner sharing BC6-octahedra with cuboctahedral voids
occupied by the A-cations (Fig. 1a–c). If the A-ion is small, or
the B-ion is large, the tolerance factor (t) decreases below 1 and
orthorhombic, rhombohedral, or tetragonal structures are favoured
rather than the ideal cubic structure. For large A-ions, layered
2D structures15,16 and 1D chain materials17 are known, and a
large number of superstructures, compositions, and stoichiometries
have been described,18 e.g. Ruddlesden–Popper, Aurivillius, and
Dion–Jacobson phases.19 The layered 2D-structures have attracted
attention for various applications, but it is the 3D-perovskites that
have recently gained the attention of the solar cell community. More
recently, 2D and mixtures of 2D and 3D have attracted attention due
to their increased robustness to moisture compared to their pure 3D
counterparts.20,21

There is a large class of related perovskite compounds with
promising PV-characteristics. Out of those, methyl ammonium

lead iodide, CH3NH3PbI3 (or MAPbI3), has been most exten-
sively investigated and can therefore be seen as a standard
perovskite and a model compound. In terms of high efficiency
devices, attention has now shifted away from MAPbI3 towards
mixed ion perovskites (FAxMA1�xPbBryI3�y).

Given the ionic radii (Pb2+ = 0.132 nm, I� = 0.206, and CH3NH3
+ =

0.18 nm22), the tolerance factor suggests that MAPbI3 should form
a tetragonal structure, with PbI6-octahedra as the backbone with
MA-ions occupying the cuboctahedral voids between them. This is
consistent with single crystal data finding MAPbI3 in the tetragonal
space group I4cm at room temperature.23 At�113 1C, a phase transi-
tion to an orthorhombic phase (space group Pnma) has been
observed.24–27 This phase does not appear to work well for PV
applications28 but as this temperature is not experienced in terres-
trial environments, it is of no practical concern. As the temperature
rises and the thermal energy increases, perovskites commonly go
towards a more cubic symmetry. For MAPbI3, a transition from
tetragonal to cubic (or pseudocubic29) symmetry occurs at around
54 1C.27,29–31 This is well within the operational window of solar cells
and can thus potentially affect the performance of a photovoltaic
device. However, the phase transition is slow30,32 and reversible,30

and seems not to be problematic for PV applications.28

Fig. 1 Structural features of metal halide perovskite materials. (a) Unit cell
of a general cubic perovskite. (b) MAPbI3 illustrating the octahedral
coordination around the lead ions. (c) MAPbI3 illustrating the cuboctahedra
coordination around the organic ion.
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Halide substitution

One of the biggest advantages of the metal halide perovskites
is the ability to tune their optoelectronic properties by ion
substitution. The iodine in MAPbI3 can be replaced with both
chlorine and bromine,38 and large single crystals have been
grown from all three halide perovskites: MAPbCl3, MAPbBr3,
and MAPbI3

39 (Fig. 2). While the ionic size of the halide
decreases, the band gap increases and for single crystals it is
found to be 2.97, 2.24, and 1.53 eV for the Cl, Br, and I
perovskite, respectively.39 The values measured for polycrystal-
line films are generally somewhat higher,40,41 i.e. 3.1 and 2.3 eV
for the Cl and Br perovskite38 and 1.6 for the I-perovskite.36

From a photovoltaic perspective, MAPbI3 is thus suitable for
single band gap absorbers and MAPbBr3 could be interesting
for tandem applications whereas MAPbCl3 is relevant to light
emitting devices. Both the chloride and the bromide perovskite
are found in a cubic structure (Pm3m) at room temperature38

with transitions to a tetragonal structure at lower temperatures,
i.e. �119 1C for MAPbCl3

42 and �62 1C for MAPbBr3.24

Monovalent organic cation substitution

Also the cation can be replaced and MA has successfully been
exchanged by the slightly larger formamidinium ion (CH(NH2)2

+

or FA).43,44 The cation exchange only has a small impact on the
optical band gap. This is in line with DFT computations which
demonstrate that MA/FA does not contribute to electronic states
close to the band edges.45,46 The larger FA ion does, however,
expand the lattice36 and change the tilt of the PbI6-octahedra47

which results in a slight decrease of the band gap from B1.59 eV
for MAPbI3

36 to B1.45–1.52 eV for FAPbI3.36,43 From the perspec-
tive of light absorption, this is a more suitable band gap for a
single junction PV device. At room temperature, FAPbI3 is found
in a cubic48 or a tetragonal structure (P3m1) very close to cubic.49

The experimentally observed phase pure structure is typically
formed at higher temperature annealing than for the MA-based
analogues.50 One major issue, however, is that the large size of FA
results in a higher energy barrier for intercalation between the
PbI2 layers during perovskite formation. This can be somewhat
offset by a higher annealing temperature.36,43 Additionally, the
cubic (or pseudocubic) a-phase at room temperature easily trans-
forms into a yellow polymorph with hexagonal symmetry (P63mc)
unsuitable for PV-applications.29,50,51

Organic/inorganic ion mixing

Simultaneous exchange of both MA to FA and I to Br has been
done as well. FAPbBr3 has a cubic or pseudocubic structure52

and a band gap of B2.3 eV36 which could be interesting for

Fig. 2 The versatility of hybrid perovskite materials and their absorption tunability. Schematics of some investigated perovskites closely related to
MAPbI3. The insets show (a) single crystal of FAPbI3, reprinted with permission,33 (b) single crystal of MAPbI3, reprinted with permission,34 (c) colloidal
solutions of CsPbX3 (X = Cl, Br, I) perovskites, reprinted with permission,35 (d) solar cells of 49 different compositions in the MA/FA-Pb-Br/I compositional
space, reprinted with permission,36 (e) single crystal of FAPbBr3, reprinted with permission,33 (f) single crystal of MAPbBr3, reprinted with permission34 and
(g) colloidal nanocrystals of MAPbX3 (X = Cl, Br, I) perovskites, reprinted with permission.37
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tandem applications. Using perovskites with mixed cations and
halides is an important theme because the pure perovskite
compounds suitable for PV applications come with numerous
disadvantages. For example, MAPbI3 has never reached stabi-
lized efficiencies beyond 20%.53 On the other hand, FAPbI3 and
CsPbI3 are not stable in the cubic (or pseudocubic) a-phase
at room temperature. The entire compositional space of
MA/FA/Br/I-Pb perovskites has been mapped experimentally.36

FA appears to give advantages over MA, but some MA stabilises the
perovskite structure and prevents it from transforming into the
yellow polymorph known for the FA perovskites.32,42,54 Introducing
Br allows for tuning of the band gap, which is favourable for
tandem applications, and some Br appears to be favourable for the
device performance. The precise composition can have a large
impact on the final device performance and the best cells, which
have up to 21% efficiency, are found for compositions around
FA2/3MA1/3Pb(Br1/3I2/3)3.36,55,56 Too much Br (about 50%) leads to
stability problems and a partial phase segregation may occur,
which leads to small inclusions of a more iodine rich phase acting
as efficient recombination centres.36 For the MAPbBrxI3�x-series,
simulations indicate that a large window in the compositional
mixture may be thermodynamically unstable at room temperature
with respect to phase separation.57

Therefore, it has become an important design principle
to mix cations and halides to achieve perovskite compounds
combining the advantages of the constituents while avoiding
their drawbacks. The recent success of the double-cation MA/FA
mixtures demonstrates that a small amount of MA already induces
a preferable crystallization of FA perovskite into its photoactive
black phase resulting in a more thermally and structurally stable
composition than pure MA or FA compounds.56,58

The same holds true for Cs/FA59,60 mixtures which additionally
suppress halide segregation enabling intermediate band gaps for
tandem applications.61 Finally, following this approach further
Cs/MA/FA triple cation perovskites were synthesized to improve
crystal quality.62 This is shown in Fig. 3, where an XRD pattern of

a double-cation MAFA perovskite is depicted. It shows that the
detrimental, photoinactive ‘‘yellow phase’’ impurities are present.
Adding Cs results in a substantially suppressed ‘‘yellow phase’’.
The triple cation direction was guided by the choice of cations
(Cs, MA, and FA) which were well-known to have a photoactive
black phase perovskite. Recently, a less obvious cation was
successfully used: the seemingly too small Rb that does not have
a photoactive black phase when used as a single-cation RbPbI3

compound.63 Empirically, the perovskites with a black phase
that are of interest for PV application fulfil 0.8 o t o 1.0 as
illustrated in Fig. 3 where the tolerance factor of an APbI3

structure is shown with A being Li, Na, K, Rb, Cs, MA, and FA.
Only the single-cation Cs, MA, and FA are ‘‘established
perovskites’’ with a black phase and reports of high efficiency
PSCs. The alkali metals are particularly attractive because of
their inherent oxidation-stability. This is illustrated further in
Fig. 3 (inset) where only CsPbI3 but not RbPbI3 has a black
phase showing that Cs and Rb are indeed the demarcation line
between photoactive and photoinactive perovskites.

Lead-free perovskites

Replacing lead would be favourable from both a toxicological
and a legalisation perspective, and attempts have been made
with a few different elements.46,64–67 Most effort has been
directed towards tin perovskites,68,69 and efficiencies up to
6% have been demonstrated for MASnI3.68 The toxicological
profile of a water soluble tin perovskite is, however, not entirely
unproblematic either,70 and due to the lack of the inert pair
effect, Sn2+ is easily oxidised to Sn4+ which is detrimental for
the stability and the structural integrity of the perovskite.68,69

Alloying of Sn/Pb perovskites has become an important route
towards more optimal bandgaps, with recent breakthroughs
reported to yield high efficiencies up to 15%, despite their low
tolerance to environmental oxygen.71 Tandem structures using
perovskites of narrow bandgaps (Sn/Pb alloys) coupled with wide
bandgaps have also been investigated as potential systems.72,73

Fig. 3 Organic–inorganic cation incorporation into the perovskite structure (a) XRD of a mixed MA/FA perovskite and that with the incorporation of Cs,
reprinted with permission.62 (b) Tolerance factor of APbI3 perovskite with the oxidation-stable A = Li, Na, K, Rb, Cs; and MA, and FA, reprinted with
permission.63 Empirically, perovskites with a tolerance factor between 0.8 and 1.0 (dashed lines) show a photoactive black phase (solid circles with Cs,
MA, and FA depicted below) as opposed to non-photoactive phases (open circles). Rb (red open circle) is very close to this limit making it a candidate for
integration into the perovskite lattice. The inset shows CsPbI3 (first row) and RbPbI3 (second row) at 28 1C, 380 1C, and 460 1C. Irreversible melting for
both compounds occurs at 460 1C. RbPbI3 never shows a black phase.
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Bi-based compounds have also attracted some attention recently
with various works showing their potential.64,74,75 A more broad
approach for identifying defect-tolerant materials similar to
Pb-based perovskites has also been described by Brandt et al.76

Perovskite processing

The dominating approach to MAPbI3 synthesis is wet chemical
deposition which could be divided into either one or two-step
protocols. In the latter, PbI2 is deposited in a first step and then
exposed to the organic ions, either in solution77 or in vapour,78

whereupon organic ions are intercalated between the layers of
edge sharing PbI6 octahedra and form the perovskite.68,79

Under thermal stress, the reversed mechanism occurs and
MA dissipates as vapour, leaving PbI2 behind.79,80 The MA ion
is smaller than the FA ion which facilitates the intercalation
and for pure FAPbI3, a higher temperature is needed for the
intercalation to occur.18,22 In one-step protocols, the precursor
salts are dissolved in polar solvent mixtures typically in a single
container. A subclass of one step methods, known as the anti-
solvent method,81 was introduced in 2014.82,83 A perovskite
precursor solution is then spin-coated, but during the spinning
program an anti-solvent, e.g. chlorobenzene or toluene, is
poured on top of the spinning film. This facilitates crystal-
lisation and generates a good film morphology. The best cells
are at the moment produced using anti-solvent protocols.
A drawback is the level of artisanship involved and it may be
hard to scale up.84 A possible way around insufficient homo-
geneity after deposition is to recrystallize the deposited films in
DMF vapour as a post deposition treatment which has been
done with some success.85,86

The crystallisation dynamics in the anti-solvent method
appears to be heavily dependent upon the precise conditions
under which it is performed. Under certain conditions, it is
probably essentially the same as in the 2-step protocols where
PbI2, which has a lower solubility, precipitates and then is
intercalated by the organic ions. A recrystallization route is also
possible and in iodine rich environments, PbI3

� and PbI4
2�

complexes have been identified as intermediates.87 The solvent
plays a role as well and the best devices are generally obtained
with mixtures of DMF and DMSO, as compared to pure DMF.88

This leads to bound intermediates with DMSO and PbI2
89 or even

polymeric plumbate(II) fibers.90 This interaction is described as a
Lewis-base adduct82,91,92 and forms an intermediate phase upon
solvent removal before the perovskite forms under thermal
annealing,84 and this influences both the film morphology and
the crystal grain size. Part of this intermediate phase may also be
left in the perovskite film after thermal annealing without
immediate negative effects on the device performance.93

The perovskite crystal quality is very important for high photo-
voltaic performance; however, there are additional factors that
are important from a device perspective. Grain boundaries and
the defect chemistry play an important role, for instance. The
remnant PbI2 in perovskite films has been found to yield better
performing devices.53,55,94–96 A number of hypotheses have been
discussed,97 most of them based on interface passivation. The
benefit was, however, not found to be unequivocal as also a

deficiency of PbI2 could have beneficial effects.97,98 It turns out
that a surplus of MA in the synthesis could lead to a more
complete conversion of PbI2 into the perovskite. This leads to
higher crystal core qualities, longer lifetimes, and open circuit
voltages as high as 1.2 V.97 On the other hand, this decreased the
favourable grain boundary characteristics that were found in the
PbI2 rich perovskites and decreased the overall cell performance.
An increased focus on how to control the grain boundary
characteristics and the precise stoichiometry for getting more
stable devices with higher performance is likely going to be a
focus area in the years to come.

3. Device architectures and the rapid
efficiency evolution

PSCs have been traditionally designed with the use of a meso-
porous scaffold and a stack architecture as seen in Fig. 4a and
b. These are composed of fluorine-doped tin oxide (FTO), an
electron transport/selective layer (ETL) often in the form of a
mesoporous scaffold of different thicknesses, the perovskite
material, either infiltrated in the mesoporous scaffold or as a
‘‘capping’’ layer atop the ETL, and a hole selective/transport
layer (HSL) with a metal contact. Scanning electron mircro-
graphs (SEMs) of state-of-the-art PSCs (efficiency above 20%)
are shown for the TiO2 mesoporous (Fig. 4b) and SnO2 planar
(Fig. 4c) configurations. An additional planar configuration has
been developed where the stack described above is inverted
(TCO/HTL/Perovskite/ESL/Metal),99–105 however, this configu-
ration will not be the focus in this review as all record high
efficiencies, and most of the PSC studies have been performed
on the ‘‘traditional’’ FTO/ETL/Perovskite/HSL/Metal configurations.

Mesoporous infiltrated and perovskite-capped devices

PSCs were pioneered in a dye-sensitized solar cell (DSC)
configuration in 2009 where Kojima and coworkers1 used a
thick mesoporous TiO2 (8–12 mm), and infiltration of the
perovskite materials based on I or Br in combination with
a liquid electrolyte. Subsequent work on mesoporous scaffold
configurations, mostly composed of TiO2, yielded record effi-
ciencies up to 22.1%.114 The highest efficiency reported each
year is plotted in Fig. 4d, where the impressive increase in
efficiency is shown from 3.8 to 22.1% in only 7 years. The
second work on PSCs was published in 2011 (no PSC work was
published in 2010) and also used a DSC configuration with a
liquid electrolyte yielding 6.5% efficiency.107 A breakthrough in
PSCs arrived with the introduction of a solid state HTL (Spiro-
OMeTAD) by Kim et al.115 and Lee et al.,108 which, unlike the
liquid analogues, did not dissolve the perovskite layer, and thus
opened up the field for exploration. Since then, a series of
efficiency records have been progressively published. During
the first few years (Fig. 4d, shaded in grey), as will be discussed
in the next section, J–V hysteresis (a phenomenon of different
efficiencies depending on the scan direction, forward or backward)
was not accounted for and non-stabilized efficiencies were
measured. In the past 2 years, efforts have been made to
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improve measuring protocols, and nowadays slow scan rates of
the J–V hysteresis curve and/or maximum power point tracking
are defining the record efficiencies. The first certified PCE was
reported by Burschka and coworkers in 2013109 for a sequential
deposition technique where PbI2 was spin-coated on the
TiO2 mesoporous scaffold and dipped in an MAI solution to
form the perovskite material. All subsequent PSC efficiency
records have been achieved using a thin (B200 nm) TiO2

mesoporous layer.
In 2014, a certified 16.2% was achieved by the Seok group

and reported in the work of Jeon and coworkers82 by depositing
MAPbI3 films on a 200 nm TiO2 mesoporous layer, using the
so-called ‘‘antisolvent’’ method where a solution of PbI2 and
MAI in a polar solvent is quenched by a non-polar solvent such
as toluene during spin coating. This has become the preferred
method of deposition and has yielded all the subsequent effi-
ciency records. Another set of breakthroughs by the same group
were reported in the works by Jeon et al.56 and Yang et al.,111

yielding 18.5% and 20.1% certified efficiencies, respectively, in
2015. The improved VOC values by the FA/MA Pb-based I/Br

perovskites (bandgap ca. 1.6 eV) provided the edge for achieving
this high performance. A certified 21.0% efficiency was reported
in late 2015 by NREL’s table of record efficiencies,114 and recently
published by Bi and coworkers116 using a polymer-templated
crystal growth technique of similar cationic/halide mixtures as
reported earlier by the Grätzel and Hagfeldt groups yielding
efficiencies above 20%.36,55,117,118 Incorporation of inorganic
cations59–63 became an obvious avenue to improve the crystallo-
graphic properties of perovskite materials containing FA and
MA mixtures. Two additional efficiency records have been
reported by multiple cation formulations including the triple
cation incorporating Cs into FA/MA perovskites with a stabilized
efficiency of 21.1%, and more recently a quadruple perovskite
incorporating Rb into the Cs/FA/MA perovskite mixture with a
stabilized efficiency of 21.6% (Fig. 4e). In addition, remarkable Voc

values up to 1.24 V for a theoretical maximum of 1.35 V were
reported (inset in Fig. 4e).63 A certified efficiency of 22.1% by the
KRICT/UNIST has been reported by NREL, but, at the time of
writing, no published reports on the details were found. The chase
for efficiency has been a rather hurried and intense one, as can be

Fig. 4 Evolution of highly efficient PSCs. (a) Schematic of a PSC stack composed of fluorine-doped tin oxide (FTO), a electron transport/selective layer
(ESL; typically TiO2 or SnO2), Cs/MA/FA/Pb/I/Br perovskite, topped by a hole selective layer (HSL; typically Spiro OMeTAD or PTAA) and a metal electrode.
(b) Cross-sectional scanning electron micrograph of a thin mesoporous TiO2 infiltrated perovskite device, reprinted with permission,106 and (c) planar
atomic layer deposited SnO2 junction, reprinted with permission.3 (d) Power conversion efficiency of PSCs over the years. a = ref. 1; b = ref. 107;
c = ref. 108; d = ref. 109; e = ref. 110; f = ref. 111; g = ref. 63; h = ref. 108; i = ref. 112; j = ref. 113; k = ref. 3; l = ref. 4. (e) Current–voltage and maximum
power point tracking characteristics of the highest published efficiency for a TiO2 mesoporous infiltrated, reprinted with permission,63 and (f) a planar
SnO2 heterojunction, reprinted with permission.4
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seen from the chart in Fig. 4d, for the community though, it has
been a very rewarding few years.

Planar junction devices and electron selective layers

The brief history of planar PSCs, where a mesoporous-free
device configuration is used, starts with the work of Lee and
coworkers108 in 2012 where, for the first time, a working planar
device was published. In that work perovskite was identified to
act as both a light absorber and a charge transporter, which was
shown by the use of an inert mesoporous scaffold. However, for
fully planar devices, an efficiency of 1.8% was reported, which
lagged behind the 10.9% mesoporous infiltrated analogue.
A large improvement was shown by the same group and shown
by Liu et al. in 2013, where conformal, evaporated perovskite
films were deposited in a planar configuration yielding an
efficiency of 15%. As explained earlier, no hysteresis or stabilized
power output was shown in this work. Zhou and coworkers
published an efficiency of 19.3% without showing hysteresis for
that curve in a planar configuration, by doping of the TiO2 ESL.
However, hysteresis is presented in the supporting file of that
work with 17% in the backward vs. 13% in forward scans,
making the efficiency statement blurry. The result came at the
time of transition when measuring protocols were not fully
established and thus these results must be taken with a grain
of salt. Nonetheless, subsequent years showed that high-
stabilized efficiencies are possible through modification of the
energetics. Correa-Baena et al. showed in 2015 that using SnO2 by
ALD (15 nm) and a mixed ion perovskite yielded a stabilized
efficiency of 18.2%. In 2016, the use of SnO2 in the ‘‘inverted’’
PSC configuration also yielded a stabilized efficiency of 18.8%.104

The use of ionic liquid to control the perovskite morphology
yielded a stabilized efficiency of 19.5% using a SnO2 ESL by ALD
in a ‘‘traditional’’ PSC configuration.119 Energetic modification of
TiO2 by ionic liquids yielded a certified efficiency of 19.4%.120

More recently, solution-processed SnO2 ESLs fabricated at low
temperature were shown to yield the highest reported stabilized
efficiency of 20.8% with VOC values above 1.2 V.4 Although most of
the groups working on improving the efficiency of PSCs have
focused on the mesoporous architecture, planar PSCs have made
large progress in reaching values above 20%. Some work remains
to improve efficiencies beyond the 21% mark.

Hole transport/selective layers: their influence on efficiency
and long-term stability

Regardless of the device architecture, the HSL is one of the key
components to prepare highly efficient and stable PSCs. We can
identify 4 large families of HSLs: small molecule, polymeric,
carbon, and inorganic. In this section we will give an overview
on the main advantages/disadvantages for each family of HSLs,
reporting the most representative recent results.

There are currently hundreds of p-type semiconductor
molecules, which have been listed with their corresponding device
performance in several recent reviews.121–125 Small molecules
offer the advantage of flexible processing from solution and
evaporation, which are compatible with pre-existing industrial
lines designed for large-output production of organic electronics.

Small molecule optoelectronic properties, in particular the redox
potential and the band gap, are relatively easy to modify in order
to adjust the molecular backbone to the particular perovskite.126

The most effective small molecule HSLs to date are spiro-based
triphenylamine derivatives.117 These molecular backbones have a
relatively low tendency to crystallize, which enables depositing
amorphous organic layers conformally and thus with a good
electronic contact to the perovskite surface.127 Chemical doping
of the small molecule HSLs is an essential step to prepare
highly efficient PSCs. Lithium salts, organic Lewis bases, and
metal–organic oxidants comprise the doping cocktail commonly
in use for HSLs in PSCs. The combination and the role of each
doping component are more a result of empirical optimizations
rather than the application of a thorough design. Increasing
hole transporting capabilities (conductivity) while maintaining
a low charge recombination at the interface with the perovskite
is the most evident effect so far observed by doping the
HSLs.128,129

Polymeric HSLs have been demonstrated as valid organic
alternatives to small molecules. As for the small molecules,
triphenylamine is also the most explored unit to prepare highly
efficient PSCs.130 Polymers offer an intrinsic higher hole mobility
and lower tendency to crystallize than their small molecule
analogues. Extremely thin (10 nm) polymeric HSLs have been
demonstrated to be effective for achieving a uniform coating
of the perovskite film surface, whereas small molecules are
needed above 100 nm thick layers to avoid pinholes.56 Polymeric
ESLs have been exploited as bottom and top selective contacts in
solution-processed PSCs, while small molecule ESLs are usually
processed as top contacts given the fact that they are relatively
less stable to solvent exposure. Despite these advantages, the
impact of impurities and batch to batch variation in the polymer
synthesis has to be considered for large scale applications of
polymeric HSLs in PSCs. More recently, a polymeric HSL, PTAA,
was used successfully at high temperatures (85 1C) in a device,
rendering remarkable stability under full illumination and
maximum power point tracking (MPP).63

Carbon HSLs based on nanotubes and nanopowders have
been shown as stable alternatives to the organics.131–134 Carbon
nanotube HSLs have been used to prepare highly efficient PSCs,
but they may require expensive purification procedures to
isolate the right semiconductor tubes.135 The highest reported
efficiency for a carbon nanotube, metal-free device, is 15.5%.136

Nanopowders offer one of the most economical HSL solutions,
which is compatible with the large-scale production lines.
However highly efficient PSCs prepared with nanopowder HSLs
are still lacking.

Inorganic HSLs have been explored as alternatives for long-
term stability, even though device efficiency is still significantly
lower, and therefore these layers do not present real advantages
over the higher efficiencies by polymeric HSLs.103 Solution-
processed copper thiocyanate is one of the most explored and
better performing systems.137 The deposition of inorganic HSLs
as top contacts is complicated as the solvents used in processing
tend to be detrimental to the underlying perovskite layer. Bottom
contact application or vacuum deposition methods are more
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suitable for inorganics, but they offer less flexibility compared to
the organic HSLs.

4. PSC operational principles
Current–voltage hysteresis

Performance parameters in perovskite solar cells cannot be dis-
cussed without addressing the hysteresis phenomenon (Fig. 5a):
scanning the JV curve of perovskite solar cells from positive to
negative voltage and vice versa results in two different traces.
This phenomenon makes the extraction of a power-conversion
efficiency from the maximum power point of the JV curve
ambiguous. After its first reports,9,140 it became the subject of
further investigations, showing that it is a transient pheno-
menon10,141 and therefore strongly dependent on the scan rate.12

It was found that whether hysteresis can be observed under

normal measurement conditions depends on the contacts, where
inverted PCBM based devices are less prone to hysteresis.142

Interfacial layer engineering turned out to be crucial to
reduce hysteresis.3 On the other hand, many theoretical
and experimental studies indicate that the perovskite itself
is responsible for the processes occurring on the timescales
of seconds and larger. Consensus has been reached that the
migration of ionic defects (such as iodine vacancies) in the
perovskite is the most likely underlying process.12,87,143–146

However, microscopy details and rational control are still
lacking and under investigation. In particular, how pro-
nounced the hysteresis is does not only depend on the
slow process itself but also on its effect on photogenerated
electrons and holes by modifying the recombination and
charge extraction probabilities. Recently, even an inverted
hysteresis has been reported showing that the hysteresis is a
result of complex processes.11

Fig. 5 Perovskite solar cell operational principles. (a) Rate dependent JV hysteresis of PSCs, reprinted with permission.12 (b) Theoretical vs. experimental
photocurrents as a function of perovskite layer thickness, reprinted with permission.118 Inset: Parasitic absorption with the calculated photocurrent
losses, reprinted with permission.138 (c) Absorption coefficient of various photovoltaic materials, reprinted with permission.139 (d) External quantum
efficiency of electroluminescence, emission spectrum and dark current of a perovskite solar cell, reprinted with permission.55
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Photocurrent density

Analyzing the device structure of the PSC stack is very impor-
tant to understand the factors that limit the photocurrents. The
devices must minimize parasitic losses while the photoabsorber
should be grown at an appropriate thickness to capture all
photons passing through. Early studies showed photocurrents
ranging from 11 mA cm�2 for the first PSC liquid prototypes1 to
18 mA cm�2 for the solid state analogues in 2012.108,115,147 These
numbers rapidly increased to above 21 in 2013112 and above
22 mA cm�2 in 201556 for PSCs using perovskite materials with a
bandgap of around 1.6 eV. Recent work has focused on trying to
understand the practical limitations of photocurrent given the
device architectures commonly used. Ball et al. showed that
the main photocurrent losses associated with the device stack
come from the internal quantum efficiency (IQE), reflection/
transmission losses and parasitic absorption by the FTO/TiO2/
Spiro/Au layers as seen in the inset of Fig. 5b.138 Work by
Correa-Baena and coworkers, exhibited in Fig. 5b, showed that
IQE losses are minimized by morphological improvements of
the perovskite material, yielding photocurrents that match the
theoretical model limitations (where IQE is assumed to be
100%) of around 23 mA cm�2.118 Here, the perovskite crystal
size plays a major role, yielding low and high IQE (close to
100%), for small (40–100 nm) and large crystallites (4150 nm),
respectively. Narrowing the bandgap by alloying with Sn per-
ovskites to increase the photocurrents yielded photocurrents of
25 mA cm�2,72,73 and more recently up to 26.9 mA cm�2.71

Additional work is needed to achieve the theoretical photocurrents
for these alloys, as these materials suffer from environmental
instability, which hampers their quantum efficiencies.

Open-circuit voltage

When tuning the band gap, the open-circuit voltage (Voc) is
influenced as well. For reaching the Shockley–Queisser effi-
ciency limit, Voc needs to approach its thermodynamic limit.
This limit is 1.33 V for MAPI (band gap E1.6 eV) and given
by radiative recombination this is not avoidable due to the
reciprocity between absorption and emission.148,149 Broad
absorption onsets reduce the maximum Voc without contribut-
ing significantly to Jsc. Therefore, a sharp absorption onset with
a low density of subgap states (Urbach tail) as shown by many
perovskite materials is beneficial for high performance (Fig. 5c).139

Any further loss is due to non-radiative recombination, which can
be quantified by measuring the electroluminescence (EL) yield of
the solar cell. Once it was possible to make pinhole-free films, the
Voc of MAPI devices exceeded 1 V.99,109,112 Band edge EL spectra
were observed with yields in the range of 0.01%.148,149 Absorption
and emission were characteristic of the perovskite instead of any of
the other device layers. This and the latest realization of solar cells
without any charge transport layers147,150 made clear that the
perovskite itself is the source of the photovoltage generated by a
splitting of the quasi-Fermi levels under illumination. Charge
transport layers play the role of selective contacts, and non-
perfect selectivity results in a decrease of Voc due to surface
recombination.151 Designing more conformal selective layers3

and optimizing the film morphology and the perovskite compo-
sition lead to voltages of Z1.2 V,55,63,97 which are extraordinarily
high and come with an EL yield of approx. 1% (Fig. 5d). The low
non-radiative recombination is attributed to the material being
a direct semiconductor, where Auger recombination is weak
compared to radiative transitions.152 More importantly, the
perovskite shows a pronounced defect tolerance due to the
uncommon antibonding nature of the valence band.153,154

Intrinsic defects (such as vacancies and grain boundaries)
causing dangling bonds hardly create deep trap states in the
band gap which would act as efficient recombination centers as
shown by DFT calculations.76,155 Consequently, the reported
highest-voltage solar cells do not demand any specific passivation
measures. Nevertheless, a further increase of Voc requires under-
standing and exclusion of extrinsic sources of recombination such
as impurities and interfaces.

Fill factor

The fill factor (FF) is linked to Voc via recombination resulting
in maximum values of state-of-the-art devices of approx. 82%.151

Lower values are caused by additional losses due to charge
extraction that depends on the electric field, and thus on voltage,
external series resistances or shunt paths. Despite the high
mobilities and diffusion lengths reported for perovskites,158–160

which should easily allow the recombination limit of the FF to
be reached in a film of a few 100 nm thickness, often the FF is
lower. This can be due to charge extraction into resistive charge
selective layers4,128 or due to the perovskite itself. Whereas
grain boundaries do not seem to strongly affect Voc and thus
recombination, they reduce the FF, even resulting in an anti-
correlation of the FF and the thickness (Fig. 6a).118 This indi-
cates that grain boundaries constitute an obstacle for charge
transport. Inverted devices have shown the highest values of FF
(however at voltages o1 V) so far156,161 peaking at 85% for a
device with 2% Sr (in solution) added in MAPbI3 (Fig. 6b).156

Increasing the FF further and approaching its theoretical limit
of 91% (for MAPbI3), needs to occur along with increasing the
Voc, and will likely be the subject of future work by the PSC
community.

The role of the energetics of adjacent layers

The band structure of perovskite materials for applications in
PSCs has shown several facets, and understanding these is very
important for maximizing both efficiency and stability. First, in
contrast to early hypotheses,162 it is unlikely that the ionization
energies at the interfaces, obtained by ultraviolet photoelectron
spectroscopy (UPS) for the adjacent charge transport layers, are
necessarily the determining factors for the design of high VOC

and thus high efficiency PSCs. This is due to 2 reasons:
(i) notorious ionic movement within or at the surface of the
perovskite material under working conditions has been shown
to change its energetics3,11,163,164 and (ii) ionization potentials
have been shown to vary tremendously with the deposition
technique or stoichiometry of the precursors as seen in Fig. 6c,157

and with the substrates used for perovskite deposition.165

Therefore, small changes in composition or biasing of the
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device can yield dramatic differences in the ionization
energy, making it difficult to have a general rule or under-
standing for these interfaces. What seems to be more certain
is that the band edges of the charge transport layers do not
necessarily determine the open circuit voltage of the device.
The valence band, or highest occupied molecular orbital,
energy position of the HTL has been shown to have no effect
on the voltage of iodine166,167 or bromine-based168 perovskite
materials. On the other hand, energetic barriers, on both the
ETL3 and the HTL,166 have been shown to create injection issues,
which in turn yield low photocurrents (Fig. 6d), or hysteretic J–V
curves.3,11 Therefore, as long as there is no energetic barrier,
tuning of the work function of the charge selective layers seems

to be unnecessary when designing PSCs for high VOC and high
efficiency.

Testing procedures

Measurement procedures for the initial and long-term power
conversion efficiency of perovskite solar cells demand an
adjustment of standard protocols in use for other photovoltaic
devices due to the current–voltage hysteresis. Therefore, before
considering the long-term stability measurements of PSCs, a
robust method for measuring performance is needed. The J–V
characteristic is normally used to extract the solar cell perfor-
mance parameters, such as Jsc, Voc, and the fill factor (FF) and
to determine the MPP and in turn the power-conversion

Fig. 6 Fill factor and energetics of PSCs. (a) J–V curves (10 mV s�1) of PSCs with different thicknesses/crystal sizes, reprinted with permission.118 (b) Fill
factor and power conversion efficiency as a function of Sr2+ incorporation into MAPbI3 devices, reprinted with permission.156 (c) Ionization energy vs.
perovskite composition and deposition technique, reprinted with permission.157 (d) Schematic of an energetic barrier in PSCs and the corresponding
current–voltage curves for atomic layer deposited TiO2 and SnO2, reprinted with permission.3
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efficiency. In perovskite solar cells, the J–V curve is a necessary
but not sufficient test to estimate the actual maximum power.
Indeed, the occurrence of the hysteresis complicates the collec-
tion of a stabilized J–V curve, which results in an MPP that
depends on the testing conditions such as prebiasing, scan
rate, and light soaking. Tracking the MPP using a perturb-and-
observe method is a common practical solution to estimate
a stabilized value and therefore to calculate the actual device
maximum power conversion efficiency (PCE). Depending on
testing and ageing conditions, a J–V curve can significantly
overestimate the actual device PCE. Fig. 7 displays the PCE as a
function of time for a single device recently published by Saliba
et al.72 We can observe that the PCE extracted from the J–V
(backward scan, 100 mV s�1) and the MPP are close at the early
stage of the test. As the device ages under light the PCE from
the J–V becomes significantly larger than that from MPP. As
expected from an ageing device, the Jsc and the Voc monotoni-
cally decrease over time, however the FF shows a more complex
trend with an unexpected improvement. As observed by Tress
et al., the occurrence of this behaviour is an artefact resulting
from the hysteresis becoming more severe with the device
ageing.12 Therefore the MPP tracking is an essential test to draw
conclusions about the efficiency and long-term stability of the
perovskite solar cells, which will be discussed in the next section.

5. Long-term stability of perovskite
solar cells

PSCs have been demonstrated to be capable of converting
sunlight into electricity with efficiencies comparable to those of
conventional thin-film solar cells. Therefore, the next obvious

challenge is to make the perovskite as stable as the other materials.
The literature on the stability of PSCs is rather complex to read
since no uniform ageing test conditions are in use. Even more
difficult is that stability data are often extracted from J–V curves,
which may significantly overestimate the performance in aged
devices (see the testing procedures in Section 3). Given this
scenario, we cautiously report only results that have been verified
from several groups rather than in a single study, using particular
testing conditions.

The stability of the PSCs depends on a number of
potential degradation factors. Humidity has been demon-
strated as the most aggressive cause of performance loss due
to the strong interaction with the water molecule as show in
Fig. 8a. These so-called extrinsic factors can activate several
degradation mechanisms, involving the perovskite and
the other materials in the device.169 However, different
encapsulation procedures have been demonstrated to be
quite effective in isolating the device from these external
sources of degradation as shown in Fig. 8b.170 More alarming
are potential intrinsic instabilities that are active also under
inert conditions. These can impact the perovskite and the
other materials in the device.

Small molecule HSLs suffer from crystallization at relatively
high temperature, which reduces the electronic contact with
the perovskite and the metal electrode reducing the device
performance as shown in Fig. 5c. Gold has been largely used
as a top metal contact to prepare lab-scale PSCs (Fig. 8d). It has
been recently shown that gold migration within small molecule
HSLs is responsible for rapid performance losses, when tested
at moderate temperature (70 1C).106 This effect then becomes
the dominant factor in the performance losses. Therefore,
blocking the gold migration is essential to study the stability

Fig. 7 Testing protocols for PSCs. Maximum power conversion efficiency (PCE) as a function of the time extracted from the J–V (backward scan
100 mV s�1) and from the MPP tracking of a single device. Device performance parameters (Jsc, Voc and FF) were extracted from the J–V characteristics
collected every hour. The device was continuously operated at the MPP except during the J–V measurement. All the data are normalized to the
maximum value. Data are reported in the ESI in the study of Saliba et al., modified with permission.72
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of small molecule HSLs. Carbon based HSLs offer one of the
most stable solutions even though the device efficiency seems
to be not yet comparable to the organic HSLs (Fig. 8e).133

Interestingly, polymeric HSLs demonstrated a good barrier to
the gold migration as shown in Fig. 8f,63 as well as chromium
interlayers106,172 and alumina nanoparticle buffer layers
(Fig. 8d).173 Polymeric HSLs are thermally more stable than
small molecules and they have been demonstrated to be stable
within the whole operating temperature range of solar cells.63,174

Metal oxides used as ESLs suffer from the UV-activated degrada-
tion mechanism. Reducing the amount of metal oxide or using
chemical doping to stabilize the metal oxides has been demon-
strated as an effective strategy to improve the UV stability of
PSCs.175,176

The perovskite layer is the core of the device and its stability
is crucial to deliver a PSC technology for commercialization.

It is well documented, and has been discussed above, that ionic
defects form during the perovskite preparation or during the
device operation. These defects do not seem to be particularly
detrimental within the bulk of the perovskite layer, since they
induce donor and acceptor electronic states close or within the
conduction and valence band, respectively.155 However, ionic
defects can migrate from the bulk to the edge of the perovskite
at the interface with the selective contact.177 Here they can
accumulate forming a space charge layer that hampers the
charge extraction efficiency. The space charged region may be
particularly reactive with the selective contact at the interface.
This potential intrinsic instability is still under investigation,
however, it seems clear that the interface between the perovskite
and the selective contact is playing a role in the device stability.
Reducing the number of defects by using mixed perovskite
compositions, chemical doping, or surface passivation has

Fig. 8 Mechanisms of perovskite solar cell degradation. (a) Schematic diagram of the interactions of the water molecule with the perovskite material,
reprinted with permission.169 (b) Encapsulation techniques to avoid moisture and UV instability, reprinted with permission.170 (c) MPPT over time with two
different HSLs, reprinted with permission.171 (d) MPPT of PSCs at 75 1C on a Spiro-based device with different interlayers, reprinted with permission.106

(e) Current–voltage parameters over time (90 days) using carbon electrodes in outdoor testing under dry and hot (desert) conditions, reprinted with
permission.132 (f) Scanning electron micrograph of PTAA-based devices and the respective MPPT over time (500 hours) at 85 1C and continuous
illumination, reprinted with permission.63
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been demonstrated as a valuable strategy to improve the device
stability.178,179

6. Future outlook

Solution-processed perovskite materials have achieved remark-
able milestones in just a few years. They have been used in a
myriad of applications from solar cells to light emitting devices
and photodetectors. In this review we have outlined and
discussed the excellent optoelectronic properties, solar cell
physics, and most recent performance and long-term stability
improvements of perovskites. This has continued the excitement
in the field, but some additional work needs be done to under-
stand and improve further the photovoltaic parameters and
long-term stability under working conditions.

Going forward, PSCs will have to reduce non-radiative
recombination and improve charge transport in order to achieve
the highest possible VOC values and fill factors. The studies
described in this review have made considerable advances in
both parameters, and additional investigations need to address
further improvements to non-radiative recombination and the
conductivity of the perovskite/charge selective layers in order to
go beyond the efficiency of 22%. Regardless, the impressive
advancement in such a small amount of time is unprecedented
and we may soon reach crystalline silicon and GaAs records
towards the 29% mark.114 Shockley–Queisser also showed that
the open-circuit voltage, Voc, needs to be corrected from the
ideal value if the external luminescence is less than 100%.
A high external luminescence is thus essential for achieving
high voltage from a solar cell. This is the case for GaAs, which
can be explained by a photon recycling mechanism in which
photons are reabsorbed and re-emitted many times before an
electron–hole pair is collected or a luminescent photon escapes.
This year Pazos-Outon et al.180 provided evidence that PSCs have
an internal photon gas showing photon recycling properties.
As mentioned above, remarkably high Voc and external electro-
luminescence have also been obtained for PSCs. For example, a
Voc of 1.24 V was achieved with a band gap perovskite material of
1.64 V.63 Compared to the theoretical limit of Voc for such a band
gap, the difference is only about 100 mV. This is astonishing and
already better than all other photovoltaic technologies, including
silicon, with the exception of GaAs. Consequently, a high EQE
electroluminescence was obtained at 3.8% in the solar cell mode,
which outperforms the best silicon solar cells showing an EQE of
about 0.5%.181

For all the published efficiencies, especially when measuring
records, it is important to use maximum power point tracking
or stabilized power output, as these values are more repre-
sentative than hysteresis prone J–V curves. To measure long-term
stability, most groups have resorted to ‘‘dark shelf’’ testing, but
to be representative of more realistic operating conditions, these
tests should include maximum power point tracking and 1 sun
illumination. In addition, recent work has shown that both
humidity and UV illumination have no major effect on the long-
term stability, as long as appropriate encapsulation/UV

absorbers are applied. A very encouraging result was also
reported recently showing a stable efficiency at 85 1C for
500 h under full solar illumination and maximum power point
tracking (95% of the initial performance was retained).63 There
are certainly challenges remaining in trying to understand the
role of ionic movement in long-term stability, and how to improve
the already excellent photovoltaic parameters of PSCs. It is
expected, however, that the PSC field will have additional years
of exciting new findings which will maintain the interest of both
academia and industry.
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