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Heralded as a major scientific breakthrough of 2013, organic/inorganic lead halide perovskite solar cells have ushered in a new era
of renewed efforts at increasing the efficiency and lowering the cost of solar energy. As a potential game changer in the mix of
technologies for alternate energy, it has emerged from a modest beginning in 2012 to efficiencies being claimed at 20.1% in a span
of just two years. This remarkable progress, encouraging at one end, also points to the possibility that the potential may still be
far from being fully realized. With greater insight into the photophysics involved and optimization of materials and methods, this
technology stands to match or even exceed the efficiencies for single crystal silicon solar cells. With thin film solution processability,
applicability to flexible substrates, and being free of liquid electrolyte, this technology combines the benefits of Dye Sensitized Solar
Cells (DSSCs), Organic Photovoltaics (OPVs), and thin film solar cells. In this review we present a brief historic perspective to this
development, take a cognizance of the current state of the art, and highlight challenges and the opportunities.

1. Introduction
Solar energy, along with wind, biomass, tidal, and geothermal
energy, is emerging as an alternate source of energy for our
energy-starved planet. Out of the mix, solar energy is the
most abundant and clean form of energies offering an answer
to the increasing concern of global warming and greenhouse
gases by fossil fuels. Over the past four decades silicon solar
cells have advanced tremendously both in terms of cost of
production and efficiency [1, 2]. In some locations of the
world they are delivering on grid power at competitive costs
compared to that of fossil fuels. Newer in the mix in the
form of thin film and vapor deposited semiconductor based
technologies, like CdTe or CIGS [3, 4], and organic/inorganic
solar cells, hybrid composites or inorganic semiconductors
[5–10], referred to as second and third generation solar
cells, are pushing the frontiers further in terms of ease of
processing, cost, efficiency, and stability owing to sustained
research effort over the last decade. This has resulted in the
availability of commercial products from this line of solar
cells to select consumers in power electronics and low power
applications in buildings. However, for their adoption in

larger markets, the per watt cost has to be brought down
to a level comparable to that of electricity generated from
fossil fuels. This demands a substantial increase in efficiency
and cost reduction for these emerging technologies. Recent
advances in the manufacturing of main stream silicon solar
cell assure incorporation of photovoltaics in main stream
energy mix, with a recent forecast anticipating a third of the
global electricity demand being met by photovoltaics by 2030
[1].
Silicon based solar cell technologies offering a combination of properties, like ease of surface passivation, low
cost, hardness, and high temperature stability, have made
themselves a favored option in photovoltaic applications.
Technologies promising a combination of lower cost and
ease of fabrication with a better energy payback matrix offer
exciting opportunities for replacement of silicon. As new
entrant in this field, organometallic halide perovskites offer
captivation prospects [11–14]. Solution processability, broad
spectrum solar absorption, low nonradiative recombination
losses, and the potential to capitalize on over two decades of
research and development in the field of dye sensitized and
organic solar cells provide all the right ingredients for this
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technology to prove a viable alternate to the dominance of
silicon. The efficiency for this class of solar cells has jumped
from a meager 3.9% in 2009 to over 15% in 2013 on the back
of properties like high absorption coefficient, panchromatic
absorption, low exciton binding energies, longer diffusion
lengths and lifetimes, and the range of options as to composition and preparation.
In this review, we present the current state of the art
for photovoltaic devices based on perovskites, spelling out
the underlying phenomenon, different device architectures,
fabrication techniques, comparison to other technologies,
and future outlook and challenges. This paper is aimed at
recollecting the recent developments in perovskite solar cells,
providing a broader context to the reviews already published
on this topic [11, 15–17].

2. The Phenomena
Perovskites are a family of materials with the crystal structure
of calcium titanate, that is, ABX3 . There are numerous
materials which adopt this structure with exciting applications based on thermoelectric, insulating, semiconducting,
piezoelectric, conducting, antiferromagnetic, and superconducting properties [19]. Perovskites are routinely synthesized
by solid-state mixing of constituent elements or compounds
at high temperatures in the range of >1300 K [20]. They
can also be synthesized by drying the solution of precursor
salts and the ones offering semiconductor properties find
important applications in printable electronics due to solution processability [21, 22].
ABX3 describes the crystal structure of perovskite class
of materials, where A and B are cations and X is an anion
of different dimensions with A being larger than X. Crystal
structure of perovskites is illustrated in Figure 1. Considerations of tolerance factor t and octahedral factor 𝜇 [23] dictate
probable structure and crystallographic stability where t is
defined by the ratio of the bond length A–X to that of B–
X in an ideal solid sphere model (t = (rA + rX)/{√2(rB +
rX)}, where rA, rB, and rX are the ionic radii involved) and
the ratio rB/rX defines the octahedral factor 𝜇. 0.81 < t <
1.11 and 0.44 < 𝜇 < 0.90 [23] are the typical values for
halide perovskites (X = F, Cl, Br, and I). Narrower range
of t values form 0.89 to 1.0 dictates cubic structure, while
lower values of t stabilize less symmetric tetragonal and
orthorhombic structures. In organic inorganic halide perovskite of interest in photovoltaic applications, A is a larger
organic cation typically methylammonium (CH3 NH3 + )
with rA = 0.18 nm [24], though good results have also
been reported for ethylammonium (CH3 CH2 NH3 + ) (rA =
0.23 nm) [25–28] and formamidinium (NH2 CH=NH2 + ) (rA
is estimated in the range 0.19–0.22 nm) [29–31]. Anion X
is a halogen, typically iodine (rX = 0.220 nm), though Br
and Cl are also increasingly being reported (rX = 0.196 nm
and 0.181 nm), typically in a mixed halide configuration.
Pb (rB = 0.119 nm) and Sn (rB = 0.110 nm), as cation B,
have exclusively been used for high efficiency perovskite
solar cells because of lower and theoretically ideal band gaps
[29]. Lower stability associated with Sn is due to ease of
oxidation of Sn to SnI4 while relativistic effects afford greater
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oxidation protection in Pb [29]. Thus the standard compound
is methylammonium lead triiodide (CH3 NH3 PbI3 ), with
mixed halides CH3 NH3 PbI3−x Clx and CH3 NH3 PbI3−x Brx
also being important.

3. Perovskite-Sensitized Solar Cells
DSSCs [7, 32] are the forerunners of perovskite solar cells.
Constituent of a typical DSSC is mesoporous n-type titania
sensitized with a light absorbing dye in a redox active
electrolyte. Porous titania affords greater internal surface
area to the sensitized dye for efficient absorption of incident
photons though thicker films of the order of 10 𝜇m are
required for complete absorption over the absorbing range
of the dye [32]. The requirement of 10 𝜇m thick active layer is
impractical for solid-state DSSCs where a number of factors
limit the active layer thickness to less than 2 𝜇m [33]. As an
alternate, thin film semiconductor active layers and quantum
dots enable complete light absorption in much thinner layers
while at the same time pushing the photosensitivity further
into near infrared (NIR) [34–38]. In the backdrop of finding
more efficient light sensitizers for DSSCs, Miyasaka and
coworkers reported the first perovskite-sensitized solar cells
between 2006 and 2008. CH3 NH3 PbI3 and CH3 NH3 PbBr3
absorbers were employed with an iodide triiodide redox
couple or a polypyrrole carbon black composite solid-state
hole conductor. Full sun power conversion efficiency varying
between 0.4 and 2% was measured for solid-state and liquid
electrolyte cells, respectively [39, 40].
The first peer-reviewed report for perovskite-sensitized
solar cell was published in 2009; CH3 NH3 PbI3 absorber in an
iodide/triiodide redox couple achieved an efficiency of 3.5%
[41]. Figure 2 illustrates the schematic of an organometallic
halide sensitized titania solar cell and the associated spectral
response. Retaining the liquid electrolyte reported by
Kim and coworkers achieved an improved efficiency of
6.5% by optimizing the titania surface morphology and
perovskite processing [41, 42]. The tumbling block in the
liquid electrolyte based perovskite-sensitized solar cell
was the dissolution and decomposition of perovskite in
the liquid electrolyte. Resultantly the solar cells exhibited
poor stability and would degrade within minutes [41, 42].
The solution to this problem lied in adoption of solidstate hole transport medium in place of electrolyte as was
originally tried by Kojima and coworkers in 2006 [40].
Methylammonium trihalogen plumbates, being relatively
insoluble in nonpolar organic solvents, paved the way for
realizing first perovskite sensitization and made subsequent
infilling with the organic hole conductor possible. This
made T. N. Murakami and T. Miyasaka and N. G. Park
in collaboration with M. Grätzel and coworkers develop
solid-state perovskite solar cells employing (2,2(7,7)-tetrakis(N,N-dipmethoxyphenylamine)9,9(-spirobifluorene))
(spiro-MeOTAD) as the hole transporter [43] with maximum
full sun power conversion efficiencies of between 8 and 10%
employing CH3 NH3 PbI3−x Clx mixed halide perovskite and
CH3 NH3 PbI3 , respectively [18, 44].
This achievement marked a considerable jump in performance over the best reported solid-state (ss) DSSCs with a
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Figure 1: Perovskite crystal structure.
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Figure 2: Schematic of perovskite-sensitized TiO2 undergoing photoexcitation and electron transfer (left). The incident photon-to-electron
conversion efficiency (IPCE) spectra for perovskite-sensitized solar cells [18].

recorded efficiency of over 7% [45]. This is made possible
by the advantages perovskites afford over conventional dyes
in the form of stronger absorption over a broader range
resulting in complete absorption in film thickness as low as
500 nm. This is a considerable advantage for solid-state cells
where light absorption and photocurrent generation have
typically been limited by the requirement of film thickness
of around 2 𝜇m [33].

4. Mesoporous TiO2 Scaffold
First reported high efficiency and stable perovskite solar
cell [46] was synthesized by spin coating 𝛾-butyrolactone

solution containing equimolar CH3 NH3 I and PbI2 in 2012.
This resulted in deposition of semispherical nanodots of
CH3 NH3 PbI3 on TiO2 . Since the surface was not fully covered with nanodots it was evident that photoexcited electrons
were transferred from CH3 NH3 PbI3 to TiO2 . This cell with
a 0.6 𝜇m titania film achieved a PCE of 9.7% and a Voc of
888 mV. Fill factor of 0.62 was indicative of poor pore filling
with spiro-MeOTAD and resulting poor interface between
Hole Transport Material (HTM), active layer, and Electron
Transport Material (ETM).
A device architecture of TiO2 /CH3 NH3 PbI3 /Au [41]
experimentally confirmed the hole transport properties of
CH3 NH3 PbI3 . It achieved a PCE of 5.5% with FTO/100 nm
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thick TiO2 as hole blocking and electron-transporting material. Increase of TiO2 to 100 nm improved PCE to 8% [47].
Mott-Schottky analysis was used to confirm depletion zone
between TiO2 and CH3 NH3 PbI3 , and the structure was
referred to as depleted heterojunction perovskite solar cell.
Large shunt resistance caused a poor fill factor (FF) and a
lower External Quantum Efficiency (EQE) at long wavelength
range of 540−800 nm.
Ambipolar characteristics of CH3 NH3 PbI3 were reported
by Laban and Etgar [48], based on thin film transistor (TFT)
analysis, with slightly stronger p-type nature. Static and transient photoluminescence (PL) decay studies established that
charge carriers are injected into TiO2 with some charge separation taking place at CH3 NH3 PbI3 /poly(triarylamine) HTM
interface as well. Superior PCE over spiro-MeOTAD system
is attributed to thin (∼30 nm) HTM layer as compared to
spiro-MeOTAD HTM (∼500 nm) resulting in reduced series
resistance. Devices without HTM exhibited poor performance necessitating a physiochemical study of CH3 NH3 PbI3
systems.
Perovskite light harvesters have also been reported with
one-dimensional nanostructures. Rutile TiO2 (∼0.6 𝜇m long)
with photoactive CH3 NH3 PbI3 achieved PCE of 9.4% [49].
Increasing the length from 0.6 to 1.6 𝜇m decreased the
photovoltaic performance. With an increase in the length
of nanorods, the tilted nanorods resulted in problems in
pore filling with spiro-MeOTAD. A change from nanodot
deposition of active layer to pillared structure can overcome
this issue. Br−I mixed perovskite CH3 NH3 PbI2 Br with TiO2
achieved PCE of 4.87%, slightly higher than that achieved
for CH3 NH3 PbI3 owing to the higher Voc of CH3 NH3 PbI2 Br
mixed halide perovskite [50].
CH3 NH3 PbBr3 in a mesoporous TiO2 with poly[N-9hepta-decanyl-2,7-carbazole-alt-3,6-bis-(thiophen-5-yl)-2,5dioctyl-2,5-dihydropyrrolo[3,4-]pyrrole-1,4-dione] (PCBTDPP)
as HTM layer generated a Voc of 1.2 V [51]. With P3HT used
as HTM, Voc reduced to 0.5 V. When considering electron
injection from the photoactive layer to mesoporous titania,
Voc is determined by difference in the Fermi level of TiO2
and the HOMO level of the HTM. Such large difference
in Voc while the HOMO levels are only 0.02 eV apart in
PCBTCP and P3HT (PCBTDPP: 5.4 eV and P3HT: 5.2 eV)
was attributed to the efficiency of light filtering and degree of
chemical interaction [52]. PCBTDPP based device afforded
enhanced light filtering and stronger chemical interaction
effecting charge recombination and an up-shift of Fermi
level resulting in a high Voc. Faster recombination in P3HT
resulted in electron lifetime being one order of magnitude
lower than spiro-MeOTAD in TiO2 /CH3 NH3 PbI3 /HTM
system [53]. These results suggest that factor other than
energy levels must be born in mind for selecting HTMs.

5. Mesosuperstructured PSCs Based on
Nonelectron Injecting Oxides
CH3 NH3 PbI2 Cl mixed perovskite coated alumina layer in
a photovoltaic cell resulted in a PCE of 10.9% [54]. This
device structure was called “mesosuperstructured solar cell”
(MSSC) as the photogenerated electrons are not transferred

International Journal of Photoenergy
to alumina because of the difference in band edges of alumina
and perovskite active layer, which acts only as a scaffold for
carrying the photoactive layer. Spin coated CH3 NH3 PbI2 Cl
was more stable in air than CH3 NH3 PbI3 . Smaller size of Cl−
ion presumably stabilizes the anion in perovskite structure.
Al2 O3 –CH3 NH3 PbI2 Cl system generated higher Voc than
TiO2 –CH3 NH3 PbI2 Cl. Photoinduced spectroscopic study
confirmed that the difference is due to the differing behavior
of photogenerated electrons in the two systems. Scaffold
layers afford processing at lower temperatures by excluding
high temperatures annealing step as neither are generated
electrons injected into the mesoporous layer nor transported.
PCE value of 12.3% [33] was achieved for the low temperature
processed mesosuperstructured solar cell (as 150∘ C-dried
Al2 O3 mesoporous layers). Varying the thickness of the
Al2 O3 scaffold layer from 0 (no scaffold) to ca. 400 nm, a
perovskite CH3 NH3 I3−x Clx overlayer formed on the 80 nm
thick alumina film, though no capping layer formed on the
400 nm thick Al2 O3 film. The highest PCE was observed from
the 80 nm Al2 O3 layer resulting in highest Jsc, while 400 nm
Al2 O3 layer exhibited improved Voc and FF. These results
suggest that enhanced crystallinity in perovskite active layer
enhances Jsc, while pinhole-free perovskite results in high
Voc and FF. Codeposited alumina nanoparticle suspension
(5 wt% Al2 O3 ) and perovskite precursors in DMF resulted in
a PCE of 7.16% [55].
CH3 NH3 -PbBr3 with a larger bandgap (𝐸𝑔 = 2.3 eV)
than CH3 NH3 PbI3 was employed as a light harvester and
electron transporter employing the mesosuperstructure concept. Voc of 1.3 V [56] was achieved with device structure of
Al2 O3 /CH3 NH3 PbBr3 /N,N -dialkylperylene diimide (PDI).
This large Voc could be explained due to the large difference between LUMO (4.2 eV) of CH3 NH3 -PbBr3 and the
HOMO (5.8 eV) of PDI and the noninjection of photoexcited electrons into the alumina scaffold. Mesosuperstructure
concept was also evaluated with ZrO2 mesoporous scaffold with CH3 NH3 PbI3 light harvester exhibiting significant
photovoltaic activity Voc of ∼900 mV though lower than
titania [57]. Impedance spectroscopic study employing threeelectrode electrochemical cell verified that zirconia scaffold
was not charged up to a bias of 0.9 V in contrast to titania mesoporous layer indicating that the photogenerated
electrons are not injected into zirconia scaffold [57]. This
comparative study determined that CH3 NH3 PbI3 was able to
accumulate charges owing to large density of states (DOS).
A higher efficiency of 10.8% was reported for CH3 -NH3 PbI3
[51], sensitizing ZrO2 scaffold with a Voc of 1.07 V.

6. Planar Heterojunction Structured Cells
Thermally coevaporated CH3 NH3 I and PbCl2 and deposited
CH3 NH3 PbI3−x Cl3 onto FTO with a thin TiO2 layer resulted
in a PCE of 15.4% [58]. This proves the bifunctional property
of perovskites, that is, photoexcitation and charge transport. Mesoporous oxide layer thus may not be required.
Vapor deposited perovskite layer showed an enhanced
PCE over solution processed active layer due to increased
morphology control and formation of homogeneous flat,
pinhole-free active layer. While it is easier to obtain a flat
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CH3 NH3 PbI3−x Clx active layer by solution processing, it is
difficult to form a uniform active layer of CH3 NH3 PbI3 by
solution processing. Schematics of device architecture are
sketched in Figure 3.

7. Hybrid Perovskite Solar Cells
P3HT/PCBM blend has been extensively explored in
organic photovoltaic applications. P3HT was replaced with
CH3 NH3 PbI3 as photoactive layer in planar heterojunction
solar cell achieving a PCE of 3.9% [59]. Better wettability
was achieved with PEDOT : PSS coated ITO substrate with
DMF solution rather than coating perovskite active layer
with 𝛾-butyrolactone solution. A device structure based on
TiO2 /CH3 NH3 PbI3−x Clx /P3HT achieved better photovoltaic
performance when the ITO substrate was treated with C60
self-assembled monolayer. PCE was improved from 3.8 to
6.7% with the incorporation of self-assembled monolayer.
This was achieved with a significant increase in both Jsc
and Voc [60]. Concept of hybrid planar heterojunction
cell incorporating 285 nm thick layer of CH3 NH3 PbI3
was investigated recently. Active layer was sandwiched
between hole-transporting poly(N,N -bis(4-butylphenyl)N,N -bis(phenyl)-benzidine) (poly-TPD) layer (10 nm) and
electron accepting PCBM layer (10 nm) resulting in a PCE of
12% [61]. Charge collecting layers were solution-processed
in spin-coated chlorobenzene while the active layer was
vacuum-deposited by heating of reagents CH3 NH3 I to 70∘ C
and PbI2 to 250∘ C.

8. Flexible Perovskite Solar Cells
Low temperature solution processability of perovskite solar
cells makes it possible to fabricate cells on flexible substrates.
Ability to conform to the contours of the platform holds
obvious promises for incorporation of this technology in

diverse applications. CH3 NH3 PbI3−x Clx as active layer with
PEDOT : PSS and PCBM as hole-transporting and electron
selective contacts, respectively, have been investigated in
regular and inverted device architecture on an ITO coated
PET substrate achieving a PCE of 6.4% [62]. A higher PCE
of 10.2% was achieved using device structure of ITO/ZnO
(25 nm)/CH3 NH3 PbI3 /spiro-MeOTAD/Ag, fabricated using
low temperature solution processing techniques [63]. ITO
coated PEN substrate has been used to demonstrate a wearable perovskite based energy source achieving a PCE of 12.2%
with only 5% loss over 1000 bending cycles of radius 10 mm
[64].

9. Hybrid Multijunction Solar Cells
With the current state of the art, perovskite solar cells can be
used effectively as a top cell, in a tandem cell configuration
[65], with existing technologies like crystalline silicone and
thin film solar cells like CZTSSe, CIGS [66], and CIS. With
a reasonable estimate of achieving 20 mA cm−2 and Voc of
1.1 V at the top perovskite cell, a silicon cell generating 0.75 V
Voc [67] will lead to a FF of 0.8 and an efficiency of 29.6%
[68]. This all is possible with the existing technologies at hand
with little optimization in terms of band gap widening, FF
enhancement, and integration into tandem cell architecture
[69, 70].

10. Balanced Electron- and
Hole-Transporting Properties
Determination of diffusion lengths of electrons and holes in
an active layer is vital parameter which dictates the optimal
device architecture. If the diffusion length of the charges is
smaller than the absorption depth, a mesostructured device is
suitable for obtaining optimal charge collection. On the contrary planar junction devices are suited for efficient charger
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collection and transport, without significant recombination,
for larger diffusion lengths.
Transient photoluminescence (PL) and transient absorption spectroscopy measurements were used by Xing et al.
[71, 72], and Stranks et al. [73], to report transport
properties of CH3 NH3 PbI3 and CH3 NH3 PbI3−x Clx . Diffusion lengths for electrons and holes were reported at
129 nm (130 nm) and ∼105 nm (90 nm), respectively, in
CH3 NH3 PbI3 and at ∼1069 nm and ∼1213 nm, respectively,
in CH3 NH3 PbI3−x Clx [71, 73]. Thus it is evident that optimal
architecture for CH3 NH3 PbI3 is mesostructured cell while
for CH3 NH3 PbI3−x Clx , planar geometry will yield the highest
PCE. Comparable decay time of photoinduced absorption
at ∼550 nm in transient absorption spectroscopy and transient PL has indirectly confirmed the generation of weakly
bound photogenerated excitons in CH3 NH3 PbI3−x Clx . Data
from dielectric constant, transient absorption spectroscopy,
impedance spectroscopy, and transient photoluminescence
for perovskite materials suggest that the excitons generated
are Wannier-type [74].

11. Band Gap Engineering of
Perovskite Materials
Semiconductors with a band gap of 1.1 V are considered
most suitable for harvesting the solar spectrum from visible
to NIR. Strength of the potential developed is dependent
on this band gap, with low potential leading to drawing
of extra current at the expense of reduced voltage. The
balancing of these two parameters dictates the optimal band
gap in the range of 1.4 eV for cells made of single material
[75]. Research has indicated that band gap in perovskites
decreases with increase in dimensionality of MO(X)6 network [76], increase in the angle of M–O(X)–M bonds [77],
decrease in electronegativity of anions [78–82], and decrease
in difference of electronegativity between metal cation and
anion. Perovskite structure incorporating mixed iodide and
bromide [31, 49, 83] or bromide and chloride [84] halide has
continuously tuneable band gap allowing for light harvesting
over the complete solar spectrum. Mixed chloride iodide
halide perovskite renders no obvious band gap tuning owing
to difficulty in incorporating Cl− ion into PbI6 octahedron
[33, 85]. Energy levels of typical absorbers, hole selective
contacts, and electron selective contacts are illustrated in
Figure 4.

12. Improving Fill Factor
Low conductivity of HTM is the major reason for low FF
of perovskite solar cells which can be remedied by doping
the HTM with p-type codopant. Lithium salt Li-TFSI
added to spiro-MeOTAD increases the hole conductivity
in spiro-MeOTAD [86]. Photoelectron spectroscopy combined with absorbance measurements revealed that the
Fermi level in spiro-MeOTAD is shifted toward HOMO
due to the oxidation of 24% spiro-MeOTAD molecules
by the addition of Li-TFSI [87]. Cobalt complexes based
p-dopants in spiro-MeOTAD have been used to enhance
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the fill factor in ss DSSC [88]. p-dopant coded FK209 (tris
(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(III)-tris
(bis(trifuoromethylsulfonyl)imide)) to the spiro-MeOTAD,
together with Li-TFSI and tBP, has been used to enhance the
photovoltaic properties of CH3 NH3 PbI3 activated solar cells
by increasing the FF and Voc [89]. Protic ionic liquid has also
been used recently as p-dopant to HTMs [90]. In addition
to use of doping technique to improve the FF, improving the
morphology (defect- and pinhole-free) of the active layer
enhances the FF by enhancing the conductivity of HTM
and reducing the series resistance. Establishing perfect p–n
contact between active layer and HTM also improves the fill
factor. Chemical modification can be used to fine-tune this
contact between organic and inorganic layers from HTM
and perovskite, respectively.

13. Fabrication Techniques
Approaches reported for the synthesis of perovskite active
layers are one-step precursor solution deposition [72]; twostep sequential deposition [91]; dual-source vapor deposition
[59]; vapor assisted solution process [92]; and sequential
vapor deposition [93]. CH3 NH3 PbX3 perovskites have been
reported with both one-step and two-step coating techniques.
Im et al. [43] first reported the one-step coating method for
iodide perovskite active layer by reacting equimolar CH3 NH2
and HI in the appropriate solvent. The white precipitates were
obtained by introducing ethyl ether to the resulting solution,
followed by vacuum drying for about 12 h. The synthesized
CH3 NH3 I was then mixed with PbI2 at a 1 : 1 molar ratio in
𝛾-butyrolactone at 60∘ C and used as a coating solution. For
two-step coating method lead iodide film is first formed on
titania surface through spin coating or vacuum deposition
and the layer thus formed is immersed in CH3 NH3 I [91, 94]
containing solution.
One-step solution processing is the simplest of the solution processing technique for the growth of perovskite layer.
A precursor solution is spun-cast on substrate resulting in
loss of excess solution, drying of solvent, and annealing of
the solvent. While these processes proceed simultaneously,
properties of the solvent, additives, and the annealing and
processing temperatures and environments have a profound
impact on the final film quality.
Solvents reported for optimum solution process are typically 𝛾-butyrolactone (GBL), dimethylformamide (DMF),
and dimethyl sulfoxide (DMSO). GBL gives a lower maximum concentration of solute at 40 wt% [43] while DMF and
DMSO give higher loading of 60 wt% at room temperatures
[95]. Mixture of solvents has also been reported for obtaining optimum concentrations for solution processing since
higher concentrations lead to better film coverage and higher
efficiency devices [72, 73, 96]. Best results are reported for
a combination of DMF and GBL (3 : 97 vol%) owing to the
rapid evaporation of this combination of solvents [74, 97].
Application of solvents like toluene during spin coating at the
surface of the perovskite film leads to better concentration
and uniform morphology. This is attributed to the rinsing of
excess solvent by toluene leading to better crystallization of
perovskites [98].
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Perovskite film coverage is also dependent upon annealing temperature during solution processing by one-step
solution method [99]. Lower annealing temperature results in
poor film convergence while higher annealing temperatures
lead to decomposition of active layer [100]. Optimum annealing conditions are reported to be slow annealing at 100∘ C
forming particles of 100–1000 nm [101].
Improvement in film formation was made possible by
two-step sequential deposition [91, 94], within the realm of
solution processing. Two-step methods afford higher loading
of lead iodide by first spin casting of lead iodide followed by
solution processing or vacuum assisted deposition of MAI
[93]. It is a heterophase reaction resulting in conversion
to MAPbI3 . This results in a more compact, uniform, and
reproducible film. Alterations have been adopted by different
researchers to optimize this process, including prewetting
[102] the lead iodide film in dispersion solvent and heating
the substrate resulting in higher efficiencies [91, 102, 103]. Successive spin coating method, an improvement over two-step
method, has also been used to improve the film formation
[104]. Use of DMSO, a strong coordinated solvent, for solution processing of PbI2 results in amorphous film ensuring
smooth and uniform coverage and complete conversion to
MAPbI3 [105].
A modification of two-step deposition method is the
vapor assisted growth of MAI on the PbI2 film. Compact
and uniform PbI2 film obtained by solution processing is
exposed to MAI vapors under ambient conditions. In contrast
to vapor deposition this method does not require expensive
vacuum equipment and environmental controls. Combining
the advantages of solution processing and low temperature
vapor deposition, the films grown are pinhole-free offering
higher efficiencies [93, 106]. Doctor blade [107], liquid droplet
assisted two-step solution process [108], spray and brush
solution processing [109], and flash evaporation [110] have
also been recently reported to add to the versatility of
synthesis techniques.

14. Stability Studies
Two parameters important for commercial application of
perovskite solar cells are stability and efficiency. Lots of
research effort has been directed at enhancing the efficiency
of these devices by adoption of various device architectures, compositions, and manufacturing techniques. This has
resulted in substantial increase in efficiencies to a proven
efficiency of 20.1 [111]. The limiting factor to this success
story is the efficiency. High efficiency devices reported are
synthesized under controlled environments and lose their
efficiencies rapidly. For their commercial viability it is imperative that studies be undertaken on issues of stability and
reproducibility to enhance the lifetime of these devices.
Degradation in perovskite solar cells is a synergetic effect
of exposure to humidity, oxygen, ultraviolet radiations, and
temperatures.
Niu et al. have proposed a sequence of chemical reactions
considered responsible for the degradation of CH3 NH3 PbI3
in the presence of moisture [16]:
CH3 NH3 PbI3 (s) ←→ PbI2 (s) + CH3 NH3 I (aq)

(1)

CH3 NH3 I (aq) ←→ CH3 NH2 (aq) + HI (aq)

(2)

4HI (aq) + O2 (g) ←→ 2I2 (s) + 2H2 O (l)
2HI (aq) ←→ H2 (g) + I2 (s)

(3)
(4)

The equilibrium species, in the presence of water, oxygen,
and UV radiation, are thus CH3 NH3 I, CH3 NH2 , and HI.
HI can either decompose by a one-step redox reaction (3)
or by photochemical reaction under UV radiation to H2
and I2 . This sensitivity requires synthesis in a controlled
environment like a glove box [59, 91]. A humidity of 55%
is reported to deteriorate performance and is evident by
a color change from dark brown to yellow [49]. Devices
incorporating Al2 O3 scaffold showed better stability in line
with the reports on stability of DSSC with this scaffold [112,
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113]. CH3 NH3 PbBr3 is reported to be more stable to moisture
exposure and CH3 NH3 Pb(I1−x Brx )3 based absorbers retained
good PCE on exposure to humidity of 55% for 20 days
[49]. A moisture induced reconstruction mechanism has also
been proposed for controlled humidity synthesis in planar
geometry. Though the efficiency increased to 19.3%, it rapidly
deteriorated to less than 5% of original performance when
stored in ambient conditions [110]. Encapsulation techniques
developed for CIGS based devices could prove effective in
addressing the moisture sensitivity of these devices [114]. A
PCE of 15.76% has been achieved for devices synthesized in
ambient conditions with humidity of 50% by incorporating
a substrate preheating step before spin-coating lead iodide
[115].
UV sensitivity is attributed to use of TiO2 as photoanode
in PSC. With a band gap of 3.2 eV, it is typically a photocatalyst
for oxidizing water and organic matter [116]. Proposed degradation mechanism for CH3 NH3 PbI3 under UV illumination
is [117]
2I− ←→ I2 + 2e−
[at the interface between TiO2 and CH3 NH3 PbI3 ]
3CH3 NH3 + ←→ 3CH3 NH2 ↑ + 3H+
I− + I2 + 3H+ + 2e− ←→ 3HI ↑

(5a)
(5b)
(5c)

Inclusion of Sb2 S3 layer at the interface between mesoporous
TiO2 and perovskite layer was observed to increase the
stability, attributed to the interruption of iodide couple at
the interface. UV activated decay at the interface of TiO2
is also reported to be arrested by the presence of oxygen
which removes surface states and pacifies deep trap sites at
the interface, titania being an n-type semiconductor [118,
119]. Use of alumino silicate shell on titania nanoparticles
can increase stability [119]. Al2 O3 scaffold is a more stable
alternate to TiO2 in MSSC [118, 120].
Thermal stability studies are important as under solar
illumination the temperatures are expected to be over the
phase transition temperature of CH3 NH3 PbI3 . It changes
from tetragonal to cubic structure at 56∘ C [121]. Studies have
indicated that thermal stability can be affected by subtle variations in synthesis routes and the precursors used [122]. Poor
thermal conductivity by monocrystalline and polycrystalline
CH3 NH3 PbI3 also creates internal stresses to the detriment of
the mechanical integrity of the films and hence the lifetime of
the devices [123]. Use of polymers with single-walled CNTs as
a HTL has been reported to increase the thermal stability and
retard moisture sensitivity of the perovskite solar cells [124].
Issue of lead poisoning has been simulated by investigating
the effect of rain with water of different pH values concluding
that the use is environmentally safe [125].

15. Hysteresis Effects
Ferroelectric polarization of perovskites has been under focus
recently. Understanding the ferroelectric behaviour of this
class of materials may be critical in increasing its efficiency
and stability as ferroelectricity may affect the photoexcited

electron hole pairing and separation [126, 127]. The origins
of this effect are still postulated. Ferroelectricity came under
focus on the reports of hysteresis behaviour in current voltage
scans [128–130], dependent on the scan rate and direction
[129], light soaking history [128], and contact material and
interfaces [131]. Snaith et al. have proposed capacitive effects,
ferroelectric behavior of absorber, and defect densities to
be the source of hysteresis behaviour [131]. This effect, if
not accounted for, results in erroneous efficiency values in
comparison to the stabilized output [132]. Conflicting reports
through theoretical and experimental values have added
impetus to the current research. The observed hysteresis in
current voltage (JV) curves was attributed to ferroelectric
domain under applied electric field, while the same effect
can also be caused by ionic migration [131, 133] or trapping
detrapping [131, 134] of charge carriers. Identification of
polar I4 cm space group [135] instead of previously accepted
nonpolar I4/mcm [131, 133] had added weight to the theory
of ferroelectric polarization. Theoretical calculations have
postulated a polarization value of 38 𝜇C/cm2 [126].
Studies of polarization electric field [130] were used
to investigate the ferroelectric response of CH3 NH3 PbI3 ,
though they were heavily distorted by leakage currents and
may not be conclusive evidence to the ferroelectric response.
Piezoresponse force microscopy [136] indicated ferroelectric
domains though no confirmation of local switching of ferroelectric domains was presented. Concurrent evaluation of PE
loops and piezoresponse force microscopy by Xiao et al. [137]
in a recent report did not detect ferroelectric polarization in
contrast to the other reports. Many reports have supported
a ferroelectric response [129, 130, 135, 136, 138] by this
class of materials. Understanding the physical phenomenon
responsible for this effect is vital for efficiency enhancement
and is an open area of research. Physical optimization by trial
and error and theoretical simulations will lead to stabilized
efficiencies and will add to maturing of this technology.

16. Comparison to Other Technologies
Solar cell has to absorb sun light and convert its incident
energy into electrical power. The energy of incident photons
is scattered over the entire spectrum of solar radiations.
Photons with energy equal to the band gap of the active layer
in a PV cell only are absorbed while photons with energy
lower than the band gap are not absorbed at all while photons
with energy higher than the band gap generate electron above
the conduction band which lose their energy in the form of
heat, while relaxing back to valence band. Thus the maximum
voltage solar cells generate is the open circuit voltage and it
indicates the maximum electrical power derivable form the
incident photons.
Perovskites are unique as active layer in PV modules
owing to their ability to deliver high open circuit voltages,
under full sun illumination, leading to light harvesting from
a broad spectrum of incident solar radiation. Voc is a
measure of the maximum energy that can be drawn from
the incident photon by the solar cell. The difference between
Voc and the potential of the lowest energy photon generating
a charge is a measure of the fundamental loss in a solar
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cell [139]. Thermodynamic treatment limits this loss to the
tune of 250−300 meV, varying with the band gap, based
on Shockley-Queisser treatment [75]. Onset of the IPCE
spectrum determines the lowest energy absorbed photon. For
CH3 NH3 I3−x Clx perovskite the onset is 1.55 eV (800 nm) and
the best Voc of 1.1 gives a loss in potential of 450 meV which is
lower than the reported loss of 0.59 eV for best commercially
available PV technology CdTe at an efficiency of 19.6% [140].
Thus perovskite solar cells, at the current state of the art, are
at par with commercial technologies like CIGS, GaAs, and
crystalline silicon [141].

17. Future Outlook
In a span of a couple of years, perovskites have demonstrated
that they possess the right mix of properties to offer a
solution to our energy requirements. Though they evolved
out of liquid electrolyte DSSCs, they are now established as
a class of their own with extensive research focus pushing
the efficiency limit beyond 20%. Low temperature solution
processing assures low per watt cost and quick energy
payback times. Device architectures ranging from pin [55,
59, 99] to mesoporous to mesosuperstructure configuration
throw wide open the possibilities for incorporation of novel
materials and synthesis approaches. The future may hold
no scaffold pin planar configuration or the incorporation of
other semiconductor materials for inert oxide scaffold. Use of
materials with high mobility as HTM will further improve the
FF while optimization of the interfaces and selection of HTM
and ETM may push forward the efficiencies to higher values.
Incorporation of narrow band gap perovskites and plasmonic
light harvester may broaden the spectral response with
better light harvesting. Interface engineering and introduction of self-assembled layers will reduce losses and improve
efficiency. Understanding of the underlying photophysical
phenomenon will further help improving device structures
and better selection of materials. Exploration of tandem cell
configuration with perovskite based cell as the top cell will
push forward the achievable efficacy limit further. With the
amount of research effort under way, guided by the adherence
to the issue of best practices [142], this technology holds
great promise to addressing our energy concerns. Addressing
the issues of stability and use of lead can go a long way in
maturing this technology for commercial application, though
in the present legal framework use of lead is not a problem as
CdTe based solar cell has received wide acceptance despite
Cd content. Use of lead extensively in lead acid batteries
and its content at comparable levels in CIGS and silicon
modules to perovskites [143] suggest that in the short term
the concern may not be pressing, but these technologies are
increasingly being phased out and alternatives are explored to
minimize the environmental impacts of these heavy metals.
Replacement of lead with tin in perovskite solar cell is already
under investigation and may offer an environment friendly
alternative [144].
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