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A B S T R A C T

Perovskite hybrid solar cells are in vogue in solar cell research. Dye-sensitized solar (DSS) cells, thin film solar
cell and silicon solar cell, among others, owing to their efficiencies that are comparable to crystalline Si solar
cells and ease of fabrication by a low-temperature solution technique. Although perovskite solar cells have been
accounted for to exhibit enhanced output of about 21% from about 9.7%, limited researches have been
conducted to find out their low stability that impedes outdoor applications. The issue of degradation of
perovskite and the stability of perovskite solar cells should be addressed for good reproducibility and long life
time with high conversion efficiencies. The present review aims to represent an account of the advancement in
the organic, inorganic perovskite solar cells and the extent of fabrication techniques with a view to understand
the material efficiency relationships.

1. Introduction

Solar energy, along with wind, biomass, tidal and geothermal
energy are emerging as alternate sources of energy for our energy-
deprived planet. Out of the mix, solar energy is the renewable and clean
type of energy that offers an answer to the increasing concern of global
warming and greenhouse gases by fossil fuels. In the course of recent
decades, Si solar cells have advanced tremendously both in terms of
their cost of production and efficiency [1,2]. In some parts of the world,
it is being delivered to the grid power at competitive costs compared to
that of fossil fuels. Newer in the mix form is vapor deposited from
semiconductor and thin film-based technologies like copper-indium-
gallium-selenide (CIGS), CdTe [3,4], organic/inorganic solar cells,
inorganic semiconductors or hybrid composites [5–10], whereby they
imply as second and third generations solar cells and are pushing the
borders further regarding the ease of processing, efficiency, cost and
stability owing to sustained research effort in the course of the recent
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. For larger markets, the cost per
watt has to be substantially lowered to be comparable to that of
electricity generated from fossil fuels. A quantum increase in efficiency
and reduction in cost for energy technologies are warranted. Recent
advances in the assembling of standard silicon solar cell have guaran-
teed incorporation of photovoltaic in the mainstream 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 such as the ease of
surface passivation, low cost, hardness and high-temperature stability
have made them favored options in photovoltaic applications.
Technologies promising a combination of lower cost and ease of
fabrication with a better energy payback matrix offer exciting oppor-
tunities to replace silicon. As a new entrant in this field, organometallic
halide perovskites offer captivation prospects [11–14]. Solution pro-
cess ability, broad-spectrum solar absorption, low nonradioactive
recombination losses and the potential to capitalize of research and
development in the field of dye-sensitized and organic solar cells
provide all the right ingredients for this technology to thrive as an
alternative to the dominance of silicon. The advent of hybrid perovskite
has amazed the research groups in the photovoltaic field as it has
demonstrated a high performance and fast growth within the last 5
years [11,15–17]. This material has caused a rise in the Power
Conversion Efficiency (PCE) for photovoltaic (PV) devices up to 20%
[18–21]. The name perovskites was derived from Lev A. Perovski who
was a Russian mineralogist. These materials are well known for several
years; however, Miyasaka et al. (2009), mentioned the early usage of
solar cells [2]. They were created on dye-sensitized solar cell archi-
tecture together with a thin layer of perovskite on the mesoporous TiO2

as an electron collector and produced 3.8% PCE. Furthermore, as a
liquid corrosive electrolyte was utilized, the cell reached a stability for

http://dx.doi.org/10.1016/j.rser.2017.06.088
Received 5 October 2016; Received in revised form 5 May 2017; Accepted 22 June 2017

⁎ Corresponding author.

Renewable and Sustainable Energy Reviews xxx (xxxx) xxx–xxx

1364-0321/ © 2017 Elsevier Ltd. All rights reserved.

Please cite this article as: Khalaji Assadia, M., Renewable and Sustainable Energy Reviews (2017),
http://dx.doi.org/10.1016/j.rser.2017.06.088

http://www.sciencedirect.com/science/journal/13640321
http://www.elsevier.com/locate/rser
http://dx.doi.org/10.1016/j.rser.2017.06.088
http://dx.doi.org/10.1016/j.rser.2017.06.088
http://dx.doi.org/10.1016/j.rser.2017.06.088


merely few minutes. Later, Park et al. obtained 6.5% PCE using the
same dye-sensitized concept in 2011 [22].

In order to avoid corrosive liquid electrolyte in perovskite DSSC,
[23] the solid-state electrolyte, spiroMeOTAD (2,2′,7,7′-tetrakis(N,N-
di-pmethoxyphenylamine)− 9,9′-spirobifluorene) was developed to act
as a hole transport material (HTM). They developed the one-step
solution processable perovskite solar cells using solid-state electrolyte
and successively achieved PCE of 9.7% with admirable stability, as it
shown in Fig. 1 [23].

They demonstrated a high efficiency due to charge separation by the
hole transfer from excited (CH3NH3) PbI3 nanoparticles to the meso-
scopic TiO2 film and spiroOMeTAD, which was confirmed by femtose-
cond laser studies. Moreover, they highlighted that the solid hole
conductor as a HTM in PSC managed to considerably improve the PCE
and stability compared to liquid electrolyte-based PSC. A major
advancement was made in 2012 when Snaith and Lee realized that
perovskites are stable if they make contact with a solid-state hole
transporter that do not need the mesoporous TiO2 layer to transport
electrons (refer to Fig. 2) [22]. They observed high efficiency (~10%)
when compared to previous dye-sensitized solar cells (DSSC) where
liquid electrolyte was used.

Meanwhile, Heo et al. [24] achieved a PCE of 12% by using both
flexible layers consisting of perovskite layer overlying the scaffolding
TiO2 infiltrated by perovskite. They studied several HTMs-based PSC
including spiroOMeTAD and polytriarylamine and found that poly
triarylamine (PTA)-based PSC achieved the highest efficiency com-
pared to others. Later, Seok and co-workers further improved PCE to
12.3% using mixed-halide CH3NH3PbI3−xBrx perovskites [25].
Subsequent addition of low ionic radius of Br (10–20%) to the mixed
halides allowed significant improvement in efficiency and stability due
to the tetragonal to pseudo-cubic structural transition of perovskites.
[26] Another researcher, Zhang (2015) developed pinhole-free per-
ovskite films and achieved PCE of 15.2% using non-halide (PbAc2)
under one sun illumination. They prepared films using one-step

coating method followed by annealing. Likewise, devices were also
fabricated with PbCl2 and PbI2 and significant improvement in
efficiency was observed. Burschka et al. showed that a technique of
deposition for the sensitized architecture exceeds the efficiency of 15%
by a 2-step solution process [27], while Liu et al. observed that planar
solar cells can be made by thermal evaporation and have an efficiency
of more than 15% [28–30].

These results suggest that deposition approaches significantly
influence PCE of PSC and achieved the highest efficiency when
compared to solution-processed solar cells. Later, Jeon et al. achieved
PCE of 16.2% by altering the energy levels of mixed-halide
CH3NH3PbI3−xBrx with PTAA (HTM) [31]. The efficiency was further
improved to 17.9% by adjusting the ratio of thickness for perovskite
infiltrated TiO2 scaffolding linked to the constant perovskite layer.
Recently, Zhou et al. [32] have developed perovskite devices and
achieved the highest PCE of 19.3% by adjusting the band alignment
of HTM/ETM to the perovskite layer. In 2015, researchers from KRICT
attained an alternate efficiency around 20.1% [33]. Shin et al. [34],
studied the superoxide colloidal solution route for preparing an LBSO
electrode under very mild conditions (below 300 °C). The PSCs that
were fabricated with LBSO and methylammonium lead iodide
(MAPbI3) show a steady-state power conversion efficiency of 21.2%
versus 19.7% for an mp-TiO2 device. The LBSO-based PSCs could
retain 93% of its initial performance after 1000 h of full sun illumina-
tion.

The objective of this paper is to study the structure, fabrication and
mechanisms of Perovskite Solar Cells. It gives no doubt that to deal
with high-efficiency and stable devices, as well as environmentally
benign perovskites are the critical, yet challenging aspects of PSC
research. This research has investigated the photovoltaic systems with
organometal halide perovskite compounds and propose avenues for
further development. The rest of this paper is organized as follows:
Section 2 provides the structure of organolead halide pervoskite. The
optical and electrical characteristics of these halides are reviewed and

Nomenclature

(PSC) Perovskite solar cell
(PCE) Power conversion efficiency
(DSSC) Dye-sensitized solar cell
(HTM) Hole transport material
(ETM) Electron transporting materials
(PTA) Poly triarylamine
(PTAA) poly (bis (4-phenyl) (2,4,6-trimethylphenyl) amine)
(CB) Conduction band

(EQE) External quantum efficiency spectra
(VASP) Vapor- assisted solution process
(PIA) Photoinduced absorption spectroscopy
(ssDSC) Solid-state dye-sensitized solar cell
(P3HT) Poly-3-hexyl thiophene
(PDPPDBTE) (poly [2, 5-bis (2-octyldodecyl) pyrrolo [3, 4-c]

pyrrole-1, 4 (2H,5H) -dione- (E)−1, 2-di (2, 2'-
bithiophen-5-yl) ethene])

(LBSO) Lanthanum (La)–doped BaSnO3

Fig. 1. a, b, Real solid state and schematic representation of the perovskite device. c, d, SEM image of the device and high-resolution image of perovskite layer [23].

M.K. Assadi et al. Renewable and Sustainable Energy Reviews xxx (xxxx) xxx–xxx

2



compared to other sensitizers in Section 3. The wide variety of device
architectures employed so far, are evaluated in Sections 4, 5 and 6.
Since different architectures have diverse principles determining their
performance, these insights into the working mechanisms allow the
determination of the optimum approach. At the end, in Sections 7 and
8, future perspectives with a particular focus in the improvement of
efficiency, stability of perovskites along with conclusions are discussed.

2. Structure of organolead halide perovskite

Among the various structure of perovskite, the general formula of
ABX3, the cation of A is occupied in a cube-octahedral site and the
cation of B is occupied in an octahedral site (Fig. 3a) where
(X = oxygen, carbon, nitrogen or halogen). Hence, A is divalent and
B is tetravalent when O2

- anion is used. Though, perovskite holding
halogen anions let divalent B and monovalent A cations in sites to
achieve neutrality charge. As shown in Fig. 3b, A-site cation is
CH3NH3

+ and the B-site cation is Pb2+ in CH3NH3PbI3.
Methylammonium lead iodide (MAPbI3) shows considerable optical

and electronic characteristics [30,35] when the band gap is 1.55 eV
compared to an absorption start from 800 nm and is a decent absorber
over the whole visible spectral region [35,36]. A weak binding of under
50 meV [37,38] in the photon-created excitons are separated quickly
into free cations at room temperature [39]. Electrons and holes;
therefore, generated a display of little efficient masses bringing about
high transporter nobilities of 27 ± 7 cm2 V−1 S−1 for electrons and 105
± 35 cm2 V−1 S−1 for holes [40]. Therefore, on a period size of several
nanoseconds, their recombination happens and brings about non-
bearer diffusion length that is the normal separation that can be
secured by the transporter before the recombination, extending some-
where around 100 nm and 1000 nm [40–42]. Currently, there are
insufficient writings on the half and half perovskites in photovoltaic
applications [43,44]. Iodine in perovskites has been substituted by
different halogen yet their part is still under investigation: Cl- and Br-

permit nonstop tuning of optical band gap and cover the vast majority
of the visible spectral region [Fig. 4, a-c] [45–48]. Br- raises the
conduction band and brings down the valance band where 2.2 eV is the
band gap. Unfortunately, the large band gap of CH3NH3PbBr3 restrict
the light absorption with wavelength below 550 nm that cut down the
photocurrent greatly. Photon-generated excitons of CH3NH3PbBr3
have 150 meV energy of binding that is greater than CH3NH3PbI3
which is around 50 meV [36,44]. Thus, the PCE of PSCs applying
CH3NH3PbBr3 is less than CH3NH3PbI3 [47]. In this light, the amount
of 1060 nm incident photon threshold was extended to the current
devices efficiency (Fig. 4 (d) and (e)).

The perovskite arrangement is approximated on its geometric
tolerance factor (t) [15],

t = (rA + rX)/[(rB + rX)]½ (1)

where rA, rB and rX are the efficient ionic radii for A, B and X particles,

Fig. 2. Schematic representation of charge transport and transfer in perovskite-sensitized TiO2 and Al2O3-based solar cells and corresponding energy levels [22].

Fig. 3. (a) ABX3 perovskite structure showing BX6 octahedral and larger A cation
occupied in cubo-octahedral site. (b) Unit cell of cubic CH3NH3PbI3 perovskite. [49].
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individually. For the transition of metal cations that are contain
perovskite oxide, a perfect cubic perovskite is anticipated when t = 1.
However, octahedral distortion is assessed when t < 1 [16]. Symmetry
is diminished for t < 1, which influences electronic characteristics
[16]. For alkali metal halide perovskite, formability is anticipated for
0.813 < t < 1.107 [17]. As it stated in Table 1, the rA in APbX3 (X =
Cl, Br, I) perovskite was computed for t = 0.8 and t = 1 taking into
account efficient ionic radii [11]. As the tolerance of CH3NH3PbI3 was
measured as 0.83, in this manner, the deviation from a perfect cubic
structure is likely to happen.

2.1. Crystal structures

Tentatively, some former investigations that are accounted for
ABX3 show different phases under various temperatures yet in the
high-temperature phase, the results demonstrate similar cubic perovs-
kite structure, as appeared in Fig. 3, where a three-dimensional
structure of corner sharing BX6 octahedron is given
[7,8,19,22,32,51–55]. As a simple approach, we would only look at
the cubic structure in this work to realize the chemical orientation of
this sort of materials. First, we should relax the structures of all the
cubic ABX3 type compounds. The lattice constants are consolidated in
Table 2. By increasing the size of X from Cl to I, we managed to get the
lattice constants of ABX3 to also increase. By keeping the B site and X
site atoms, the lattice constants of ABX3 will change with the size of A
site atom. CH3NH3 and NH2CHNH2 have similar size and larger than
Cs, so the lattice constants are almost the same for A=CH3NH3 and
NH2CHNH2 and they are larger than that with Cs. In the event that we
contrasted the acquired lattice constants and the accessible exploratory
results, we can see that our outcomes are in great concurrence with the
experimental data [7,8,19,32,51–53].

3. Organolead halide perovskites properties

The rapid grow of perovskite solar cells caused the achievement of
near 21% of efficiency in few years. The importance of perovskite solar
cells leads them to involve in many of application due to their high
performance. There are three essential properties which privilege them
comparing with other semiconductors and dyes types employed for
light harvesting in solar cells as follow;

3.1. Organic/inorganic metal halides as light absorbers

The first advantage of the organolead halide perovskites compare
with dyes is that they have a greater absorbance in the range over the
entire visible to near infrared (NI). The molar extinction coefficient
(MEC) of CH3NH3PbI3 for example, is around 1.5 × 105 (mol/
L)−1 cm−1 at 550 nm that is almost three times greater than organic
dyes MEC achieved in solid-state DSSCs [56]. This advantage allows
the perovskite absorb complete light in films when the thickness range
is 500–600 nm to stunned the limitations of thickness (around 2 µm)
of the usual solid_state DSSCs.

The Organic perovskites similar to the inorganic perovskites are

Fig. 4. The MAPb (I1−xBrx)3. UV–vis absorption spectra and the photographs Absorption evaluated for various TiO2/CH3NH3Pb (I1-x Brx)3 films. (b) Image of 3-D TiO2/MAPb
(I1−xBrx)3 FTO glass substrates coated with double layer Nanocomposites. (c) Band gaps of MAPb(I1−xBrx)3 quadratic relationship for a Br composition function (x) [25].(d) Electronic
absorption spectra of porous TiO2 on MASnxPb(1−x)I3 perovskite solar cell (e) efficiency curves for incident photon-to-current conversion [50].

Table 1
A cation radii estimation in APbX3 (an Effective ionic radii for coordination number of 6,
b rA = t. [ (rB + rX)] 1/2 - rX.).

rPb
a X a rA

b for t=0.8 rA
b (Å) for t=1.0

Pb2+(1.19 Å) Cl- (rCl = 1.81 Å) 1.58 Å 2.43 Å
Br- (rBr = 1.96 Å) 1.60 Å 2.50 Å
I- (rI = 2.20 Å) 1.64 Å 2.59 Å
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hybrid layered materials usually with an ABX3 structure where A
consider as a large cation when B is the smaller metal cation and X
represent an anion from the halide series. They are able to form as an
octahedral structure of BX6, which forms a 3-D structure linked from
the corners [57–59] as illustrated in Fig. 3a. The component A fills the
coordinated space between the octahedrals which shape in these 3-D
structures. One of the influential factor pf the cation A is its size that
assists the formation of a closed packed perovskite structure as this
cation is required to fit appropriately into the space composed of the
four octahedra that are attached each other via their shared corners
[60]. It should be consider that the organic cations are small and are
limited to ethylammonium, methylammonium and formamidinium
typically. The integration of larger molecules with terminal cationic
groups within the inorganic framework has also been demonstrated in
some cases [61,62]. The metal cations for instance, Pb2+, Sn2+ and
Ge2+ are usually divalent metal ions while the halide anions are I, Cl
and Br. The optical absorption as well as photoluminescence is related
to the metal halide employed, with the iodides resulting in smaller
bandgaps and light emission at longer wavelengths while the bromides
display higher bandgap and luminescence at shorter wavelengths [63–
65]. Interestingly, a perovskite structure which integrates two halides
(iodide and bromide) allows for the continuous alteration of the
bandgap (Fig. 4a and b) [25,44]. The best solar cells have been
obtained from CH3NH3PbI3 which has a bandgap of 1.55 eV, near
the optimal one for photovoltaic performance (1.4 eV). This coupled
with the high extinction coefficient (greater than standard dyes [43])
enables excellent external quantum efficiency spectra (EQE) in the
solar cells [23,56] until 800 nm, to harvest the photons in the visible
range of the solar spectra and part of the NI (see Fig. 5). Remarkably,
when CH3NH3PbI3 is heated above 55–600C, it undergoes a phase
transition from tetragonal form to cubic formation [59], which is
expected to narrow the bandgap.

3.2. Ambipolar organolead halide perovskites

Research on mesoporous TiO2/CH3NH3PbI3 solar cell [53] with
about 5.5% efficiency indicated that organolead halide perovskites
exhibit p-type. On the other hand, n-type behavior [66] of
CH3NH3PbI3 in non-sensitized cells of mesoporous ZnO2/
CH3NH3PbI3/spiroMeOTDA configuration, exhibited 10.8% efficiency
[66]. This proves that CH3NH3PbI3 exhibits ambipolar charge transfer
characteristics. Additionally, n-type charge transport was demonstrated
in mesoscopic Al2O3/mixed with halide CH3NH3PbI3−xClx device [22]
and the planar heterojunction perovskites exhibit ambipolar transport
characteristics and are potentially excellent materials for solar cells to
ensure higher photovoltaic performances. Hence, CH3NH3PbI3 must
reveal ambipolar charge transport characteristics. In Snaith's meso-
scopic Al2O3/mixed halide CH3NH3PbI3_xClx device [22] and the planar

heterojunction perovskite cells in the range of 10–15.4% efficiencies [51]
were illustrated to carry the n-type charge transport. Thus, the organo-
lead halide perovskites can show ambipolar charge transport. This state
that are potential material to be applied in solar cells with numerous
types of configurations to obtain the higher photovoltaic performance.

3.3. Charge transport characteristics of organolead halide
perovskites

Organolead halide perovskite displays improved charge transport
qualities contrasted with organic solar cells because of Wannier_type
excitons in the previous and Frenkel excitons in the last mention. The
transient absorption spectroscopy has been utilized to investigate the
dispersion lengths of the electrons and holes in CH3NH3PbI3 and
CH3NH3PbI3−xClx and observed to be 130 nm and 100 nm in
CH3NH3PbI3 and 1100 nm and 1200 nm, separately, in
CH3NH3PbI3−xClx [41,42]. It is realized that mesoscopic sensitized
devices are favored if the dispersion length of the charge bearers is less
than the profundity of higher absorption. It can be an explanation
behind improved charge transport in perovskites and is a basic
configuration parameter. For example, 500–600 nm is the absorption
depth of organolead halide perovskites so the mesoscopic sensitized
devices are favored if the depth of the light absorption is higher than
the length of diffusion for the charge carriers.

It is seen in CH3NH3PbI3 as a light absorber and shows an
effectiveness of 15% [19]. Organolead halide perovskite solar cells
display high transporter mobilities, quicker charge generation and
adjusted charge bearer mobilities. Manufacture of devices is moder-
ately simple from their solution and being exceptionally crystalline is
generally flaw-free [39]. Therefore, due to those qualities, the exam-
ination of perovskite solar cells is less complex compared to other
photovoltaic structures.

4. Fabrication of MAPBI3

Fabrication of MAPBI3 pervoskite is followed by two methods: one
is by spin coating a solution of CH3NH3 and PBI2 or spin coating PBI2
will be continued by deposition of CH3NH3 that is a two-step method
(Fig. 6a and b). The one-step coating method almost is the most
preferred process. The way of the dissolvable (DMF, GBL or DMSO)
and the difficulties in getting pin hole free pervoskite highly influence
the device's performance [22,36,67]. Controlling crystallinity, dewet-
ting and related issues of roughening in pervoskite films influence the
implementation adversely [68].

In spite of these difficulties, device efficiencies of 12%, 11.8%, and

Table 2
Calculated lattice constants (in Å) of ABX3 compounds (with A=Cs, CH3NH3,
NH2CHNH2; B= Sn,Pb;X= Cl,Br,I). The available experimental results are shown in
parentheses.

A=Cs X

Cl Br I

B Sn 5.61(5.6018) 50.89 6.28(6.2219)
Pb 5.73(5.6121) 5.99 6.39

A = CH3NH3 X
Cl Br I

B Sn 5.90(5.7618) 6.10(5.898) 6.41(6.247)
Pb 5.80(5.6820) 6.10(5.9020) 6.46(6.3320)

A=NH2CHNH2 X
Cl Br I

B Sn 5.92 6.13 6.46(6.3222)
Pb 5.81 6.09 6.47

Fig. 5. The efficiency of external quantum measured for a CH3NH3PbI3 perovskite solar
cell and AM1.5 g solar spectra.
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9.93%, separately, were obtained when CH3NH3Cl [70], 1, 8-diiodooc-
tane [71] or NH4Cl [72] were purposely spiked to the solution in
fabrication.

5. Vapor-assisted film deposition method

Despite the ease of fabrication of the device from a solution, vapor
deposition technique offers a very superior device and superior
performance. The films that were obtained are uniform and the
crystalline platelets are on the nanometer scale; pin hole free per-
ovskite films are known to yield an efficiency of 15.4% [51]. Snaith
et al. demonstrated a dual-source evaporation technique where
CH3NH3I and PbCl2 are pre-heated to 120 °C and 325 °C, respectively
and simultaneously deposited on a TiO2 coated fluorine doped tin oxide
glass under high vacuum. The method is very effective high tempera-
ture and high vacuum conditions notwithstanding. Alternate methods
research in the literature is deposition of a perovskite layer low
temperature by "vapor- assisted solution process"(VASP) as it shown
in Fig. 7. Here, the perovskite film is grown via in situ reaction of the
as-deposited PBI2 and CH3NH3I vapor [69]. These methods offer a
simple and scalable process and are amenable to study the perovskite
layer thickness and optoelectronic properties. This method was also
examined for the inverted planar perovskite device and CH3NH3PBI3
layers of different thickness were formed and were used for light
harvesting [37].

6. Solar cell device architectures

Researchers’ growing interest in CH3NH3PbI3 perovskite is
attributed to the high efficiencies and the novel configurations
made possible by the singular characteristic of the material. Metal
halide-based devices with a structure similar to the classical ssDSC
[23] were fabricated with the organic/inorganic halide being
deposited in a nanostructured layer of TiO2 by a single step spin-
coating method (device structure in Fig. 8a. and spiroOMeTAD
(2,2′,7,7′-tetrakis-(N,N-di-p-methoxyphenylamine) 9, 9′-spirobi-
fluorene) HTM deposited on top. In this research, optical measure-
ments show charge injection from the perovskite into TiO2 (elec-
trons) and HTM (holes) but the latter is the fastest one. Recently,
the application of the sequential deposition process whereby PbI2
was converted into CH3NH3PbI3 within the pores of the TiO2

resulted in record efficiencies (η = 15.0%) [74].
The above architecture has an important alteration that replaced

the TiO2 mesoporous by an insulating Al2O3 scaffold resulting to an
achievement of 10.9% of efficiency [76].

PIA measurements of CH3NH3PbI3−xClx/spiroOMeTAD layers
indicated that the photogenerated hole was injected into
spiroOMeTAD that avoids the voltage drop related to the concen-
tration of the TiO2 band-tails [77], which results higher photo-
voltage. Additionally, small-perturbation transient photocurrent
decay measurements [22] also show quicker charge collection in

Fig. 6. perovskite active layers preparing techniques.
(a) precursor deposition in One-step, (b) sequential deposition technique in two-step, (c) vapor deposition in dual-source [69].

Fig. 7. (a) A schematic view (b, c) Vapor-assisted solution process using SEM imaging for deposition of perovskite film [73].
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Al2O3 comparing with the TiO2 (Fig. 9d). Similar results were
obtained with pure CH3NH3PbI3 in combination with non-injecting
ZnO2 scaffolds [78]. The highest photovoltage accounted so far
within these class of materials (1.3 V) was also employed this
configuration [79]. Interestingly, it was also announced that
CH3NH3PbI3 perovskite functions concurrently as a hole transport-
ing material and light absorber with 5.5% conversion efficiency
attained with a TiO2/CH3NH3PbI3 perovskite/Au construction
[80]. Obviously, a good coverage of the TiO2 film by the
CH3NH3PbI3 is needed in this case, resulting in a thin capping
layer, this configuration corresponding to Fig. 8a. without the HTM
layer. Also, in the absence of mesoporous films photocurrent
densities close to 15 mA cm−2 were achieved in an approach
analogous to the classical thin film architecture represented in
Fig. 8b. (without scaffold) or even higher with a minimum scaffold
holding the perovskite thin film (Fig. 9b).

7. Photovoltaic operational mechanisms

If we consider the system purely analogous to a solid-state dye-
sensitized solar cell where the absorbed photon is converted into
charge by the injection of the electrons and the regeneration of the
holes, (inset Fig. 8a) certain features must be considered for under-
standing the main physical processes governing the cell behavior.

This model involves a fast injection of carriers from the light
absorber into their respective conductive media, with no carrier
transport occurring within the absorber itself. In this case, a good
distribution of the absorber within the mesoporous layer will ensure
maximal interfacial area required to generate the photocurrent. Thus,
the limitations of this architecture will be analogous to that of the
classical ssDSC [81] which have been widely studied. One of the main
considerations is the light absorption. As described before, the bandgap
of CH3NH3PbI3 is near to the optimum condition for photovoltaic

Fig. 8. The structure of (a) mesoporous perovskite solar cell with no HTM interpenetration. The electron charge transport procedure for both injecting and non-injecting mesoporous
materials (b) A solar cell included thin film-like perovskite [75].

Fig. 9. (a). Measured current–voltage curve and record performance of CH3NH3PbI3 solar cell [1], (b) cross section measured for a thin film-like perovskite solar cell with thin
framework thickness [68], (c) impedance spectra measured for a nanorod/CH3NH3PbI3solar cell [56] and (d) charge transport lifetime illustrated by the small perturbation transient
photocurrent decay of perovskite sensitized TiO2 (black line with circles to aid the eye) and Al2O3cells (red line with crosses). The addition shows photocurrent transients which are
normalized for TiO2 (black) and Al2O3 cells (red) [22].
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conversion, while the high extinction coefficient of the material ensures
a good absorption of the light at low mesoporous film thickness (w.r.t.
dye-sensitized systems). However, for separating the excited state into
charge carriers, an energy price has to be paid for both electron and
hole injection-directly reflected in the achievable VOC. When TiO2 and
spiroOMeTAD are used, the energetic offsets are ΔE ~ 0.07 eV and ΔE
~ 0.21 eV for electrons and holes respectively (Fig. 10 and Fig. 11 a). In
contrast, the energetic states distribution in the transport materials
(TiO2, HTMs) has an effect in the separation of the Fermi levels and in
the charge transport due to the population of band-tails [77].

In addition to these voltage losses related to energy level mis-
matches similar to the charge separation, charge recombination can
further limit the performance of these devices. In similar solid-state
systems such as TiO2/Sb2S3/CuSCN, the bandgap of the absorber
(1.65 eV) minus the offset for electron and hole injection indicates
1.30 eV available as a potential difference; however, the reported VOC

at 1 sun is only 0.60 V [83]. In comparison, for TiO2/CH3NH3PbI3/
spiroOMeTAD devices with available potential difference is 1.22 eV
while the VOC achieved is more than 0.9 V [23]. This means that ∼0.7 V
is ‘lost’ in the Sb2S3 system, while only ∼0.3 V is lost in the perovskite
system. Additional experiments to compare the CH3NH3PbI3 system
against other sensitizers under similar device conditions are therefore
required.

Another loss mechanism that affects the performance is manifested
when varying the film's thickness [23] and [24]. Thicker films increase
the light absorption but at the same time reduce the EQE and
consequently the current, in contrast to classical liquid DSCs.
Therefore, even after considering the encouraging open circuit poten-
tials, the identification of the process controlling the recombination
mechanism, its characterization and reduction are important for
improving the efficiency of perovskites solar cells. Optical measure-
ments such as photoinduced absorption spectroscopy (PIA) [84] and
transient grating (LF-HD-TG) technique [85], electrochemical impe-
dance spectroscopy [86] as well as mixed techniques such as transient
photovoltage [87] have been used to characterize these losses with good
accuracy in sensitized devices. Recently, some of these techniques have
been applied to organic/inorganic halides solar cells for different
absorbers and HTM [88]. Nevertheless, further investigation is needed
to understand which recombination process is the dominating one in
this new kind of systems.

In contrast to the sensitized solar cell architecture presented above,
in solar cells utilizing mesoporous Al2O3 instead of mesoporous TiO2

[89] and [22], given the energetics of alumina, the electrons injection
from the absorber is not possible. Therefore, the extracted electrons
must suspend within the CH3NH3PbI3−xClx itself. As seen in previous
sections, analogous cases are accounted where the absorber materials
to transport the holes [80]. This configuration thus resembles a thin
film solar cell with the scaffold providing roughness to load the

absorber layer resulting in efficient light absorption. In order to
understand how this thin film configuration works, the nature of the
first excited state is an important parameter for consideration. If the
binding energy of the photogenerated electron–hole pair is low enough
(comparable to thermal energy), charge generation can occur within
the absorber. It could be beneficial for the device efficiency since the
voltage drop due to the driving force needed to dissociate electron–hole
pair can be avoided. Classical studies indicate that the generated
electron–hole pair seems to behave as a Mott–Wannier exciton in
the CH3NH3PbI3 with low binding energies of 50 meV [63]. This
indicates the possibility of the charge separation within the absorber
itself. Electron and hole carrier diffusion lengths can be measured in
the layers of perovskite by combining them through selective electron
or hole acceptors in a bilayer configuration. Primary measurements on
such bilayers have shown that electron and hole transport lengths in
the perovskite films are balanced and at least 100 nm [90]. These
results justify the best performance obtained in almost thick layers
(∼350 nm) of CH3NH3PbI3−xClx[90] and [68], where the device con-
figuration was planar. Increasing the permittivity of the material
(leading to low electron–hole binding energy) can enhance the charge
generation.

Basic questions are still open and it is an urgent requirement to
determine the optimal configuration for these solar cells. Deeper
research of this matter can open new pathways to increase the
efficiency of the device by first learning on the working principle.

8. Improvement on the stability of perovskites from 2009
until present

Today's perovskite-based solar cells reached a PCE of over 21.2%;
however, durability is still a significant matter to consider in practical
applications. The major drawback in PSC is fairly short lifetime attained
with existing processes. In order to commercialize these solar cells,
economically viable device with extended lifetime will be necessary.
Miyasaka et al. (2009), mentioned the primary usage of solar cells [2].
It was created on dye-sensitized solar cell design together with a thin layer
of perovskite on mesoporous TiO2 as an electron collector with the iodide
(I–/I–3) (CH3NH3PbI3) produced 3.8% PCE. The stability of PSCs was
enhanced from few minutes to more than 490 h applying spiroMeOTAD
as a solid-state HTM in 2012 [23]. This progress is attributed to the
finding of solid hole conductor. Further improvement in the stability over
500 h was achieved by another approach for example, a long-term light
soaking when the light intensity was 100 mW cm–2 in a temperature of
450 C. However, a cell architecture that includes organic hole-transport
materials (HTMs) such as poly (bis (4-phenyl) (2,4,6-trimethylphenyl)
amine) (PTAA) or spiroOMeTAD, is inappropriate for estimating the
influence of n-type materials on the photostability for long-term measure-
ments (~1000 h) because organic HTMs can degrade the PV performance

Fig. 10. Energy levels for different materials acting as a hole transporting materials (right), absorbers (middle) and an electron transporting material (left) in solar cells [75].
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by morphological deformation, metal diffusion, movable additives and so
forth. Kwon et al. [91] utilized HTMs like spiroOMeTAD, poly-3-hexyl
thiophene (P3HT) and PDPPDBTE ((pol y[2,5-bis (2-octyldodecyl) pyrro-
lo [3,4-c] pyrrole-1,4 (2 H,5 H)-dione-(E)−1,2-di (2,2'-bithiophen-5-yl)
ethene]) in PSC. They found that spiroMeOTAD-based devices illumi-
nated a reduction around 28% in PCE when ageing was extended. This
value is lower when compared to the initial PCE value. PDPPDBTE-based
cells improved the stability remarkably even after 1000 h. This is mainly
because of its hydrophobic reaction which precluded water flow inside the
perovskite. Recently, copper oxide and nickel oxide inorganic HTM-based
PSC have reached an efficiency of approximately 17%, this is close to the
value of organic HTM-based PSC. Moreover, the stability of inorganic
HTMs is relatively better than spiroOMeTAD. Kamat and coworkers used
copper iodide (CuI) as HTM in PSC and obtained a PCE of ~6.0% [92].
Interestingly, they observed improved open circuit voltage (VOC) when
comparing with the greatest spiroOMeTAD devices. Impedance spectro-
scopy showed that CuI exhibited two orders of magnitude greater
electrical conductivity compare to the spiroOMeTAD that allowed appre-
ciably higher fill factor (FF). Recently, CuSCN has been used as HTM in
PSC and considerably high PCE has been achieved [93,94]. Ito et al.[93],
reported that planar TiO2/CH3NH3PbI3/CuSCN solar cells with JSC of
14.5 mA cm2, open circuit voltage of 0.63 and FF of 0.53, yielded PCE of
4.9%. Qin et al. [94] reported PCE of 12.4% with CuSCN as an HTM using
well-established sequential deposition method. Sarkar and co-workers
developed inverse glass/FTO/NiO/CH3NH3PbI3–xClx/PCBM solar cells
and achieved PCE of 7.3% [95]. In 2014, Yin et al.[96] used NiOx-based
PSC on an ITO-glass substrate helped achieve optimal PCE of 16.47% by
spin coating a presynthesized high-quality NiOx nanoparticle solution
[96].

Several researchers also recently found that Lanthanum (La)–
doped BaSnO3 (LBSO) perovskite would be an ideal replacement given
its electron mobility and electronic structure but LBSO cannot be
synthesized that well whereby it dispersed fine particles or became
crystallized below 500 °C. We report a superoxide colloidal solution
route for preparing an LBSO electrode under very mild conditions
(below 300 °C). The LBSO-based PSCs could retain 93% of its initial
performance after 1000 h, whereas the TiO2 cell completely degraded
within 500 h. The development of the n-type BSO perovskite moves us

a step closer to PSC commercialization by eliminating the requirement
of the additional UV filter for pervious TiO2 PSCs [34].

However, all concerns have not been well addressed [97]. For
commercialization of a PSC solar device, stability is a major issue.
Although few researches highlight controlling the device stabilities
relating to moisture, temperature, light and oxygen, other concerns like
intrinsic stabilities at the interface and device architecture remain as
major obstructions to practical applications. Notably, these latest
results show the significant improvement in PCE and stability of
PSCs by considering the possibility of using one or two optional layers
together with three different mixed-halide perovskites and a few
diverse of HTMs. Other significant aspects in PSCs include the ease
of fabrication and similar design strategy of dye-sensitized and organic
solar cells which in turn result an increase in research works in this
category rapidly. During the last five years, the number of articles
published on PSC devices has rapidly increased to thousands.
Therefore, PSC has a significant impact in the commercialization of
future generation of photovoltaic. Table 3 summarizes the growth of
PSC since 2009 with a change in its material composition and
improvement in efficiency.

9. Conclusion

A brief discussion based on the perovskite solar cells related to
organolead halides is presented in this paper. Both Organic and
inorganic hybrid halide perovskite solar cells are viable and are
comparable with other photovoltaic methods because of their exclusive
benefits such as Near-perfect crystallinity at low temperature and low-
cost, easy fabrication and earth abundance. It is concluded that the
minor “loss-in-potential” value in a solar cell leads the VOC of the
greatest perovskite cells that can be higher than 1.1 V. This value
almost higher than the conventional DSSCs organic solar cells that are
0.7–0.8 eV and also CdTe which is 0.59 eV. Therefore, it always can be
a potential competitor for the crystal silicon solar cells (1.1 eV).

Also it is illustrated that the large charge carrier diffusion length 1 µm
for mixed-halide perovskite (CH3NH3PbI3−xClx) thin films is much greater
than the other thin films processed in low-temperature solution.

Fig. 11. a) Energetics losses and possible avenues for performance improvements in perovskites-based solar cells and (b) cost per Watt peak (Wp) as a function of efficiency and module
cost [82].
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Therefore, the application in thin film optoelectronics has been exploited
with considerable progress intensively. The high-efficiency perovskite
solar cells are obtained by using LBSO and methylammonium lead iodide
(MAPbI3) demonstrate a steady-state power conversion of 21.2% effi-
ciency. The LBSO-based PSCs could retain 93% of its initial performance
after 1000 h of full sun illumination.

The higher potentials for the perovskite solar cell respect to the
excellent optoelectronic characteristic of organometal halide perovskite
material which is more desirable than high-efficiency GaAs. As the high
VOC announced from organometal halide perovskite is related to
higher internal photoluminescence efficiency of quantum, proper
monitoring of the luminescent characteristic of perovskite can later
improve the VOC, thus, resulting in higher PCE. The environmental
and photostabilities should be defined when the device is used
commercially. To achieve this, encapsulation materials and method
with humidity-resistance and photo-stability should be established.
One of the major tasks for having environmental friendly perovskite
solar cells is to find other elements to replace Pb. The perovskite
technology leads the high quantity production of solar cells that are
high efficient and work in low temperature, which results a significant
cost reduction in manufacturing procedure.
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