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Recent advances in perovskite-based solar cells
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Organic—inorganic halide perovskites have a signifi-
cant impact on photovoltaic devices and the solar-to-
power conversion efficiency is considerably high
(~20.1%) compared to the present existing organic so-
lar cells (OSCs) and dye sensitized solar cells (DSSCs).
For the past 3 years, there has been tremendous im-
provement in photovoltaic efficiency of perovskites,
i.e. ~9.7% in 2012 to 20.1% in 2015. Meanwhile, sev-
eral fabrication approaches, inorganic and organic
hole transport materials and device concepts have
been developed for high-performing devices. Never-
theless, some issues have to be addressed to commer-
cialize the pervoskite solar cells. Particularly, stability
of these cells is not well documented in the literature
so far and this is the noteworthy concern. In this review,
fundamental aspects of the perovskite device and recent
developments are illustrated to provide high-per-
formance perovskite solar cells with durability.

Keywords: Hole transport material, perovskite, photo-
voltaic efficiency, solar cells.

SOLAR energy is an alternative source to traditional
resources such as coal and fossil fuel for the present
growing energy demand. In this perspective, developing
solar cells is one of the best approaches to convert solar
energy into electrical energy based on the photovoltaic
effect. Over the years, silicon-based cells have been used
for industrial purposes due to their efficient solar-to-
power generation (~30%), particularly crystalline sili-
con'. However, the cost of Si-based photovoltaic cells is
relatively high and difficult to utilize in large-scale indus-
tries. An alternative to silicon solar cells is third-
generation excitonic photovoltaic devices, which have
been developed based on various dye sensitizers, organic
and hybrid (organic—inorganic) materials; and these reach
a photovoltaic efficiency up to ~15-20% (refs 2-9).
Among those materials, perovskites (organic—inorganic)
have reached top position (~20.1%) within ~5 years, due
to substantial improvement of power conversion effi-
ciency and low processing costs'’. As the efficiency of
the device increases, the number of publications is also
rapidly increasing since 2009 (Figure 1). Significant
aspects of perovskites are synthetic feasibility, strong
optical absorption, charge recombination rate, and ease of
fabrication. Moreover, hybrid perovskites can be pre-
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pared by simple synthetic methods and are easy to capi-
talize when compared to the existing excitonic
photovoltaic technologies such as dye sensitized solar
cells (DSSCs) and organic solar cells (OSCs). Another
important aspect is high charge-carrier mobility, which is
more useful for developing high-performance solar cell
devices. However, toxicity of lead is a major concern
which easily degrades on exposure to humidity and ultra-
violet (UV) irradiation. Today’s research mainly focuses
on the commercialization of perovskite solar cells by con-
trolling degradation and toxicity. In this review, we high-
light the fundamental aspects of perovskites and recent
progress in perovskite-based device fabrication. Still,
there exist some issues which need to be resolved in the
commercialization of perovskites.

Organic—-inorganic halide perovskites:
crystal structure, device fabrication and optical
band gap

Crystal structure

Perovskites have the common formula ABX; where A
and B are cations which reside in the corner and the body
centre of the pseudo cubic unit cell and X is the anion
which occupies the face centre. The crystal structure of
perovskite can be alternatively viewed as corner-linked
BX¢ octahedral with interstitial A cation. Figure 2a
represents the crystal structure of ABX;. The crystallo-
graphic stability and apparent structure can be deduced
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Figure 1. Number of publications on perovskite solar cells and effi-
ciency per year found using the search term ‘perovskite solar cells’
from Scopus (31 January 2016).
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Figure 2. a, Crystal structure of organic—inorganic halide pervoskite ABX; (CH;NH;Pbl;). b, General device structure
of ABX; (reprinted with permission from ref. 21). ¢, The corresponding energy levels.

by considering a Goldschmidt tolerance factor t and an
octahedral factor x. Here, t is defined as the ratio of the
distance A—X to the distance B—X in an idealized solid-
sphere model (t= (R, + Rx)/{V2(Rp + Ry)}, where Rj,
Rg and Ry are the ionic radii of the corresponding ions)
and u is defined as the ratio Rp/Ry. For halide perovskites
(X=F, C], Br, I), t and g have a narrower range, i.e.
0.89-1.0 and 0.4-0.88 respectively''.

In case of ABXj, the larger cation A is considered as a
organic, which is generally methylammonium (CH;NH3)
with R, =0.18 nm. Ethylammonium (CH;CH,NHj3;
Rya=0.23nm) and formamidinium (NH,CH=NH>;
Ra =0.19-0.22 nm) also provide excellent results. The
anion X is a halogen, normally iodine (Rx = 0.220 nm).
Br and CI are also used in perovskites as well as mixed
halide materials'>'®. For cation B, Pb is universally con-
sidered for stabilization and efficiency in solar cells.
Although Sn has similar band gap (1.55 ¢V) and is in the
same group as Pb, due to the ease of oxidation and lack
of stability, it performs poorly compared to Pb in case of
efficiency'. For the last 7 years, methylammonium lead
trilodide (CH3NH;3Pbl;) perovskites have been widely
using for fabrication of solar cells and show good effi-
ciency (~20.1%), with mixed halides CH;NH;PbI;_Cly
and CH3NH;Pbl;_,Bry also being important.

Device fabrication

Today DSSCs serve as an example for design of organic
and inorganic halide perovskite solar cells. Figure 2b
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shows a schematic illustration of device structure of pe-
rovskite. TiO, layer (hole-blocking layer) is deposited on
fluorine-doped tin oxide (FTO) followed by deposition of
mesoporous layer of n-type TiO, above compact TiO,
layer by screen-printing/spin-coating technique of TiO,
paste and annealed further. Likewise, porosity and thick-
ness of TiO, are adjusted by solvent concentration and
various fillers. In order to prepare perovskite films,
various solvents such as p-butyrolactone (GBL) or N,N-
dimethylformamide (DMF) have been used. Therefore,
these films spin-coated on n-type mesoporous TiO, layer,
followed by deposition of hole transporting material
(HTM, spiro-OMeTAD) with suitable dopants to enhance
conductivity. Lastly, a metal electrode is placed on top of
the HTM™.

Optical bandgap

Reflectance and ultraviolet photoelectron spectroscopy
(UPS) measurements utilized to calculate the optical band
gap, valence band, conduction band and respected values
are estimated at 1.5, 5.4, 3.9 eV. Subsequently, the elec-
tronic structure of perovskites is measured theoretically
by density functional theory (DFT) without considering
spin-orbit coupling effect. Thus, these results match with
the experimental results (1.5 ¢V) which corroborate the
excellent photovoltaic properties of halide perovskites.
Figure 2 ¢ shows a schematic illustration of the energy
levels of hole transporting material (HTM) and electron
transporting material (ETM) well aligned with the
perovskite leads high charge separation and transport.
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Figure 3.
perovskite layer (reprinted with permission from Kim et al.**).
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Figure 4. Schematic representation of charge transfer and transport in
perovskite-sensitized TiO, and Al,O;-based solar cells and correspond-
ing energy levels (reprinted with permission from Lee et al.”®).

Furthermore, we focus on recent advances of CH;NH;-
Pbl;-based devices using various organic and inorganic
HTMs, deposition methods and stability approaches, whose
results show significant improvement in power conver-
sion efficiency and stability in last 5 years. Thus,
perovskites are considered best materials for commer-
cialization in near future.

Progress in organic—inorganic halide perovskite
devices

Although, perovskites are known to the scientific com-
munity since over a century’', they received attention
only when Miyasaka and co-workers used methylammo-
nium lead halide (perovskite) as a light harvesting
material in excitonic solar cells*.
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a, b, Real solid-state and schematic representation of the perovskite device. ¢, d, SEM image of the device and high-resolution image of

Miyasaka and co-workers reported first time in 2009,
perovskites utilized as sensitizers in DSSCs and achieved
the solar-to-power conversion efficiency of 3.2% for
(CH;3;NH;)PbBr; and 3.8% for (CH3NH;3)PbI; (ref. 22).
However, these devices are unstable due to the degrada-
tion of perovskites in liquid electrolyte containing lithium
halide. Subsequently, Park and co-workers developed the
quantum-dot-sensitized solar cell using perovskite
(CH;NH;)Pbl; sensitizer”. These perovskite nanoparti-
cles exhibit better optical properties than standard N719
dye sensitizer and reach an efficiency of 6.5%. However,
these devices degrade the solar cell performance in a
short span of less time due to the dissolution of halides in
liquid electrolytes®.

In order to avoid corrosive liquid electrolyte in per-
voskite DSSC, Kim et al.** developed the solid-state
electrolyte, spiro-MeOTAD (2,2',7,7'-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9'-spirobifluorene), which can
act as a HTM. The authors developed the one-step solu-
tion-processable perovskite solar cells using solid-state
electrolyte and successively achieved power conversion
efficiency (PCE) 9.7% with excellent long-term stability
(Figure 3 a—d)**. They demonstrated the high efficiency
due to charge separation by hole transfer from the excited
(CH;3NH;)Pbl; nanoparticles to the mesoscopic TiO, film
and spiro-OMeTAD, which was confirmed by femtosecond
laser studies. Moreover, the authors highlighted that the
solid hole conductor as a HTM in perovskite solar cells
(PSCs) considerably improved the PCE and stability when
compared to liquid electrolyte-based PSCs.

Further, Snaith and co-workers® developed the solution
processable pervoskite solar cells with non-conducting
Al,Oj3 replacing the conducting nanoporous TiO, (Figure
4 a and b). The authors observed high efficiency (~10%),
when compared to previous DSSCs, where liquid electro-
lyte was used. Moreover, four additional advances were
introduced. First, mixed-halide CH;NH;PbI;_,Cl, in PSCs
demonstrated good stability and carrier transport. Second,
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The stages of fabrication of perovskite thin films using excess organic component (reprinted with

Substrate

Figure 5.
permission from Zhang et al.”®).

coating thin perovskite layer onto the nanoporous TiO,
surfaces and preparing the extremely thin absorber (ETA)
cells. Third, restoring the conducting nanoporous TiO,
with non-conducting Al,O;, thus improving the open-
circuit voltage (V,.) and achieving an efficiency of
10.9%. Fourth, ambiploar transport in simple planar cells
with scaffolding eliminated.

Heo et al.* reported PCE of 12% using both flexible
layers, consisting of perovskite layer overlying the scaf-
folding TiO, infiltrated by perovskite. They studied sev-
eral HTMs-based PSCs, including spiro-OMeTAD and
poly-triarylamine, and found that poly triarylanine
(PTA)-based PSCs achieved highest efficiency compared
to others. Later, Seok and co-workers further improved
PCE to 12.3% using mixed-halide CH;NH;Pbl; Bry
perovskites®’. In this report, subsequent addition of low
ionic radius of Br (10-20%) to the mixed halides allowed
for significant improvement in efficiency and stability
due to the tetragonal to pseudo-cubic structural transition
of perovskites.

Zhang et al.”® developed pinhole-free perovskite films
and achieved PCE of 15.2% using non-halide (PbAc,)
under one Sun illumination (Figure 5)**. They prepared
films using one-step coating method followed by anneal-
ing. Likewise, devices were also fabricated with PbCl,
and Pbl, and significant improvement in efficiency was
observed.

Although one step solution coating process showed
significant improvement in efficiency but abandoned pre-
cipitation yields morphological defects in photovoltaics,
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thereby lower PCE. Alternatively, two-step coating depo-
sition method was developed to make smooth films and
crystalline. In this method, the film was prepared by
using a solution of Pbl, and coated on the substrate, and
then CH3;NH;1 in 2-propanol was spun on the film, result-
ing high-quality perovskite films (Figure 6a)*. Using
this method, two groups prepared perovskites films and
achieved efficiency of over 15%. Burschka et al.*° devel-
oped the sequential deposition method for fabrication of
PSCs and achieved PCE of 15% (Figure 6b). Subse-
quently, Liu et al.*' also developed a method for fabrica-
tion of vapour-deposited PSCs based on a planar
heterojunction thin-film architecture and reached PCE of
over 15% with an V,. of 1.07 V (Figure 6c). These re-
sults suggest that deposition approaches significantly
influences on PCE of PSCs and achieved the highest effi-
ciency when compared to previously reported solution-
processed solar cells.

Later, Jeon et al. achieved the PCE of 16.2% by
altering the energy levels of mixed-halide CH;NH;Pbl;_
Br, with PTAA (HTM)*>. The efficiency was further
improved to 17.9% by adjusting the thickness ratio of
perovskite-infiltrated TiO, scaffolding relative to the con-
tinuous perovskite layer. Recently, Zhou et al.*’ have
developed perovskite devices and achieved the highest
PCE of 19.3% by adjusting the band alignment of
HTM/ETM to the perovskite layer (Figure 7 a—e). The
authors have highlighted that careful selection of HTM
and ETM, and film preparation leads to reduced carrier
recombination and good carrier transport.

CURRENT SCIENCE, VOL. 111, NO. 7, 10 OCTOBER 2016
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a, Schematic illustration of the two-step coating method (reprinted with permission from Im et al.?®).

b, SEM of a complete photovoltaic device (reprinted with permission from Burschka et al.*®). ¢, SEM of perovs-
kite film under vapour-deposition and solution-process methods (reprinted with permission from Liu et al.’").

Yan and his group reported that PSCs exhibited maxi-
mum efficiency of 26% by maintaining 1 pm thickness of
CH;NH;Pbl; absorber (phase with Pm3m symmetry)**.
This value is much higher than the reported GaAs solar
cell with the same thickness.

Effect of hole transport materials on pervoskite
solar cells

Spiro-OMeTAD is extensively used as an HTM in PSCs
and has helped achieve remarkable photovoltaic perform-
ance using various deposition approaches. However,
spiro-OMeTAD cannot be considered for large-scale
application due to the multi-step synthesis, purification
procedure and moisture sensitivity. In addition, spiro-
OMeTAD enhanced PCE only after being doped with a
metal complex and/or additives, which might affect the
device stability. In order to resolve these issues, several
researchers are working on alternatives for spiro-
OMeTAD and have developed low-cost and efficient
HTMs, particularly inorganic and small organic mole-
cules® % In this context, inorganic semiconductors are
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found to be the best alternative in PSCs because of high
hole mobility, synthesis feasibility and low production
cost. Recently, copper oxide and nickel oxide inorganic
HTM-based PSCs have reached an efficiency of appro-
ximately 17%, which is close to the value of organic
HTM-based PSC. Moreover, stability of inorganic HTMs
is relatively better than spiro-OMeTAD. Kamat and co-
workers used copper iodide (Cul) as HTM in PSCs and
obtained a PCE of ~6.0% (ref. 37). Interestingly, they
observed improved open circuit voltage (Voc) when com-
pared to the best spiro-OMeTAD devices. Impedance
spectroscopy revealed that Cul exhibited two orders of
magnitude higher electrical conductivity than spiro-
OMeTAD that allowed appreciably higher fill factor
(FF). Recently, CuSCN was used as HTM in PSC and
achieved considerably high PCE**. Tto et al.*® reported
that planar TiO,/CH3;NH;Pbl;/CuSCN solar cells with Jsc
of 14.5 mA cm?, Vo of 0.63 and FF of 0.53, yielded PCE
of 4.9%. Qin et al.*” reported PCE of 12.4% with CuSCN
as a HTM using well-established sequential deposition
method. Sarkar and co-workers developed inverse
glass/FTO/NiO/CH;NH;Pbl;_Cl,/PCBM solar cells and
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Figure 7.

a, SEM image of the perovskite device. b, Energy level diagram of each layer of the device. ¢, Cur-

rent density—voltage curves of devices with Y-TiO, compared with undoped TiO,. d, Current density—voltage
curves of devices with and without PEIE modification. e, Current density—voltage curves for the champion cell
without antireflective coating (reprinted with permission from Zhou et al.>*).

achieved PCE of 7.3% (ref. 47). Recently, NiOy-based
PSC on an ITO-glass substrate helped achieve optimal
PCE of 16.47% by spin coating a presynthesized high-
quality NiOy nanoparticle solution®.

In addition to inorganic HTM, small-molecule-based
HTMs have also been developed, particularly, 3,4-cthylene-
dioxythiophene™, pyrene’' and other linear z-conjugated
structures™>, which provide high PCE of 12—13%. Device
description of various spiro-based and polymeric HTMs,
together with inorganic HTMs and corresponding PCE
values is provided below and tabulated in Table 1.

Improvement in the stability of pervoskites from
20009 till date

Today’s pervoskite-based solar cells reached PCE over
20.1%, however, durability still significant concern for
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practical applications. The major drawback in PSCs is the
relatively short lifetime attained with existing technology.
In order to commercialize these solar cells, economically
viable extended device lifetime will be necessary.

In 2011, stability of pervoskite-based DSSCs was
limited (~10 min) before degradation (about 80% degra-
dation) because perovskite QDs dissolved into redox
electrolyte®. In 2012, stability of PSCs was enhanced
from minutes to over 500 h using spiro-MeOTAD as a
solid-state HTM?*. This progress is attributed to the find-
ing of solid hole conductor. Further improved in the stabi-
lity over 500 h was achieved by another approach, i.e.
long-term light soaking at a light intensity (100 mW cm ?)
and a temperature of 45°C. Until now, TiO,-based
devices have been used for perovskite solar cells and
have attained stability above 500 h. Alternatively, stabi-
lity of Al,O3-based perovskite solar cells showed impro-
ved stability over 1000 h at nearly 15 mA cm? because

CURRENT SCIENCE, VOL. 111, NO. 7, 10 OCTOBER 2016
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Table 1. Reported efficiency of PSCs since 2009
Year Pervoskite HTM Efficiency (%) Reference
2009 CH;NH;PbI; I'/I5 3.8 22
2011 CH;NH;PbI; I'/15 6.5 23
2012 CH;NH;PbI; Spiro-OMeTAD 9.7 24
2012 CH;3;NH;PbI;,Cly Spiro-OMeTAD 10.9 25
2013 CH;NH;PbI; PTAA 12.0 26
2013 CH;NH;Pbl;Bry PTAA 12.3 27
2013 CH;NH;PbI; Spiro-OMeTAD 15.0 30
2013 CH;NH;PbI; Spiro-OMeTAD 15.2 31
2014 CH;NH;Pbl; ,Bry PTAA 16.2 32
2014 CH;3;NH;PbI;,Cly Spiro-OMeTAD 19.3 33
2014 CH;NH;PbI; Cul 6.0 37
2014 CH;NH;PbI; CuSCN 4.9 38
2014 CH;NH;PbI; CuSCN 12.4 39
2014 CH;NH;PbI; Cly NiO 7.3 47
2015 CH(NH,),Pbl; Spiro-OMeTAD 20.1 10
2016 CH;NH;PbI; NiOy 16.47 49

of rapid decay in photocurrent and a small decay in
photovoltage®.

Kwon et al.”* found that the ex situ long-term stability
attained when exposure to 1000 h at below 20% humidity.
In this report, they utilized HTMs such as spiro-OMeTAD,
poly 3-hexyl thiophene (P3HT) and PDPPDBTE in
PSCs). They found that spiro-MeOTAD-based devices
showed a 28% decrease in PCE when ageing extended.
This value is lower when compared to the initial PCE
value. The authors highlighted that PDPPDBTE-based
cells improved the stability remarkably even after 1000 h.
This is mainly because of its hydrophobic behaviour,
which precluded water flow into the perovskite. In addition
to these solar cells, mixed-halide perovskites also improved
the stability on nanostructured-TiO, (ref. 54). Interest-
ingly, PSC structures show much better stability after
inclusion of Br into the mixed-halide, when compared to
alone after 30 days, while efficiency of PSCs without Br
dropped by 20% than initial PCE. In addition, the equi-
molar Br/I devices revealed a noteworthy improvement of
37% PCE. This enhancement could be a result of the rear-
rangement of the 3D configuration of PSCs over time’’.

Mei et al.>® developed a novel device by solution drop-
casting method. The device consist of a double-layer of
TiO, and ZrO, in a porous carbon film, which leads to a
significantly long-term stability of 1008 h upon direct
Sun exposure. Also, stability of mesoporous TiO,/
CH;3;NH;Pbl;/C  without encapsulated PSCs devices
achieved over 2000 h under dark conditions.

During the last few years, stability of PSCs has
improved significantly. However, all concerns are not yet
well addressed”’. For commercialization of a PSC solar de-
vice, stability is a major issue. Although few reports high-
light controlling the device stabilities relating to moisture,
temperature, light and oxygen, other concerns like intrinsic
stabilities at the interface, and device architecture remain
major obstructions to practical applications.

CURRENT SCIENCE, VOL. 111, NO. 7, 10 OCTOBER 2016

Notably, these latest results show the significant im-
provement in PCE and stability of PSCs by considering
the possibility of using one or two optional layers, three
different mixed-halide perovskites and a few diverse
HTMs. Another significant aspect in PSCs is ease of
fabrication, and similar design strategy of dye-sensitized
and organic solar cells has resulted in a rapid increase in
the number of researchers working in this field. During
the last 5 years, the number of journal papers published
on PSC devices has radically increased from two to thou-
sands. Therefore, PSCs play a major role in commerciali-
zation of future generated photovoltaics.

Table 1 summarizes the growth of PSCs with change in
material composition and improvement in efficiency.

Conclusion and future challenges

Organic—inorganic halide perovskites significant for re-
search and commercialization of solar cells in next few
years due to high efficiency and durability. Another
advantages of PSCs that low processing cost and simple
execution of desirable products such as flexible, transpar-
ent or all-perovskite tandem cell modules than existing
photovoltaics. Furthermore, PSCs can show the better
performance if integrated with other cell technologies.
However, few problems need to be resolved with re-
spect to commercialization: (1) toxicity of Pb atoms, (2)
long-term durability, and (3) cost-effectiveness. Until
now, the highest efficiency has been obtained only from
lead-based perovskites. However, utilization of Pb-based
materials in solar cells is restricted due to their toxicity.
In order to overcome this issue, majority of research is
on lead-free-based materials together with commerciali-
zation. Fortunately, Sn-based materials have been deve-
loped and reached efficiency of approximately ~7% (refs
58 and 59). Although efficiency of Sn-based perovskite
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devices is lower than Pb, the results show the way for
commercialization of pervoskite solar cells and provide
better durability and eco-friendly paths. Thus, challeng-
ing PSC manufacturers to introduce new products into the
market with existing technologies.

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

1180

Green, M. A., Emery, K., Hishikawa, Y., Warta, W. and Dunlop,
E. D., Solar cell efficiency tables (version 39). Prog. Photovol-
taics: Res. Appl., 2012, 20, 12-20.

O’Regan, B. and Gritzel, M., A low-cost, high-efficiency solar
cell based dye-sensitized colloid TiO, films. Nature, 1991, 353,
737-740.

Chung, 1., Lee, B., He, J., Chang, R. P. H. and Kanatzidis, M. G.,
All-solid-state dye-sensitized solar cells with high efficiency. Na-
ture, 2012, 485, 486-489.

Huang, Y., Kramer, E. J., Heeger, A. J. and Bazan, G. C., Bulk
heterojunction solar cells: morphology and performance relation-
ships. Chem. Rev., 2014, 114, 7006-7043.

Park, N.-G., Organometal perovskite light absorbers toward a 20%
efficiency low-cost solid-state mesoscopic solar cell. J. Phys.
Chem. Lett., 2013, 4, 2423-2429.

Snaith, H. J., Perovskites: the emergence of a new era for
low-cost, high-efficiency solar cells. J. Phys. Chem. Lett., 2013, 4,
3623-3630.

Kim, H.-S., Im, S. H. and Park, N.-G., Organolead halide
perovskite: new horizons in solar cell research. J. Phys. Chem. C,
2014, 118, 5615-5625.

Hodes, G. and Cahen, D., Photovoltaics: perovskite cells roll for-
ward. Nature Photon., 2014, 8, 87-88.

Service, R. F., Perovskite solar cells keep on surging. Science,
2014, 344, 458.

Yang, W. S., High-performance photovoltaic perovskite layers
fabricated through intramolecular exchange. Science, 2015, 348,
1234-1237.

Li, C. et al.,, Formability of ABX; (X=F, Cl, Br, I) halide
perovskites. Acta Crystallogr. B, 2008, 64, 702-707.

McKinnon, N. K., Reeves, D. C. and Akabas, M. H., 5-HT3 recep-
tor ion size selectivity is a property of the transmembrane channel,
not the cytoplasmic vestibule portals. J. Gen. Physiol., 2011, 138,
453-466.

Cohen, B. N., Labarca, C., Davidson, N. and Lester, H. A., Muta-
tions in M, alter the selectivity of the mouse nicotinic acetylcho-
line receptor for organic and alkali metal cations. J. Gen. Physiol.,
1992, 100, 373-400.

Im, J.-H., Chung, J., Kim, S.-J. and Park, N.-G., Synthesis, struc-
ture, and photovoltaic property of a nanocrystalline 2H perovskite-
type novel sensitizer (CH;CH,NH;)Pbl;. Nanoscale Res. Lett.,
2012, 7, 353.

Koh, T. M. et al., Formamidinium-containing metal-halide: an
alternative material for near-IR absorption perovskite solar cells.
J. Phys. Chem. C, 2014, 118, 16458-16462.

Eperon, G. E., Stranks, S. D., Menelaou, C., Johnston, M. B.,
Herz, L. M. and Snaith, H. J., Formamidinium lead trihalide: a
broadly tunable perovskite for efficient planar heterojunction solar
cells. Energy Environ. Sci., 2014, 7, 982-988.

Pang, S. et al., NH,CH=NH,Pbl;: an alternative organolead iodide
perovskite sensitizer for mesoscopic solar cells. Chem. Mater.,
2014, 26, 1485-1491.

Umari, P., Mosconi, E. and De Angelis, F., Relativistic GW calcu-
lations on CH;NH;Pbl; and CH;NH;Snl; perovskites for solar cell
applications. Sci. Rep., 2014, 4, 4467.

Topsoée, H., Krystallographisch-chemische untersuchungen homo-
loger verbindungen. Z. Kristallogr., 1884, 8, 246-296.

Mitzi, D. B., Wang, S., Feild, C. A., Chess, C. A. and Guloy,
A. M., Conducting layered organic—inorganic halides containing
(110)-oriented perovskite sheets. Science, 1995, 267, 1473-1476.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Green, M. A., Ho-Baillie, A. and Snaith, J., The emergence of
pervoskite solar cells. Nature Photon., 2014, 8, 506-514.

Kojima, A., Teshima, K., Shirai, Y. and Miyasaka, T., Organome-
tal halide perovskites as visible-light sensitizers for photovoltaic
cells. J. Am. Chem. Soc., 2009, 131, 6050-6051.

Im, J.-H., Lee, C.-R., Lee, J.-W., Park, S.-W. and Park, N.-G.
6.5% efficient perovskite quantum-dot-sensitized solar cell. Nano-
scale, 2011, 3, 4088—4093.

Kim, H.-S. et al., Lead iodide perovskite sensitized all-solid-state
submicron thin film mesoscopic solar cell with efficiency exceed-
ing 9%. Sci. Rep., 2012, 2, 591.

Lee, M. M., Teuscher, J., Miyasaka, T., Murakami, T. N. and
Snaith, H. J., Efficient hybrid solar cells based on meso-
superstructured organometal halide perovskites. Science, 2012,
338, 643-647.

Heo, J. H. et al., Efficient inorganic—organic hybrid heterojunction
solar cells containing perovskite compound and polymeric hole
conductors. Nature Photon., 2013, 7, 486-491.

Noh, J. H, Im, S. H., Heo, J. H., Mandal, T. N. and Seok, S. L.,
Chemical management for colorful, efficient, and stable inorganic—
organic hybrid nanostructured solar cells. Nano Lett., 2013, 13,
1764-1769.

Zhang, W. et al., Ultrasmooth organic—inorganic perovskite thin-
film formation and crystallization for efficient planar heterojunc-
tion solar cells. Nature Commun., 2015, 6, 6142.

Im, J.-H., Kim, H.-S. and Park, N.-G., Morphology—photovoltaic
property correlation in perovskite solar cells: one-step versus two-
step deposition of CH;NH;Pbl;. APL Mater., 2014, 2, 081510—
081517.

Burschka, J. et al., Sequential deposition as a route to high-
performance perovskite-sensitized solar cells. Nature, 2013, 499,
316-319.

Liu, M., Johnston, M. B. and Snaith, H. J., Efficient planar hetero-
junction perovskite solar cells by vapour deposition. Nature, 2013,
501, 395-398.

Jeon, N. J., Solvent engineering for high-performance inorganic—
organic hybrid perovskite solar cells. Nature Mater., 2014, 13,
897-903.

Zhou, H. et al, Interface engineering of highly efficient
perovskite solar cells. Science, 2014, 345, 542-546.

Yin, W.-J., Shi, T. and Yan, Y., Unique properties of halide
perovskites as possible origins of the superior solar cell perform-
ance. Adv. Mater., 2014, 26, 4653-4658.

Ameen, S. et al., Perovskite solar cells: influence of hole trans-
porting materials on power conversion efficiency. ChemSusChem.,
2016, 9, 10-27.

Sweta, T. and Singh, S. P., Perovskite solar cells based on small
molecule hole transporting materials. J. Mater. Chem. A, 2015, 3,
18329-18344.

Christians, A., Fung, R. C. M. and Kamat, P. V., An inorganic
hole conductor for organo-lead halide perovskite solar cells.
Improved hole conductivity with copper iodide. J. Am. Chem.
Soc., 2014, 136, 758-764.

Ito, S., Tanaka, S., Vahlman, H., Nishino, H., Manabe, K. and
Lund, P., Carbon-double-bond-free printed solar cells from
Ti0,/CH3NH;Pbl;/CuSCN/Au: structural control and photoaging
effects. ChemPhysChem., 2014, 15, 1194-1200.

Qin, P. et al., Inorganic hole conductor-based lead halide
perovskite solar cells with 12.4% conversion efficiency. Nature
Commun., 2014, 5, 3834-3836.

Li, L., Gibson, E. A., Qin, P., Boschloo, G., Gorlov, M., Hagfeldt,
A. and Sun, L., Double-layered NiO photocathodes for p-type
DSSCs with record IPCE. Adv. Mater., 2010, 22, 1759-1762.
Odobel, F., Pleux, L. C. L., Pellegrin, Y. and Blart, E., New
photovoltaic devices based on the sensitization of p-type semicon-
ductors: challenges and opportunities. Acc. Chem. Res., 2010, 43,
1063-1071.

CURRENT SCIENCE, VOL. 111, NO. 7, 10 OCTOBER 2016



REVIEW ARTICLES

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Manders, J. R. et al., Solution-processed nickel oxide hole trans-
port layers in high efficiency polymer photovoltaic cells. Adv.
Funct. Mater., 2013, 23, 2993-3001.

Irwin, M. D., Buchholz, D. B., Hains, A. W., Chang, R. P. H. and
Marks, T. J., p-Type semiconducting nickel oxide as an effi-
ciency-enhancing anode interfacial layer in polymer bulk-
heterojunction solar cells. Proc. Natl. Acad. Sci., USA, 2008, 105,
2783-2787.

Shim, J. W., Fuentes-Hernandez, C., Dindar, A., Zhou, Y., Khan,
T. M. and Kippelen, B., Polymer solar cells with NiO hole-
collecting interlayers processed by atomic layer deposition. Org.
Electron., 2013, 14, 2802-2808.

Docampo, P., All, J. M. B., Darwich, M., Eperon, G. E. and
Snaith, H. J., Efficient organometal trihalide perovskite planar-
heterojunction solar cells on flexible polymer substrates. Nature
Commun., 2013, 4, 2761-2766.

Jeng, J. Y. et al., Nickel oxide electrode interlayer in CH;NH;PbI;
perovskite/PCBM planar-heterojunction hybrid solar cells. Adv.
Mater., 2014, 26, 4107-4113.

Subbiah, A. S., Halder, A., Ghosh, S., Mahuli, N., Hodes, G. and
Sarkar, S. K., Inorganic hole conducting layers for perovskite-
based solar cells. J. Phys. Chem. Lett., 2014, 5, 1748-1753.

Ke, W. et al., Low-temperature solution-processed tin oxide as an
alternative electron transporting layer for efficient perovskite solar
cells. J. Am. Chem. Soc., 2015, 137, 6730-6733.

Yin, X., Chen, P., Que, M., Xing, Y., Que, W., Niu, C. and Shao,
J., Highly efficient flexible perovskite solar cells using solution-
derived NiOy hole contacts. ACS Nano, 2016, 10, 3630-3636.

Li, H., Fu, K., Hagfeldt, A., Gritzel, M., Mhaisalkar, S. G. and
Grimsdale, A. C., A simple 3,4-ethylenedioxythiophene based
hole-transporting material for perovskite solar cells. Angew.
Chem. Int. Ed., Engl., 2014, 53, 4085-4088.

Jeon, N. J., Lee, J., Noh, J. H., Nazeeruddin, M. K., Gritzel, M.
and Seok, S. I, Efficient inorganic—organic hybrid perovskite solar
cells based on pyrene arylamine derivatives as hole-transporting
materials. J. Am. Chem. Soc., 2013, 135, 19087-19090.

Wang, J., Wang, S., Li, X., Zhu, L., Meng, Q., Xiao, Y. and Li,
D., Novel hole transporting materials with a linear z-conjugated

53.

54.

55.

56.

57.

58.

structure for highly efficient perovskite solar cells. Chem. Com-
mun., 2014, 50, 5829-5832.

Kwon, Y. S., Lim, J., Yun, H.-J., Kim, Y.-H. and Park, T., A dike-
topyrrolopyrrole-containing hole transporting conjugated polymer
for use in efficient stable organic—inorganic hybrid solar
cells based on a perovskite, Energy Environ. Sci., 2014, 7, 1454—
1460.

Suarez, B., Gonzalez-Pedro, V., Ripolles, T. S., Sanchez, R. S.,
Otero, L. and Mora-Sero, 1., Recombination study of combined
halides (Cl, Br, I) perovskite solar cells. J. Phys. Chem. Lett.,
2014, 5, 1628-1635.

Roiati, V., Colella, S., Lerario, G., De Marco, L., Rizzo, A., Lis-
torti, A. and Gigli, G., Investigating charge dynamics in halide
perovskite-sensitized mesostructured solar cells. Energy Environ.
Sci., 2014, 7, 1889-1894.

Mei, A. et al., A hole-conductor-free, fully printable mesoscopic
perovskite solar cell with high stability. Science, 2014, 345, 295—
298.

Berhe, T. A. et al., Organometal halide perovskite solar cells: deg-
radation and stability. Energy Environ. Sci., 2016, 9, 323-325.
Hao, F., Stoumpos, C. C., Cao, D. H., Chang, R. P. H. and Kanat-
zidis, M. G., Lead-free solid-state organic—inorganic halide
perovskite solar cells. Nature Photon., 2014, 8, 489-494.

. Noel, N. K. et al, Lead-free organic—inorganic tin halide

perovskites for photovoltaic applications. Energy Environ. Sci.,
2014, 7,3061-3068.

ACKNOWLEDGEMENTS. We thank DST, New Delhi for financial
support under the DST-Inspire Faculty fellowship and DST-UK
(‘APEX-II’).

Received 2 February 2016; revised accepted 13 May 2016

doi: 10.18520/cs/v111/i7/1173-1181

CURRENT SCIENCE, VOL. 111, NO. 7, 10 OCTOBER 2016

1181



