
Open Research Online
The Open University’s repository of research publications
and other research outputs

Influence of Nanostructures in Perovskite Solar Cells
Book Section
How to cite:

Ghosh, Paheli; Sundaram, Senthilarasu; Nixon, Tony P. and Krishnamurthy, Satheesh (2022). Influence of
Nanostructures in Perovskite Solar Cells. In: Olabi, Abdul-Ghani ed. Encyclopedia of Smart Materials, Volume 2.
Elsevier, pp. 646–660.

For guidance on citations see FAQs.

c© 2020 Elsevier

https://creativecommons.org/licenses/by-nc-nd/4.0/

Version: Accepted Manuscript

Link(s) to article on publisher’s website:
http://dx.doi.org/doi:10.1016/B978-0-12-815732-9.00054-1

Copyright and Moral Rights for the articles on this site are retained by the individual authors and/or other copyright
owners. For more information on Open Research Online’s data policy on reuse of materials please consult the policies
page.

oro.open.ac.uk

http://oro.open.ac.uk/help/helpfaq.html
https://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/doi:10.1016/B978-0-12-815732-9.00054-1
http://oro.open.ac.uk/policies.html


UN
CO

RR
EC

TE
D

PR
OOF

00054 Influence of Nanostructures in Perovskite Solar Cells
Paheli Ghosh, The Open University, Walton Hall, Milton Keynes, United Kingdom

Senthilarasu Sundaram, University of Exeter, Penryn Campus, Cornwall, United Kingdom

Tony P Nixon, and Satheesh Krishnamurthy, The Open University, Walton Hall, Milton Keynes, United Kingdom

© 2020.

Introduction

Over 2.7 billion people (36% of the global population) cannot access continuous affordable, reliable and sustainable energy and half of
have no access to electricity at all. Almost 1 billion of these energy-poor people live in Sub-Saharan Africa and South Asia the International
Energy Agency (IEA). The non-renewable energy resources such as coal, oil, and gas have several significant and harmful impacts on
the environment that contributes to climate change, hence, the urgent need for the usage of clean and renewable energy sources such
as solar power, wind, water, tidal, and geothermal energies. Renewable energy technology, in particular solar photovoltaics, has been
viewed as an alternative technology for the past couple of decades. The ever-increasing demand for energy and predicted exhaustion
of the non-renewable sources, like fossil fuels, by the end of the century has urged researchers to develop solar power as a clean and
abundant form of energy. The total global energy contribution from photovoltaics was <1% in 2013 and it is forecast to increase to ~16%
by 2050. However, the widely accepted silicon technology has inherent unsolved challenges that are restricted by material properties with
the predicted theoretical efficiency of 33% and as a result the efficiency of these systems are limited by the source material. Although, there
has been considerable research and development in the silicon solar cells over the past decades, but its efficiency is incremental. In order to
meet the world energy demands rising to 2030 and beyond, researchers are looking for disruptive alternative technology to the conventional
silicon photovoltaics.

Solar cells are, in general, categorized into different generations based on the materials required for synthesis, applications, and
commercialization. First generation silicon technology currently dominates the world photovoltaic market claiming ~90% of the
installation. The best laboratory record power conversion efficiency (PCE) for silicon solar cells is ~26.7% (Green et al., 2020) for single
solar cells and ~22% for modules, with the performance being largely dependent on the quality of silicon used. These devices are reliable
as well as robust in nature. But they suffer from the drawbacks of high cost of production as well as implementation into solar modules and
the theoretical Shockley Queisser limit of efficiency.

Second generation solar cells involve primarily amorphous and thin-film technology such as amorphous silicon, gallium arsenide
(GaAs), cadmium telluride (CdTe), copper indium (di) selenide (CIGS) with performance ~23% (NREL, 2020), and lower production
costs. The vacuum-based complex processes for materials processing and high temperature treatments for the fabrication of second
generation solar cells, more importantly the availability of materials and hence the cost, make them less attractive for large-scale
production purposes. However, second generation thin-film solar cells have a niche market in certain industries such as flexible electronics
applications.

From the first to the second-generation solar cells, the reduction in cost of modules, is a step toward the right direction but the costs are
not yet low enough for substantial commercial uptake by consumers as a result of inherent issues with those devices. Third generation solar
cells which are based on nanostructured materials from low-cost manufacturing techniques, have attracted more attention due to simplified
fabrication process, availability of materials and hence, are cost competitive. This motivated various research communities to develop
solutions that will ultimately address not only the key challenges on materials availability but also be inexpensive and have high efficiency.
Third generation solar cells consists of different types of solar cells such as dye-sensitized solar cells (DSSCs), organic solar cells including
polymer devices, quantum dot-sensitized solar cells (QDSSCs), perovskites, and multi-layer tandem devices with amorphous silicon or
GaAs. One of the prime candidates with a vertical increase in the efficiency is the recently explored perovskite materials which have
emerged as a promising alternative due to their cost effectiveness and high efficiency.

Perovskite solar cells (PSCs) are relatively a new technology, which has currently generated enormous interest owing to their multitude
of fascinating properties and the prospect of a low-cost viable alternative to silicon. PSCs along with 2-dimensional nanostructures push
the science and technology beyond the era of silicon, bringing these materials and their challenges from academy to industry and hence,
society. Only recently, intense research in this field has enabled the efficiency of these devices to improve beyond 25% within a span of
few years. Unfortunately, the commercialization of these systems is still some way off because of the inherent challenges associated with
the organic molecules in these hybrid perovskite devices.

The development of PSCs is gaining ground along with the conventional solar cell technologies of crystalline and amorphous
silicon, as well as the emerging organic photovoltaic systems. This is largely due to their unique properties, low-cost processes of
fabrication and the ease of availability of organic–inorganic hybrid materials necessary for their synthesis. The concept of incorporation
of perovskites as a sensitizer has emerged from the field of DSSCs (Grätzel, 2003; Upadhyaya et al., 2013) where a light-absorbing
dye adsorbed on the surface of a mesoporous n-type conductor and filled-up with a redox electrolyte, functions efficiently as a solar
cell. The motivation to find more effective absorbers capable of harnessing a large part of the solar spectrum in thin films, led
Miyasaka (Kojima et al., 2006) and co-researchers to investigate the first perovskite-sensitized solar cells. These far-from-optimized
devices have seen the incorporation of many modifications to enhance their performance. One such modification being the use of
various nanostructures like nanoparticles, nanorods, columnar nanoparticles, and nanosheets which are composed of different materials
such as titanium, zinc, tin, aluminum, zirconium, or nickel.
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These are used to form mesoporous scaffolds or for hole transporters, electron selective contacts and interlayers between perovskite
absorber and other layers in the photovoltaic devices. These nanostructured materials help to increase the area of contact between interfaces,
thus, aiding efficient charge accumulation and separation.

Nanostructured solar cells show great promise toward new approaches for converting solar energy into electricity. These materials
address some of the key challenges in improving the overall efficiency of solar cells. They have excellent surface-to-volume ratios
and surface energy for efficient sunlight absorption and effective changes in optical and electronic properties of PSCs. Carbon-based
nanostructures such as graphene (Lee et al., 2018, Wang et al., 2014a, You et al., 2015), graphene-oxide (GO) (Wu et al., 2014; Li et
al., 2014a; S¸ahin et al., 2020) , carbon nanotubes (CNTs) (Li et al., 2014b; Habisreutinger et al., 2014b; Wang et al., 2014b), graphene
quantum dots (GQD) (Chen et al., 2020; Shin et al., 2019) are being used to replace conventional hole-transporting materials (HTMs) and
metallic counter electrodes, which not only require expensive deposition techniques but also interfere with device stability and involve
complicated vacuum deposited noble metal electrodes. Application of graphene as passivation layer to improve the stability of perovskite
solar cells is also being explored (Ramli et al., 2021; Redondo-Obispo et al., 2020).

Historical Overview

Nanoscale structures provide ample opportunities to revolutionize the conversion of solar energy by enabling highly efficient and low-cost
devices. Nanoscale systems exhibit various properties that are vastly different from bulk or thin-films of the same compounds, and have
allowed new ways of solar energy conversion for electricity generation. The large surface-to-volume ratio of nanomaterials can have varied
benefits, and, moreover, objects with sizes in nano regime can also exhibit quantization effects, which becomes more pronounced with
decreasing size. Reflection losses from the front surface of photovoltaic devices are a persistent problem with solar cells. Nanostructured
surfaces can help in reducing such reflection losses when the size of the nanostructures is smaller than the wavelength of the incident
light. If those nanostructures are also used as the active components, then the need of costly anti-reflection coatings and texturing can be
dispensed with. Furthermore, patterned nanostructures can be designed to capture even more sunlight via light trapping. Incorporation of
nanoparticles in photovoltaics involves significant reduction in material usage and associated final costs. In addition, these photovoltaic
devices are not bound by the theoretical limiting efficiency values. PSCs have seen the utilization of several such nanostructures as
sensitizer, hole and electron transporter, and as interlayers. The interest in organic–inorganic hybrid halide perovskite is almost a century
old (Green et al., 2014; Topsöe, 1884) but was not pursued consistently owing to toxicity issues with lead (Pb) and partly because other
materials, such as tin (Sn), were not considered robust enough. The methylammonium lead trihalide (CH3NH3PbX3, X=I, Br, Cl) perovskite
has come to the forefront of photovoltaic research since the pioneering work by Miyasaka et al., proposing a new direction for DSSC
fabrication. The first work in 2006 with methylammonium lead bromide (CH3NH3PbBr3) was reported with an efficiency value of 2.2%
and in 2009 using methylammonium lead iodide (CH3NH3PbI3) as the sensitizer in a liquid DSSC resulted in PCE of 3.8%, although
the device’s long-term stability remained an issue. This poor stability was due to the dissolution of the perovskite in the electrolyte. This
bottleneck was largely overcome by the fabrication of solid-state DSSCs. In 2012, Park, Grätzel et al. fabricated DSSCs by replacing the
liquid electrolyte with solid HTM, Spiro-OMeTAD (2,2′,7,7′-tetrakis (N,N-di-p-methoxyphenylamine)−9,9′- spirobifluorene) and reported
a PCE of 9.7%. The real breakthrough in PSC research came with the incorporation of several novel approaches by Henry Snaith and
his group (Lee et al., 2012) which improved the efficiency of perovskite devices to 10.9%. One of these developments was the usage
of mixed halide perovskite CH3NH3PbI3−xClx. A second involved coating nanoporous TiO2 surfaces with a thin perovskite layer, thereby
forming extremely thin absorber (ETA) cells. The third was replacing conducting nanoporous titania (TiO2) by a similar but non-conducting
alumina (Al2O3) network. And, fourth was deployment of simple planar cells with the scaffolding completely eliminated, thus proving
the ambipolar nature of PSCs. Seok et al. reported a further jump in efficiency to 12% by implementing a solid perovskite capping layer
over the mesoporous scaffold. They also improved the efficiency to 12.3% by using mixed halide perovskites CH3NH3PbI3−xBrx. In 2013,
Grätzel’s group used TiO2 scaffolding and two-step iodide deposition and reported an efficiency improvement to over 15%. Snaith’s group
reported planar PSCs without scaffolding with efficiency value of 15.4%. At the end of 2013, Seok’s group achieved an efficiency of 16.2%
by using the mixed-halide CH3NH3PbI3−x Brx and poly-triaryl amine (PTAA) as HTM (Green et al., 2014). The latest record is set at 25.2%
(NREL, 2020) jointly held by the Korea Research Institute of Chemical Technology, MIT and Korea University which marked more than
six fold increase in efficiency since its inception a decade earlier. Thus, research on perovskite materials has ignited the and it is a disruptive
technology considering it is just over a decade old when compared to the four decades-long developments of silicon technology.

The excellent tunable properties of ambipolar (i.e., both p- and n- conductive) charge transport (Giorgi and Yamashita, 2015), high
charge carrier mobilities, long diffusion lengths (Stranks et al., 2013), and high open circuit voltages (Ryu et al., 2014) make a suitable
alternative to silicon-based devices. Easy and low-cost methods of fabrication of these materials include spin-coating, drop-casting, screen
printing, and doctor blading. Reference for large-scale manufacture, roll-to-roll printing provides optimism the wide use of perovskite
materials for solar cell fabrication.

The materials currently used are organic–inorganic hybrid materials such as methylammonium lead trihalides and ethyl ammonium
lead trihalides. Formamidinium lead halide is another perovskite which has a potential to develop larger interest because of its suitable
band gap which is tunable between 1.48–2.23 eV (Eperon et al., 2014a,b; Lee et al., 2014; Pellet et al., 2014; Xie et al., 2017;
Lee et al., 2018; Shao et al., 2019; Shi et al., 2020; Yadavalli et al., 2020) for harnessing a larger amount of the solar spectrum
compared to methylammonium devices which have a band gap 1.55 eV and greater. This results in higher efficiency and it has
greater stability (Aharon et al., 2014) when compared to methylammonium lead halide devices. Devices with larger size cations
compared to CH3NH3

+ (such as CH3CH2NH3
+ and NH2CH=NH2

+) increase the t factor and push the perovskite crystal structure
toward its symmetrical cubic phase. Different proportions of organic cations, inorganic cations, and halide ions have been incorporated
in mixed perovskites. Superior thermal stability of inorganic perovskites as
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compared to the hybrid halide materials has prompted immense research in all-inorganic perovskite solar cells (Xiang and Tress, 2019).
Several types of HTMs/hole transport layers (HTLs) and electron transporting layers (ETLs) have also been used.

Different layers of a PSC are formed from nanostructures with the meso-superstructured solar cells having a mesoporous layer of
titania or alumina as scaffold, the ETL, the HTM, the perovskite layer, and the counter electrode being composed of nanostructures.
Carbon and nanostructured carbon-based materials are being probed and incorporated into perovskite devices in place of the other HTMs
like Spiro-OMeTAD. This is because, such materials are not only expensive, hence limiting the possibility of their usage in large-scale
fabrication, but also they may prove to be detrimental to the stability of perovskite devices. As a consequence, graphene, graphene oxide
(GO), reduced graphene oxide (RGO), CNTs, fullerenes, GQD, and sheets of graphite are being currently used as HTM, ETL, blocking
layer, and counter electrodes in PSCs. Moreover, they are often used as interlayers for enhancing the performance of devices. The details
about the different nanostructures will be discussed in later sections.

The purpose of this article is to discuss about the role of various types of nanostructures used in the different layers of PSCs. This
article aims to give an overview of the perovskite materials, mechanism of operation of PSCs, fabrication procedures and their different
architectures, followed by the influence of nanostructures in these systems. The 2-dimensional (2D) materials such as graphene and
nanocarbons, capable of causing breakthrough achievements, will also be reviewed as well as the inherent challenges associated with
perovskite devices. We will focus primarily on the oxide and carbonaceous nanostructures/nanoparticles.

What are Perovskites?

Perovskites are a mineral of calcium titanium oxide CaTiO3 named after the Russian mineralogist Lev Perovski. In practice all crystals
having structures of the form AMX3 are classified as perovskite materials. The ideal perovskite crystal structure is cubic with A and M
being two cations (as shown in Fig. 1). Fig. 1 shows the methylammonium lead trihalide PSC where methylammonium ion is the A cation.
M is a divalent cation and X is an anion. The perovskite materials most widely used are organic–inorganic hybrid in nature, with A being
any organic species mostly methylammonium cation [CH3NH3

+], ethylammonium or formamidinium cation [(NH2)2CH+], M being a cation
[lead (Pb2+)/tin (Sn2+)] and X a halide ion, chlorine (Cl), bromine (Br), or iodine (I). The crystal structure of perovskite materials are as
shown in Fig. 1. Perovskite materials are observed in cubic, tetragonal, or orthorhombic crystal structures. The ideal cubic crystal structure
of perovskite materials often gets distorted or tilted into less symmetric tetragonal or orthorhombic structures. This depends on the size of
the A cation which according to the Goldschmidt tolerance factor as given in Eq. (1) t = rB + rXrA + rX where rA = radius of A cation, rB
= radius of B cation, and rX = radius of X anion, determines the stability and distortions of the crystal structure. Cation A can have a very
limited size in the crystal lattice. A value of t between 0.9 and 1 gives the ideal cubic perovskite structure whereas any other value denotes
tetragonal or orthorhombic crystal structure. The alteration in the size of the cation can lead to distortions in the crystal lattice and whether
the distortions and defects are beneficial or detrimental for the PSC is still open to debate. This has led to an exciting area of research and
technological development.

Fig. 1 General perovskite crystal structure.

Influence of Nanostructures in Perovskite Solar Cells
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Structure of Perovskite Solar Cells

An archetypal PSC comprises an n-type compact layer, a mesoporous oxide layer, a light-harvesting perovskite layer, a hole-transporting
layer and two electrodes. The generic structure of a PSC is as shown in Fig. 2 and the different layers are deposited as indicated stepwise.

Step 1: The Fluorine doped Tin Oxide (FTO)/Indium doped Tin Oxide (ITO) coated glass, acts as the substrate for the photoanode of
the perovskite device.

Step 2: Above it there is a dense layer of semiconducting material, primarily TiO2, which functions as the hole blocking layer or
compact layer, deposited usually by spin-coating or spray-coating on top of the FTO substrate. It prevents the holes extracted by the electron
selective layer above from coming into contact with the FTO/ITO glass and inhibits recombination losses.

Step 3: Next is the ETL which facilitates diffusion of the electrons from the photoexcited perovskite layer into the FTO/ITO glass and
thus to the external circuit. Materials most commonly used as ETLs are titania (TiO2), tin oxide (SnO2), zinc oxide (ZnO), and nickel oxide
(NiO). Carbon based materials such as graphene, GO, RGO, CNTs, GQD, and (6, 6)-phenyl C61-butyric acid methyl ester (PCBM) are also
being suitably utilized for electron transport operations in PSCs (Wang et al., 2014a; Li et al., 2014a; Yeo et al., 2015; Habisreutinger et
al., 2014b; Mamun et al., 2017; Zhou et al., 2019).

Step 4: The perovskite layer which can act either as sensitizer or absorber or as electron or hole transporter, although its primary function
is that of a sensitizer, is spin-coated over the electron transporting layer.

Step 5: Adjacent to the perovskite layer is the hole transport layer which allows the holes from the excited perovskite to move toward
the metallic cathode for extraction. The commonly used hole transporters are 2, 2′, 7, 7′-tetrakis (N, N-di-p-methoxy phenylamine)−9,
9′-spirobifluorene (Spiro-OMeTAD), poly-3-hexyl thiophene (P3HT), poly-triaryl amine (PTAA), and poly-(2, 3-dihydrothieno-1,
4-dioxin)-poly (styrene sulfonate) (PEDOT/PSS). Carbonaceous nanostructures of graphene, GO, and CNTs are currently being used to
replace the aforementioned expensive and degradation-prone HTMs.

Step 6: Finally, there is a metallic contact layer which is usually deposited by thermal vaporization on top of the solar cell to function
as the counter electrode, also known as back contact. This layer is usually any noble metal such as Au or Ag, often Al. But these noble
metal cathodes require high temperature sintering and vapor deposition as an essential part of fabrication, thus increasing production cost.
Carbon, CNTs, and graphene are often used to circumvent the expensive techniques and fabricate transparent counter electrodes.

General Working Principle of Perovskite Solar Cells

The working principle of a PSC is as described in Fig. 3. The different layers are carefully chosen to optimize the efficiency of
PSCs. Energy levels of the different materials in the solar cells must be so chosen that they are well aligned and thermodynamically
suitable for good device

Fig. 2 Generic structure of perovskite solar cells.
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Fig. 3 General working principle of perovskite solar cells.

performance. The perovskite layer absorbs sunlight and the energy in a photon is used to excite an electron. This absorption is manifested
as an electron being excited from the valence band edge (or highest occupied molecular orbital, HOMO) of the perovskite sensitizer to its
conduction band edge (or lowest unoccupied molecular orbital, LUMO) leaving the perovskite in an oxidized state which is neutralized by
an electron moving from the HOMO of the adjacent hole transporting layer. The electron excited to the LUMO of the perovskite is then
injected into the LUMO of the ETL and is transported via diffusion to the front contact. The energy levels are thermodynamically aligned
in such a way that when an electron from valence band edge of the perovskite is excited to conduction band edge, it leaves behind a hole in
the perovskite, then another electron from the HOMO of the HTL can fill up its place. Thus, by the movement of electrons and holes in a
hopping manner, an electric current is generated. The HTL allows the holes extracted from the perovskite layer to pass through and they are
extracted into the external circuit. The HTL also functions as an electron blocking layer and prevents any electron from passing through.
The important function of electron-hole charge separation thus occurs at the interfaces of different layers and the electrons and holes are
transported through electron and hole selective conductor layers respectively.

For efficient power output, the band gap of the perovskite absorber should be sufficient to absorb visible light. The optimal band gap
for a single junction solar cell is between 1.1–1.4 eV. The conduction band edge of the perovskite absorber should be slightly higher than
the conduction band energy of the electron transporter, so that transfer of photoexcited electrons is energetically favorable. Similarly, the
valence band edge of the perovskite layer should be slightly lower than that of the hole conductor to allow proper hopping of holes.

Different Architectures of Perovskite Solar Cells

PSCs are used in many different architectures primarily as sensitizer, meso-superstructured, planar heterojunction, and hole conductor-free
architecture as shown in Fig. 4. Sometimes the perovskites are also fabricated in inverted architecture. In the sensitizer approach, the
perovskite layer behaves primarily as an absorber layer, absorbing sunlight, which excites electrons from the HOMO to the LUMO of the
perovskite layer.

In meso-superstructured solar cells (MSSCs) there is a layer of mesoporous semiconducting oxide, such as titania (TiO2) or alumina
(Al2O3), which acts as a scaffold and prevents recombination of electron-hole pairs. Due to the presence of the mesoporous oxide layer,
these types of perovskite devices are referred to as MSSCs. The mesoporous scaffold in these devices prevents the diffusion of the electrons
through them. Electrons are forced to reside in the perovskite itself which then facilitates electron transport, proving its ability as a sensitizer
as well as n-type conductor. Al2O3 is an insulator with a wide band gap of 7–9 eV (Lee et al., 2012) which is observed to be a more suitable
mesoporous scaffold than TiO2, because electron transfer through perovskites is much faster than through TiO2 and there is an improvement
in the open circuit voltage (VOC), hence, also the PCE.

PSCs are also used in planar heterojunction architecture where different layers such as ETL, perovskite sensitizer, HTM, and cathode
are deposited in the form of thin films. In the p-i-n heterojunction solar cell approach, perovskite semiconductors perform all the functions
of photovoltaic systems, light absorption, charge generation, and transport of both types of charges, electrons, and holes.

The perovskites can also be used in hole conductor-free approach where the perovskite layer not only behaves as the sensitizer but due
to its ambipolar nature also extracts the holes and allows their passage so that the utilization of the HTL can be dispensed with. This type
of PSC is known as ‘hole conductor-free’ architecture.

Influence of Nanostructures in Perovskite Solar Cells



UN
CO

RR
EC

TE
D

PR
OOF

6

Fig. 4 Different architectures of perovskite solar cells.

Often, PSCs are deposited with the HTM on top of the FTO/ITO coated glass followed by the perovskite layer, the ETL and the metallic
counter electrode which is known as the inverted architecture.

Influence of Nanostructures in Perovskite Solar Cells

Any structure, particle, mesh, fiber, rod, tube, ribbon, film, or sheet, which falls in the nano regime i.e., has at least one dimension
within 1 and 100 nm, is known as a nanostructure. They can be classified into one dimensional nanostructured surfaces, two dimensional
nanotubes or three dimensional nanoparticles. Nanostructures have received steadily growing interest as a result of their unique properties
and applications which are far superior to their bulk counterparts. Nanostructuring is an effective and versatile means of modifying the
electrical, optical, and magnetic properties of any material. Nanoparticles have excellent surface-to-volume ratios, thus offering high
surface area for efficient charge accumulation, transport, and interface wettability along with the tunable electronic and optical properties
of PSCs. In the next section we will discuss the different oxide and carbonaceous nanostructures which have varied applications in the
different layers of PSCs.

TiO2

Titania/titanium dioxide (TiO2) is the most commonly used ETM in PSCs. Size, morphology, and crystal structure determine the physical
and chemical properties of nano TiO2. Titania exists in three different phases namely rutile, anatase and brookite, with the rutile phase
being thermodynamically most stable. Anatase is considered to be the most suitable phase for photocatalytic activity and solar-energy
applications. It is well known that nanostructures of TiO2 such as nanorods, nanowires, and nanotubes (as shown in Fig. 5(A)) play
prominent roles in functional devices due to their dimensionality and quantum confinement effects. The thickness of the nanoporous layer
of TiO2 is important in determining the solar cell performance. Charge collection and electron transport in PSCs are dependent on the
morphology, porosity, surface area, and size of the TiO2 layer. In meso-superstructured devices, mesoporous titania and alumina are used
as insulating scaffold as shown in Fig. 5(B). Mesoporous particles are those having sizes between 2–50 nm. Titania has a band gap of
3.2 eV in anatase phase and 3.03 eV for rutile phase (Scanlon et al., 2013). This band gap is suitable for the transport of electrons and
holes through the PSC. But the deposition of titania requires high temperature sintering at 400–500°C which makes it unsuitable for usage
on plastic substrates. Hence, ZnO with comparable energy level, good electron transport properties and feasibility of electrodepositing
is a viable alternative. In addition to mesoporous TiO2 films, a variety of materials are also used in PSCs as ETM and scaffold such as
one-dimensional TiO2 nanowires, rutile TiO2 nanorods, ZnO nanorods, [6,6]-phenyl-C61-butyric acid methyl ester (PCBM), Al2O3, and
ZrO2.

Influence of Nanostructures in Perovskite Solar Cells
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Fig. 5 (A) Nano-wires of TiO2 and TiO2 as mesoporous scaffold used in perovskite solar cells. (B) (a) TiO2 and (b) Al2O3 mesoporous
scaffolding in perovskite solar cells. (A) Reproduced from: Jiang, Q., et al., 2014. Rutile TiO2 nanowire-based perovskite solar cells. Chemical
Communications 50 (94), 14720–14723. Available at: http://xlink.rsc.org/?DOI=C4CC07367C. with permission of The Royal Society of
Chemistry. (B) Reprinted by permission from Macmillan Publishers Ltd: [Nature Communications] Leijtens, T., et al., 2013. Overcoming
ultraviolet light instability of sensitized TiO2 with meso-superstructured organometal tri-halide perovskite solar cells. Nature Communications 4,
2885. Available at: http://www.nature.com/ncomms/2013/131204/ncomms3885/full/ncomms3885.html#access. copyright (2013).

Al2O3

Alumina is successfully used as an insulating scaffold for the perovskite absorber layer in MSSCs and it can be fabricated at
low-temperatures of 150°C. The band gap of alumina (~7–9 eV) is higher than that of the LUMO of the perovskite, so it does not allow
the excited electrons to diffuse into the alumina scaffold and the extraction of electrons is facilitated only by the perovskite layer due to its
ambipolar nature as depicted in Fig. 6. The figure shows a comparison of the mechanism of electron-hole movement through mesoporous
TiO2 and Al2O3. The red cross in the band diagram for Al2O3 implies that the photoexcited electrons from the conduction band of the
perovskite cannot hop to the conduction band of alumina scaffold due to the higher band edge position. The alumina layer acts as a barrier
and prevents charge recombination.

Influence of Nanostructures in Perovskite Solar Cells
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Fig. 6 Band alignment and mechanism of electron-hole movement through TiO2 and Al2O3 mesoporous perovskite solar cells. Adapted version
of Fig. 3(A) from Lee, M.M., Teuscher, J., Miyasaka, T., Murakami, T.N., Snaith, H.J., 2012. Efficient hybrid solar cells based on
meso-superstructured organometal halide perovskites. Science 338, 643.

SnO2

Traditional mesoporous TiO2 layer is also replaced with mesoporous SnO2 nanoparticle film as ETL and scaffold. The SnO2 layer treated
with TiCl4 results in reduced charge carrier recombination at the interfaces. SnO2 has a higher conduction band as compared to TiO2
and should facilitate a more efficient transfer of photo-generated electrons as compared to TiO2. Moreover, the higher electron mobility
of SnO2 compared to TiO2 is also expected to make it a versatile material for use as ETL. But the devices with SnO2 suffer from the
drawback of recombination between SnO2 and HTM. Passivating the surface of the SnO2 nanoparticles with an aqueous solution of TiCl4
(Li et al., 2015a) or wide band gap insulating oxides, such as MgO or Al2O3, or improving the electron mobility of SnO2 by optimizing
the film quality using poly(vinylpyrrolidone) (PVP) (Wang et al., 2019), results in suppression of the backward reaction and enables a
significant enhancement in the PCE by retarding charge recombination by avoiding internal trap states and facilitating electron transport
from perovskite to the SnO2 conduction band. If the thickness of the SnO2 film increases beyond the optimum film thickness the PCE
decreases as the charge carriers have to travel further, thus increasing the probability of recombination.

ZnO as Electron Extracting Layer

Zinc oxide (ZnO) is an n-type, direct, wide band gap, semiconductor material (3.37 eV at 300K) which can be grown by various techniques
with good structural quality at low-temperature and with its conductivity being several orders of magnitude higher than that of TiO2, it
electron transport the front contact. Hence, ZnO is often used as an alternative ETL to TiO2 and in order to improve PCE, low-temperature
hydrothermally processed double-layer of ZnO nanostructures have also been implemented in PSCs. Unlike mesoporous TiO2, the ZnO
layer is substantially thinner and does not require sintering as an essential part of fabrication because there are various deposition
techniques, namely solution-processed methods, plasma-enhanced chemical vapor deposition and, electrochemical deposition which can be
used for improving the device performance of PSCs. Several different structures of ZnO, ranging from arrays of nanowires and, nanorods
to compact thin films, have also been employed. But charge recombination often occurs at the ZnO/absorber interface deteriorating
solar cell performance. This deterioration can be addressed by using interfacial modifications with nanostructures. Aluminum doped ZnO
nanorods (Dong et al., 2014) are more suitable options to retard charge recombination at the ZnO/perovskite interface because they have a
higher conduction band, faster electron mobility, and higher electron density compared to ZnO with maximum efficiency reaching 10.7%.
Nanorods grown perpendicularly onto various substrates in the form of densely packed assemblies with a high surface-to-volume ratio are
suitable candidates for hybrid photovoltaic systems because they function as an efficient charge collection system.

ZrO2 as Scaffold

A double layer of mesoporous TiO2 and ZrO2 as a scaffold infiltrated with a perovskite layer has also been used in a hole-conductor
free PSC. This acts as a barrier between the photoanode and the carbon counter electrode, thus avoiding direct contact between the
two (Mei et al., 2014). The conduction band edge of TiO2 is at −4 eV while that of ZrO2 is at −3.4 eV (energy levels measured
with respect to vacuum) and
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hence any electron from the photo-excited perovskite injected into the TiO2 layer is not allowed to move to the back contact due to the 0.6
eV energy difference with the ZrO2 layer. ZrO2 prevents the photogenerated electrons from moving to the back contact, thus preventing
recombination with the holes from the perovskite at the back contact. ZrO2 interlayers are being widely used for different applications in
printable carbon based perovskite solar cells (De Rossi et al., 2020; Filonik et al., 2019; Sun et al., 2020).

NiO

Nickel oxide (NiO) is an intrinsic p-type semiconductor with a wide band gap and good thermal and chemical stability. Nickel oxide has
been successfully used as HTM in dye sensitized solar cells (DSSCs) and organic photovoltaics (OPVs) (Li et al., 2015b). Sarkar et al. used
a layer of electrodeposited NiO in an inverted architecture to achieve a PCE of 7.26% (Subbiah et al., 2014). The annealed electrodeposited
NiO layer was further treated with UV light in presence of oxygen or oxygen plasma to enhance device performance. By optimizing and
oxygen doping technique, Chen et al. were able to improve the performance of the NiO hole extraction layer resulting in a PCE of 11.6%
(Wang et al., 2014c). Additional high temperature processing or UV/O3 treatment is necessary to obtain efficient PSCs based on NiOx HTL
(Lee et al., 2015). NiO has been employed as photocathode material in p-type DSSCs, tandem DSSCs and as a hole collector in organic
bulk heterojunction and perovskite heterojunction solar cells (Jagadamma et al., 2019; Jin et al., 2020; Xu et al., 2019). NiO functions as an
interfacial layer as well as electron blocking material because of its higher conduction band compared to CH3NH3PbI3 (−1.8 eV vs. −3.93
eV) (Liu et al., 2015). Introduction of NiO is seen to extend the electron lifetime and enhance the hole extraction by the counter electrode.

Carbon

Different nanostructured carbonaceous materials (as shown in Fig. 7) such as graphene, GO, RGO, CNTs, fullerenes and GQDs find
applications as electron transporters/hole transporters, interlayer between perovskite and hole selective contact, as blocking (compact)
layer as well as counter electrodes in perovskite photovoltaic devices. Graphene is a two-dimensional honeycomb lattice where carbon
is sp2 hybridized. It is the parent material for the formation of CNTs and fullerene. Graphene is currently of much interest owing to its
excellent mechanical, electronic properties and its immense potential in nanoelectronic applications. This allotrope of carbon is not only
an excellent electrical conductor at room temperature, but also finds use in next-generation transistors, transparent electrodes in solar
cells, and many other applications. Graphene can be easily produced via the reduction of GO. It offers tremendous opportunities for
functionalized materials. Carbon allotropes having cylindrical structures are known as CNTs. They are one dimensional in nature. They are
hollow structures with walls formed of one-atom-thick sheets of carbon, graphene. The graphene sheets rolled at specific angles form the
nanotubes. Nanotubes are categorized as single-walled nanotubes (SWNT) and multi-walled nanotubes (MWNT). Fullerene is a molecule
of carbon in the shape of a hollow sphere, ellipsoid, or tube as well as several other shapes. Carbon-based materials find efficient use in
PSCs as mentioned below.

Fig. 7 Different nanostructures of carbon: graphene, graphite, fullerene, and carbon nanotube. From top left, clockwise Neto, A.H.C., et al.,
2009. The electronic properties of Reviews of Modern Physics 81 (1), 109–162.
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Back Contact

Thin films of noble metals like gold (Au), silver (Ag), often aluminum (Al) prepared by thermal vaporization are frequently used as the
back contact in PSCs. However, this process not only involves complicated technology but also is expensive and hence, limits large-scale
production. Therefore, carbon based nanomaterials have been used to replace the costly counter electrodes because they are low-cost,
abundant and possess good chemical stability and conductivity. Carbon, with a valence band edge of −5 eV (Ku et al., 2013), is suitable
for receiving holes from the photoexcited perovskite absorber. It is also an effective substitute to the expensive but poor stability HTMs.
The interface between perovskite and HTM is important for efficient charge separation and transfer. Ambipolar GO can be used to improve
the wettability of the interfacial layer providing good contact between the perovskite and hole selective layer for proper hole extraction and
reduced charge recombination (Li et al., 2014a).

Hole Transporting Layer

After photoexcitation of the perovskite absorber, the holes are extracted by the hole selective contact. This is achieved by using suitable
materials with appropriate band edges which thermodynamically facilitate the process. Each intermediate layer in PSCs plays an important
role in the working of the photovoltaic device. First, they selectively extract one type of charge carrier (hole or electron), transports the
charge to the respective electrodes, and prevents charge recombination. Second, an intermediate layer can be used to bridge a mismatch of
energy levels between the active layer and the electrode to avoid charge recombination. Moreover, an intermediate layer can compensate
for roughness and remove shunts resulting from non-uniformity of the electrode film. The use of a hole transport material has become
indispensable in PSCs. Perovskites, being ambipolar in nature, can conduct holes. But since they are present in low levels, an HTL becomes
a prerequisite during PSC fabrication. Moreover, in inverted architecture (p-i-n) PSCs, the surface properties of the HTL strongly influences
the morphology, crystallization and conditions of crystal boundaries of the perovskite layer deposited on top. Additionally, appropriate
electronic and electrical properties of the HTL/perovskite interface is crucial to facilitate charge extraction and collection whilst minimizing
recombination (Zhu et al., 2014). Several other factors such as reliability, chemical compatibility of the HTM, hydrophobic properties,
UV light cut off, cost of raw materials and fabrication must be considered to minimize the energy mismatch in a reliable HTL/perovskite
interface and for long-term device stability (Chen et al., 2015a,b; Fang and Huang, 2015). As PSCs are the new generation solar cells which
have shown incredible progress within a short span, rigorous research is focussed on both the active layer as well as hole transporting layer.

Solid-state hole transporting materials can be divided into three main categories, namely, inorganic, polymeric and small organic
molecule HTMs. The inorganic HTMs used in PSCs such as CuI, CuSCN and NiO, despite their favorable properties of high hole mobility
and low cost, suffer from the disadvantage that the solvent used for their deposition can partially dissolve the perovskite active layer
(Qin et al., 2014). Polymeric molecules involve complex purification processes, have low solubility and undefined molecular weight with
poor infiltration into nanostructured material. Theses drawbacks have led to the design of small organic molecules as HTMs. The most
widely used material is the expensive and relatively unstable organic small molecule, Spiro-OMeTAD. Cheaper alternatives such as CNTs
or CNT-polymer composites can also be used. The polymer poly-(methyl methacrylate) (PMMA) inhibits moisture ingress and hence,
prolongs solar cell lifetime (Habisreutinger et al., 2014a). GO as an alternative HTM can be used in PSCs employing a CH3NH3PbI3−xClx
absorber (Wu et al., 2014, S¸ahin et al., 2020), the GOs could have their intrinsic disadvantages for HTMs such as an insulating property
and a high degree of oxygen contents on their surfaces. RGO is being used as HTM to obtain highly stable and highly efficient PSC as it
fulfills the requirements of an ideal HTM in terms of low-cost, abundance, solution-processibility, conductivity, and stability.

Perovskite Absorber Layer

Perovskites are used as sensitizers because of their efficient light–harvesting properties. Nanocarbons such as GQD and self-assembled
monolayer (C60SAM) can be incorporated into the photoactive layer for efficient light harvesting. The usage of C60SAM results in improved
open circuit voltage for the PSC whereas the GQDs serve as a bridge to facilitate electron injection from perovskite to the TiO2 conduction
band.

Blocking (Compact) Layer

The blocking or compact layer is an important part of the PSC because it prevents charge recombination between the FTO and perovskite
or FTO and HTM and hence, should be uniformly deposited. Crystalline TiO2 is the best example of such a blocking layer. But its
fabrication involves high temperature sintering which in turn results in undesirable increased cost of production. Hence, low-temperature
processed graphene/TiO2 nanocomposites are employed as blocking layers. These composites also minimize the series resistance of cells
and graphene, owing to its excellent conductivity, facilitates rapid electron transfer within the network thus reducing recombination losses.
The conduction band edge of graphene is suitably placed at −4.4 eV (Batmunkh et al., 2015), thus aiding in electron transfer from TiO2 to
FTO without any energy barrier.

Graphene/CNT composites can be used as transparent conductive electrodes. CNT can also be used as a transparent top contact
which acts as a hole collecting layer and allows light transmission. Flexible PSCs can be prepared by continuously winding multi-walled
carbon nanotube
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(MWNT) sheets onto a fiber electrode. Graphene is the one of the most suitable candidates for transparent conducting electrode, due
to its high transparency, good conductivity, and smooth surface. Graphene can replace the conventional FTO/ITO electrodes due to its
mechanical and chemical robustness, excellent optical and electronic properties, and potentially low cost. Graphene/TiO2 nanocomposites
are used as electron transporting layers in meso-superstructured solar cells, with graphene providing good charge collection. Incorporating
nanocarbons into the mesoscopic layer of the PSC can lead to improved device performance.

These nanostructures are used in various forms in the PSCs. Titania and alumina are used as insulating scaffold to hinder movement
of electrons through them and force their transport through the perovskite layer itself. This is also useful in reducing recombination loss
and improving the stability of the PSC. Carbon nanostructures are being implemented for several different purposes. The first usage
of carbonaceous material in PSCs was by Han’s group (Ku et al., 2013) who implemented carbon as counter electrode in perovskite
photovoltaic devices and achieved a PCE of 6.64%. GO is being used as a counter electrode as well as an interlayer between perovskite
and HTM with reported PCE of ~12% (You et al., 2015) and 14.5% (Li et al., 2014a), respectively. Carbon-based nanostructures are being
widely implemented as low-cost interlayers and counter electrodes in perovskite solar cells (Li and Gao, 2020; Litvin et al., 2020). CNTs
are also used as counter electrodes and Li et al. (2014b) were the first to report on the usage of CNTs as counter electrodes.

General Characterization Techniques for Perovskite Solar Cells

To characterize solar cells, various techniques are used which provide information about the working of different parts of the device.
UV–vis spectroscopy measures the absorption characteristics, I–V measurements characterize the overall energy conversion of the solar
cell.

Incident Photon to Current conversion Efficiency (IPCE) measures the current generated at each wavelength. IPCE gives information
about which solar energies or wavelength that can contribute to the photocurrent. The transport time for the electrons in the solar cell and
the electron lifetime in the mesoporous semiconductor can be studied with photocurrent and photovoltage measurements. Field emission
scanning electron microscopy (FESEM) is used to study the morphological features of the different layers and cross-section of the solar
cells. Electron dispersive spectroscopy (EDS) is used to study and confirm the presence of different elements in the device. Sample purity
is determined using X-ray diffraction (XRD). High resolution transmission electron microscopy (HRTEM) and selected area electron
diffraction (SAED) techniques are used to study the structural properties and defects in the device. X-ray photoelectron spectroscopy (XPS)
is a suitable method used to perform element-specific surface and interfacial studies and distinguish the different elements and the nature of
their chemical environment present at the surface of the device, also to undertake depth profiling measurements. Hard X-ray photoelectron
spectroscopy (HAXPS) can be used to probe deeper into the device surface up to 20 nm whereas XPS allows only surface studies up to
about a few nanometers. Impedance spectroscopy (IS) is a tool for investigating the properties and quality of PSCs and it gives information
about the fundamental mechanisms of operation of devices. EIS also investigates the interfacial charge transfer in the perovskite devices.
Raman spectroscopy is a powerful, non-invasive tool to study the thickness, doping, strain and thermal conductivity of the PSCs. Atomic
force microscopy (AFM) is used to measure and determine the surface roughness of the films in the solar cells. Cyclic Voltammetry (CV)
will give information about active area of metal or metal atoms involved in the reactions, the reaction and electron transfer kinetics. Energy
levels are measured with the aid of Ultraviolet Photoelectron Spectroscopy (UPS). The energy conversion efficiency of a solar cell is
deduced from an I–V curve. The solar cell is illuminated with a solar simulator with a spectrum of AM1.5. During illumination, the current
is measured as a function of the voltage, with the current at 0 V signifying the short-circuit current, ISC and the voltage at 0 current giving
the open-circuit voltage, VOC. As power is the product of V and I, it should be actually a square but any deviation from the theoretical
maximum of the device is described by the fill factor (FF). The efficiency η is given by [1]

(1)

where Pin is the light intensity in mW cm−2.
Eq. is used to calculate the efficiency of solar cells.
Several different characterization techniques are also undertaken to show the impact of the nanostructures on the PSCs.

Challenges and Problems With Perovskite Solar Cells

Though perovskite materials show promising results in terms of improvement in efficiency, they do suffer from some drawbacks
which have retarded their commercialization. Since, they are formed of organic cations, they are susceptible to moisture, temperature,
UV radiation, and oxygen thus, deteriorating the performance of solar cells. Moreover, PSCs fabricated by the relatively easy and
cost-effective solution processed technologies are prone to inherent imperfections and defects which in turn lead to recombination of
charge carriers which is detrimental to device performance. Hence, current research is focused on fabrication of efficient but stable
solar cells. The reliability of these solar cells is not very good because of their stability issues. But research is being undertaken
to develop different techniques to improve stability and reliability. It is seen that incorporation of a mesoporous layer of alumina
as scaffold could bring about an improvement in efficiency. Similarly, passivation of the perovskite surface with Lewis bases like
thiophene and pyridine retards recombination losses and improves both efficiency and stability (Noel et al., 2014). One of the major
obstacles to commercialization of perovskite solar cells is the stability of the active materials and several different approaches have
been implemented to improve device stability (Zhang et al., 2017, 2018,
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2019). Polymer coating the and ETLs could also bring about improvement in stability (Habisreutinger et al., 2014a) as well as
functionalization of hole and electron transport materials with graphene.

Material Challenges

Organic–inorganic hybrid PSCs are fabricated using organic molecules such as methylammonium, ethylammonium, or formamidinium,
as the A-site cation, forming trihalide plumbate perovskite materials for high efficiency, improved charge mobility, long diffusion length,
and reduced recombination losses. But the organic molecules are susceptible to damage by moisture, UV radiation, and temperature, thus
deteriorating device performance within a short time span. There are reports of maximum stability values of just over 1000 h. It has
been observed that moisture treatment of PSCs during device fabrication has a positive influence on their stability. The devices exposed
to controlled moisture environment during fabrication have greater capacity to retain their maximum PCE for a longer time. Moreover,
the materials being the cynosure of attention are plumbohalides and that Pb is a toxic element is common knowledge, so use of lead is
a serious cause for concern. Hence, research is being undertaken on replacing Pb. Sn has been the most suitable candidate thus far in
fabricating lead-free perovskites. Methylammonium tin iodide (CH3NH3SnI3) perovskite, a direct-gap light absorber with an energy gap of
1.3 eV (Hao et al., 2014) is a suitable alternative to methylammonium lead iodide (CH3NH3PbI3) perovskite with a band gap of 1.55 eV.
Mixed methylammonium halide perovskites are also being investigated, such as CH3NH3SnI3−xBrx to cover much of the solar spectrum.
The Sn (II) compound formamidinium tin iodide (NH2CH=NH2SnI3) (Mitzi and Liang, 1997) adopts a similar cubic crystal structure as
CH3NH3SnI3 at room temperature. A solid solution with (CH3NH3)1−x (NH2CH=NH2) xSnI3 is also a possibility. Tin halide perovskites
open up a new avenue toward low-cost environment-friendly solar cells. Sn is successfully being used in some solar cells but it suffers
due to the oxidation of Sn2+ to Sn4+ in the atmosphere and thus loses the perovskite structure, degrading device performance. Research
is in progress to look for suitable remedies for these problems. Furthermore, the organic hole transporter being most frequently used and
yielding one of the highest PCE, Spiro-OMeTAD, is not only an expensive material but also the Li-TFSI used for doping Spiro-OMeTAD
to obtain desired levels of hole mobility and conductivity is hygroscopic in nature i.e. susceptible to moisture. Thus, the devices using
Spiro-OMeTAD may degrade in presence of moisture due to the experimental protocol of overnight exposure to atmosphere followed
during doping. To overcome this problem different HTMs such as those with carbon-based materials like a double layer of P3HT/SWCNT
(single-walled carbon nanotubes)-PMMA (poly-methyl methacrylate) have been investigated. They have demonstrated good thermal and
moisture stability. The one with a triple layer of TiO2/ZrO2/C as a scaffold has also been successful. The carbon layer plays an important
role in water resistance. Moreover, doping and functionalization using atmospheric pressure plasma has been recently exploited to increase
the hole conductivity of Spiro-OMeTAD without the necessity of additional chemical dopants (Ghosh et al., 2020).

Device Challenges

The perovskites have attracted much attention of late, one of the reasons being the ease of fabrication of these devices from inexpensive
solution-processed methods. The major challenges whilst fabrication of devices include controlling perovskite crystallization over large
areas, robust encapsulation techniques and device stability/reliability. The layers deposited from solutions sometimes lack uniformity as
well as being inherently infiltrated with trap states and imperfections. These may lead to interfacial recombination and hence, loss of
efficiency and device stability. To overcome these problems the trapped states are often filled up with Lewis bases like thiophene and
pyridine for better pore-filling to retard charge recombination. The electrons and holes from the photoexcited perovskite once extracted
through the electron and hole transporting layers should not be allowed to recombine and thus there is an optimum thickness of the different
layers of the solar cell which must be maintained. But the optimum thickness is still an open question as it tends to vary from device to
device based on the materials being used.

Conclusions

Thin-film photovoltaics can reduce the fabrication cost of solar cells as compared to conventional silicon solar cells. Several approaches
such as nanocrystalline solar cells, organic solar cells, quantum dot-sensitized solar cells (QDSSCs), DSSCs, and of late, PSCs, have
come to the forefront of photovoltaic research. The PSCs have evolved from DSSCs and have become desirable because of their
capability of broad light absorption, high open circuit voltage, ambipolar nature, and widely tunable characteristics. The organo-trihalogen
plumbate perovskites are being used as the absorber, often coated upon the surface of alumina or titania to form a mesoporous PSC.
Other varied architectures in the form of planar heterojunction, hole-conductor free approaches are also being implemented. Metal
oxides such as TiO2 and ZnO are most widely used as blocking layers because of their ability to prevent recombination and leakage
currents. But the synthesis of these materials requires high temperature sintering. In order to augment the process, abundant materials
which can be synthesized from inexpensive solution-processed methods like carbon, graphene, GO, CNTs, and fullerenes are being
incorporated into PSCs. These nanostructured materials help to increase the area of contact between interfaces, thus aiding efficient
charge accumulation and separation. Nanostructured materials are highly in demand because of their excellent surface–volume ratio
for efficient sunlight absorption and effective functioning of PSCs. But organic–inorganic hybrid PSCs are susceptible to moisture,
UV radiation, and temperature due to the organic radicals and hence these devices are prone to degradation in ambient conditions
and are therefore unreliable. Various approaches like TiO2 scaffolding, passivation of trap states with Lewis bases like thiophene
and pyridine, use of polymer coated CNTs as well as triple layers of TiO2/ZrO2/C to retard moisture ingress have been successfully
implemented to prolong the lifetime of the solar cell devices. There is also immense prospect for the
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fabrication of multi-junction hybrid solar cells in future. By absorbing high-energy photons in a wide band gap solar cell, allowing
low-energy photons to pass through the first cell and be absorbed in a narrow band gap solar cell, would result in an efficient absorbing
of the solar spectrum and reduced energy loss. An all-PSC concept is as attractive as that of a hybrid tandem device with a top perovskite
cell and the bottom cell composed of crystalline silicon. This new avenue of research regarding PSCs would be a reliable source of clean
energy in future only if their stability issues can be resolved. There is immense prospect for clean energy generation from these devices in
future. The solar panels of tomorrow might not only be transparent, lightweight, flexible, and ultra-efficient with the usage of perovskite
materials, but also it would be possible to coat them on skylights or windows. Perovskites are promising innumerable applications such as
photovoltaic curtains, building-integrated photovoltaics, wearable electronics, and tandem devices (Eperon et al., 2014a,b; Li et al., 2014b;
Bailie et al., 2014; Bett et al., 2020; Gu et al., 2020; Guchhait et al., 2017; Zhao et al., 2017) and immense capability of overcoming the
persistent energy crisis of the world and becoming the source of energy in future. Although research is still in its infancy, in the future,
nanocrystal perovskite photovoltaics may offer advantages such as flexibility, lower costs, clean power generation, and better efficiency.
The PSCs should meet stringent requirements in terms of PCE, cost, and stability and there is immense prospect for them to achieve these
objectives.
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