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Abstract

Perovskite solar cells (PSCs) are an emerging photovoltaic technology that promises to offer facile and efficient solar power

generation to meet future energy needs. PSCs have received considerable attention in recent years, have attained power conver-

sion efficiencies (PCEs) over 22%, and are a promising candidate to potentially replace the current photovoltaic technology. The

emergence of PSCs has revolutionized photovoltaic research and development because of their high efficiencies, inherent

flexibility, the diversity of materials/synthetic methods that can be employed to manufacture them, and the various possible

device architectures. Further optimization of material compositions and device architectures will help further improve efficiency

and device stability. Moreover, the search for new functional materials will allow for mitigation of the existing limitations of

PSCs. This review covers the recently developed advanced techniques and research trends related to this emerging photovoltaic

technology, with a focus on the diversity of functional materials used for the various layers of PSC devices, novel PSC

architectures, methods that increase overall cell efficiency, and substrates that allow for enhanced device flexibility.
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1 Introduction

Energy shortages have become a global issue in the twenty-

first century. Currently, the majority of the world’s energy is

generated from fossil fuels such as coal, petroleum, and natu-

ral gas; according to the US Energy Information

Administration (EIA), in 2016 ~ 65% of electricity was gen-

erated from fossil fuels, and ~ 20% was from nuclear energy,

while only ~ 15% was from renewable energy sources [1].

The urge to develop renewable energy technologies (like hy-

droelectric, geothermal, wind, and solar) to replace fossil fuel-

based energy generation has motivated substantial scientific

research. Among the different renewable sources, solar energy

is one of the most promising technologies to meet the growing

global energy demands and to resolve or mitigate the ever-

increasing energy crisis due to the depletion of fossil fuels [2].

Although only 1% of energy production was reported to be

solar-derived in 2013, solar power is projected to become the

most significant source of energy by 2050 [3]. Solar energy

has several key advantages over other renewable technolo-

gies, namely the global distribution of sunlight (in contrast

to wind, geothermal, and hydroelectric resources that are lo-

calized to certain areas), the lack of hazardous waste genera-

tion (in contrast to nuclear energy), and the decentralized na-

ture of solar energy generation [4].

Photovoltaic solar cells work by converting the energy of

incident photon’s directly to electricity. Over the years, the

development of different photovoltaic technologies can be

roughly classified into three discrete generations [5]. First-

generation (1G) solar cells are based on silicon wafers which,

while they can produce high power conversion efficiencies

(PCEs), also have high production costs. With the goal of

reducing costs, second-generation (2G) solar cells were devel-

oped, which were commonly based on amorphous silicon,

copper indium gallium selenide (CIGS), and cadmium tellu-

ride (CdTe). However, the performance of 2G solar cells was

generally poor compared to their 1G counterparts, which has

prompted the development of third-generation (3G) emerging

solar cell technologies [6].

Now, research is mainly focused on third-generation solar

cells which include copper/zinc/tin sulfide solar cells, dye-
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sensitized solar cells, organic solar cells, polymer solar cells,

quantum dot solar cells, and perovskite solar cells. Between

these different 3G solar cell technologies, PSCs are currently

the most rapidly developing technology in terms of the vol-

ume of research that has been done on them [7]. In 2009,

Kojima et al. for the first time evaluated CH3NH3PbI3
(methylammonium lead iodide or MAPbI3 ) and

CH3NH3PbBr3 (methylammonium lead bromide or

MAPbBr3) as sensitizers in a liquid electrolyte-based dye-sen-

sitized solar cell (DSSC) architecture cell and reported PCEs

of 3.81 and 3.13%, respectively [8]. However, because of

stability issues and the instant dissolution of perovskite in a

liquid electrolyte, this innovation received little attention from

photovoltaic researchers. To address this shortcoming, Kim

et al. developed a solid-state, highly efficient (PCE 9.7%),

and stable PSC in 2012 by replacing liquid electrolyte with

the solid hole conductor [9].

After this discovery, perovskite solar cells have been in-

tensely studied in the last 5 years because of the unique prop-

erties of perovskites such as their tunable band gaps [10–12],

high absorption coefficients [13, 14], long charge carrier

(electron-hole) diffusion lengths [15], and low-temperature

solution processability [16]. The significant research efforts

into the design of novel device architectures [17–19], careful

control of the morphology of each functional layer [20, 21],

and optimization of interfacial characteristics [22–24] have

enhanced the efficiency of PSCs. These advances have con-

tributed to further research interests in perovskite research

community, resulting in a tremendous rise in the number of

publications in the last few years, especially in the last 3 years

(Fig. 1). In accordance with these trends, the maximum ob-

tained PCE of PSCs has risen from 3.8 to 22.7% over the

previous 8 years (Fig. 2). Herein, we report on the recent

advances that have been made in the perovskite solar cell

field, which have contributed to improved device efficiency,

better materials, novel device architectures, and improved cell

flexibility. We first introduce the different device architectures

and their current standing in the overall field of photovoltaic

research; then, the diverse and advanced functional materials

that have been deployed as the various layers of PSCs will be

discussed. In the last section, we outline a brief perspective on

flexible fiber-type perovskite solar cells.
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Fig. 1 Research trends in perovskite solar cell based on the number of

published articles (data source ISI Web of Knowledge)
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Fig. 2 The progress in PCE of

PSCs: 3.8% [8], 6.5% [25], 9.7%

[9], 10.9% [26], 12.3% [27],

15.0% [28], 15.4% [20], 16.7%

[29], 18.4% [30], 19.3% [22],

20.2% [13], 20.7% [31], and

21.6% [32]. Values in red

represent certified efficiencies

[33]
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2 Perovskite crystal structure

Perovskite is one of the most promising light-harvesting

solar cell materials for next-generation photovoltaic cells.

It was discovered in 1839 in the Ural Mountains in Russia

and named after Russian mineralogist L.A. Perovski [34].

Perovskite is a mineral with the chemical formula CaTiO3

(calcium titanium oxide). Compounds that have a similar

structure to CaTiO3 (ABX3) are called perovskites.

Generally, in the ABX3 structure (Fig. 3a), A is a large

monovalent cation which occupies the cubooctahedral sites

in a cubic space, B is a small divalent metal cation occu-

pying the octahedral sites, and X is an anion (typically a

halogen; however, X can also be oxygen, carbon, or nitro-

gen). For example, when the O2− anion is used, A and B

are usually divalent and tetravalent, respectively [35].

However, when a halogen is present as the anion in a pe-

rovskite structure, it results in monovalent and divalent

cations in A and B sites, respectively [35].

Two crucial parameters to quantify the structure and

stability of perovskites are the tolerance factor (t) and

the octahedral factor (μ) [35, 36]. The tolerance factor

is the ratio of the bond lengths of A–X and B–X in an

idealized solid-sphere model. Mathematically, it can be

expressed as:

t ¼
RA þ RXð Þ

√2 RB þ RXð Þ

where RA, RB, and RX represent the ionic radii of the A, B,

and X, respectively [37]. The octahedral factor μ is the ratio of

the ionic radius of divalent cation (RB) and radius of the anion

(RX). For halide perovskites, these parameters are typically in

the following ranges: 0.81 < t < 1.11 and 0.44 < μ < 0.90 [38].

Although an ideal 3D cubic perovskite structure has a value of

t = 1, the perovskite material still maintains a stable 3D cubic

structure for 0.89 ≤ t ≤ 1. Lower values of t lead to less sym-

metric tetragonal or orthorhombic structures, whereas high

values of t (t > 1) could destabilize the 3D B–X network

[38]. Calculated values of the tolerance (t) and octahedral

factors (μ) for different perovskites are presented in Fig. 4.

Fig. 3 (a) ABX3 perovskite

structure showing BX6 octahedral

and larger A cation occupied in

cubooctahedral site. (b) The unit

cell of cubic MAPbI3 perovskite

[35]

Fig. 4 Calculated values of

tolerance factor (t) and octahedral

factor (μ) for halide-based

perovskites [37]
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3 Operation principle of perovskite solar cell

The operational mechanisms of DSSCs and organic photovol-

taics aid in understanding the functioning of PSCs. A sche-

matic representation of the operation principle of PSCs is il-

lustrated in Fig. 5. Perovskite solar cells utilize perovskite

structured light absorbers for photovoltaic activity like dye-

sensitized solar cells utilize the dye/semiconductor interface

for light harvesting. The photovoltaic system has three main

functioning steps: (1) absorption of photons followed by free

charge generation, (2) charge transport, and (3) charge extrac-

tion. When sunlight falls on a PSC, the perovskite absorbs

light, excitons are generated, and charge carriers (electrons

and holes) are produced upon exciton dissociation. Exciton

dissociation occurs at the interface between the perovskite

layer and the charge-transporting layer. When the electron is

separated from the hole and injected into the electron-

transporting layer (ETL), it migrates to the anode which is in

most cases fluorine-doped tin oxide (FTO) glass.

Simultaneously, the hole is injected into the hole-

transporting layer (HTL) and subsequently migrates to the

cathode (usually metal) [40]. The electrons and holes are col-

lected by working and counter electrodes respectively and

transported to the external circuit to produce current [41].

4 Device architecture

The device configuration is one of the most crucial factors for

evaluating the overall performance of perovskite solar cells.

PSCs can be classified as regular (n-i-p) and inverted (p-i-n)

structures depending on which transport (electron/hole) mate-

rial is present on the exterior portion of the cell/encountered

by incident light first. These two structures can be further

divided into two categories: mesoscopic and planar structures.

The mesoscopic structure incorporates a mesoporous layer

whereas the planar structure consists of all planar layers.

Perovskite solar cells without electron and hole-transporting

layers have also been tested. In summary, six types of perov-

skite solar cell architectures have been studied by various

researchers thus far: the mesoscopic n-i-p configuration, the

planar n-i-p configuration, the planar p-i-n configuration, the

mesoscopic p-i-n configuration, the ETL-free configuration,

and the HTL-free configuration.

4.1 Regular n-i-p structure

The conventional n-i-p mesoscopic structure was the first ar-

rangement of perovskite photovoltaics to be tested, in which

the light-harvesting dye was replaced with lead halide perov-

skite semiconductors in a traditional DSSC-type architecture

[8]. The interest in perovskite solar cells increased more when

so-called mesoscopic device structures (Fig. 6a) were formed

by substituting the liquid electrolyte with a solid-state hole-

conducting material [9]. The assembly begins with a transpar-

ent glass cathode followed by the electron transportation ma-

terial (ETM). The structure is then layered with a mesoporous

metal oxide containing the perovskite, followed by the hole

transport material (HTM), and capped with a metallic anode

(Fig. 6a). This initial advancement in PSCs created an impor-

tant field of interest for photovoltaic researchers and conse-

quently led to the development of other PSC device configu-

rations (Fig. 6b–d). The planar architecture is an evolution of

the mesoscopic structure, where the perovskite light-

harvesting layer is sandwiched between the ETM and HTM.

The absence of a mesoporous metal oxide layer leads to an

overall simpler structure. It is possible to achieve a high effi-

ciency without the mesoporous layer by carefully controlling

the interfaces between the different layers that make up the

PSC (the perovskite light absorber layer, the electron-

transporting layer, the hole-transporting layer, the electrodes

as well as the perovskite layer itself) [22]. With the same

materials and approach, a planar n-i-p PSC shows increased

VOC (open-circuit voltage) and JSC (short-circuit current

density) relative to a mesoscopic PSC device; however, the

planar configuration also had more severe J-V hysteresis

which calls into question the accuracy of the reported efficien-

cies [42]. The grain and thickness of this buffer layer influence

the J-V hysteresis behavior [43, 44]. Kim et al. also observed

that J-V hysteresis problem is significantly dependent on the

p-type hole-transporting materials and found that the hystere-

sis behavior can become negligible with a reduced capaci-

tance, which can be done by replacing Spiro-OMeTAD with

poly(3,4-ethylene dioxythiophene)-poly(styrene sulfonate)

(PEDOT:PSS) or any other inorganic hole-transporting mate-

rials [45]. However, the J-V hysteresis behavior is also depen-

dent on voltage scan direction, scan rate, and range [46]. To

counter this problem, a thin mesoporous buffer layer was in-

corporated within the planar n-i-p PSC structure [13]. To date,

the best mesoscopic n-i-p device has exhibited a PCE 21.6%Fig. 5 Band diagram and operation principle of perovskite solar cell [39]
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[32], whereas the highest reported efficiency of a planar n-i-p

cell 20.7% [31]. Although mesoporous PSC shows better ef-

ficiency than planar structure, it is required to have a thinner

mesoporous layer (less than 300 nm) [25]. In addition, the

planar device could be fabricated with a low-temperature pro-

cess unlike the mesoporous structure [47]. However, better

control of the perovskite-absorbing layer is required [47].

4.2 Inverted p-i-n structure

The p-i-n PSC structured is derived from the organic solar cell

[48]. In the case of the p-i-n planar perovskite architecture, the

HTM layer is deposited first followed by the ETM layer. It

was discovered that perovskites are capable of transporting the

holes themselves [49], which led to Jeng et al. developing the

first planar hetero-junction PSC with an inverted structural

design [50]. With this advancement, the inverted p-i-n config-

uration has expanded the options to explore more for selective

layer from organic to inorganic materials and the use of oxide

HTM allow for constructing mesoscopic p-i-n device archi-

tecture [39, 41]. Planar p-i-n PSC offers low-temperature pro-

cessing, negligible hysteresis behavior with high efficiency of

18% [51]. The device configuration of the inverted p-i-n pla-

nar and mesoscopic PSC is shown in Fig. 6c, d.

4.3 Electron-transporting layer-free structure

A compact n-type metal oxide on the transparent conductive

oxide (TCO) is always required for conventional planar pe-

rovskite solar cells, as it helps to achieve high open-circuit

voltage (VOC) and overall power conversion efficiency.

However, Hu et al. developed a surface modification tech-

nique utilizing a cesium salt solution to modify the indium–

tin–oxide (ITO) surface/optimize energy level alignment at

this interface, which led to a PCE of 15.1% [52]. Later, Liu

et al. developed a compact layer-free PSC which exhibited

13.5% efficiency by directly depositing the perovskite layer

on the ITO surface via a sequential layer deposition method,

demonstrating that including an ETL is not a necessity to

obtain outstanding device efficiencies [53]. Ke et al. also sug-

gested that a TiO2 electron-transporting material may not be

an ideal interfacial material after developing an efficient ETL-

free PSC with a PCE of 14.14% and a VOC of 1.06 V grown

directly on an FTO substrate via a one-step solution process

Fig. 6 Schematic showing the layered structure four typical of perovskite solar cells (a) n-i-p mesoscopic, (b) n-i-p planar, (c) p-i-n planar, and (d) p-i-n

mesoscopic [42]

Fig. 7 (a) Schematic illustration

of the electron transport layer-free

planar mixed halide perovskite

solar cell configuration and (b)

energy level diagram of the planar

PSC showing collection and

separation of photo-generated

electrons and holes without an

ETL [54]
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without any hole-blocking layers [54]. The compact ETM

layer-free planar perovskite solar cell architecture is shown

in Fig. 7. Other studies have also proved that the compact

layer-free architecture can exhibit excellent performance

when generated with different film-forming methodologies

[55–57].

4.4 Hole-transporting layer-free structure

Although various novel hole transport materials (HTMs) have

been evaluated with good results (including small molecules,

polymers, and inorganic compounds), HTM-free PSC architec-

tures are a simpler cell configuration that is garnering increased

attention in this field. This increasing emphasis is because most

of the reported highly efficient PSCs contain expensive HTMs

like fullerenes, which significantly increase the fabrication cost

of the cells. As already mentioned, organo-lead halide perov-

skite materials show outstanding semiconducting properties

like long charge transport lifetimes and an ambipolar nature

which allows for the exclusion of the hole-transporting layer

[13, 14]. In 2012, Etgar et al. reported the successful fabrication

of HTL-free mesoscopic perovskite solar cells for the first time,

indicating that MAPbI3 itself performed the function of both a

light harvester and hole conductor [49]. Aharon et al. found that

the performance of HTL-free PSCs was highly dependent on

the depletion layer width because this layer helps in charge

separation and prevents the back-reaction of the electrons from

the TiO2 with the MAPbI3 film [58]. A remarkable 12.8%

certified efficiency with high stability was obtained in a fully

printable hole transport layer-free mesoscopic PSC by using a

double layer of mesoporous TiO2 and ZrO2 covered with po-

rous carbon [59]. Enhancing the quality of the perovskite film

and further optimization of the ETL/perovskite interface is im-

portant for further enhancement of the efficiency of HTM-free

PSCs. The most straightforward hole-transporting layer-free

PSC structure is shown in Fig. 8.

The different device configuration informs the selection of

charge-transport (ETM and HTM) and charge-collection ma-

terials (cathode and anode). Recent advances concerning

advanced materials for the electron and hole-transporting

layers, as well as new materials being developed for use in

the perovskite layer, are discussed in the forthcoming sections.

5 Materials for perovskite solar cell

The ongoing advancement of perovskite solar cells is remark-

able considering both the advancement of new materials for

use in the cells and the recent advances towards gaining a

more in-depth understanding of perovskite devices’ working

principles. Both the architecture of the overall perovskite solar

cell and the choice of materials used have a significant effect

on the resultant device’s electronic and optical properties.

Moreover, the properties of perovskites can be optimized by

changing their elemental composition. The materials used in

perovskite solar cells can be categorized into five groups: the

transparent conductive oxide (TCO) layer, the electron-

transporting layer (ETL), the light-harvesting perovskite ma-

terial, the hole-transporting layer (HTL), and the metal contact

material. In the following subsections, the significant mate-

rials that have driven recent research into perovskite-type solar

cells are discussed.

5.1 Perovskite materials

As previously discussed, perovskites used for light harvesting

typically contain a monovalent cation, a divalent cation, and a

halide ion. Currently, MAPbI3 is the most common perovskite

material for light harvesting. However, other perovskite ma-

terials such as mixed cation, mixed halide, and mixed halide–

mixed cation perovskites are attracting increasing attention

since they have some advantages over the traditional

MAPbI3 perovskite. Moreover, researchers are trying to find

alternative materials to Pb to avoid the inherent toxicity of

lead. In the following three subsections, recent studies and

research into a diverse range of materials are discussed.

5.1.1 Monovalent cation exchange/mixing

The modification of monovalent cations can improve the per-

formance of PSCs. Although methylammonium lead iodide

(MAPbI3) is the most commonly used light absorber in perov-

skite solar cells now, there is an ongoing search for other

functional materials to replace methylammonium (MA) in

MAPbI3 due to its suboptimal band gap and issues with

long-term stability [61]. The optimal band gap for a single

junction solar cell is between 1.1 and 1.4 eV while the report-

ed band gaps of MAPbI3 are between 1.50 and 1.61 eV [62].

The solar light-harvesting efficiency of PSCs can be further

enhanced by using lower band gap perovskites than MAPbI3.

For a lead halide-based perovskite, modification of the mono-

valent cationmay lead to a change in the Pb–I bond length and

Fig. 8 Schematic illustration of the (a) structure and (b) energy level

alignment of the planar hole-transporting layer-free perovskite

(CH3NH3PbI3) solar cells [60]
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angle and, consequently, a change in the overall band structure

[13]. Exchanging the MA ion with slightly larger organic

formamidinium (FA) ion results in a cubic structure with a

somewhat larger lattice and thus a slight decrease in the band

gap from 1.59 eV for MAPbI3 to 1.45–1.52 eV for FAPbI3
which is closer to the optimal band gap of a single junction

solar cell and, therefore, allows for the harvesting of more

light [63]. Also, Hanusch et al. showed that FAPbI3 is ther-

mally more stable than both MAPbI3 and MAPbBr3 which

strongly supports the findings that larger cation at the A site

in ABX3 structure could further stabilize the perovskite struc-

ture [64]. However, FAPbI3 can crystallize into the photo-in-

active, non-perovskite hexagonal δ-phase (yellow phase) or

photoactive perovskite α-phase (black phase) [65] which is

sensitive to solvent contamination and humidity [66], there-

fore posing stability issues.

On the other hand, monovalent cations can also be ex-

changed with inorganic materials for further improvement so

long as they remain within the tolerance factor range. Figure 9

shows the tolerance factor of stable alkali metals A = Li, Na,

K, Rb, and Cs and two additional common monovalent cat-

ions MA and FA. The tolerance factor graph depicts that

MAPbI3, FAPbI3, and CsPbI3 fall into the range of 0.8 to

1.0 with a black phase. However, Li-, Na-, and K-based pe-

rovskites are undoubtedly outside of the fixed range, where

RbPbI3 only lies outside by a small margin. It can also be seen

that upon heating CsPbI3, film turns black whereas RbPbI3
remains yellow. Thus, despite its excellent oxidation stability,

Rb alone cannot be used in perovskites. Although CsPbI3
exhibits excellent thermal stability, it does not possess an ideal

band gap (1.73 eV) for use in single-junction photovoltaics,

and it is unstable in the cubic (or pseudo-cubic) α-phase at

room temperature [67].

Due to the limitations of pure single cation-single halide

perovskite compounds, it has become crucial to design mixed

cations/mixed halide perovskites to achieve higher efficien-

cies and long-term structural and thermal stability. Double

cation MA/FA perovskites demonstrate that a small fraction

of MAwith FA in perovskites offers better crystallization re-

sult into photoactive black phases and, consequently, better

thermal and structural stability than pure MA or FA perov-

skites [66, 68]. Recently, Prochowicz et al. demonstrated that

the addition of 25% (molar %) of MAI to the reaction mixture

stabilized the black phase of FAPbI3, and they managed to

obtain a PCE of 14.98% with a high short-circuit current

(JSC) density of 23.7 mAcm−2 [69].

Besides organic MA/FA-mixed cation-based perovskites,

organic-inorganic double cation perovskites have also been ex-

plored. Choi et al. reported that 10% Cs doping in the MAPbI3
perovskite structure resulted in a 40% enhancement of device

efficiency by improving light absorption and morphology, as

well an increased energy difference between the valence band

of the perovskite and lowest unoccupied molecular orbital

(LUMO) level of PCBM [70]. Lee et al. found that the photo

and moisture stability of FA0.9Cs0.1PbI3 were substantially im-

proved compared to pristine FAPbI3 [71]. Likewise, when MA

and FA are used in combination with each other, a small fraction

ofMA or FA can be replaced with Cs to optimize the optical and

electrical properties and further increase device performance.

With the goal of improving stability and device performance,

Cs was used to explore more complex cation combinations,

i.e., Cs/MA/FA. The triple-cation (Cs/MA/FA)-based perovskite

solar cells with a stabilized PCE of 21.1% shows more repro-

ducibility and thermal stability than MA/FA double-cation pe-

rovskites [67]. Incorporation of Cs into the MA/FA cation com-

bination helps to dissipate the photo-inactive hexagonal δ-phase

of FAPbI3 and the cubic PbI2 completely. Furthermore, adding

Cs in variable percentages (5%, 10%, 15%) resulted in a blue

shift of 10 nm for the absorption and photoluminescence (PL)

spectra as well as a lower cationic radius, thus allowing the

tolerance factor to tend more towards a cubic lattice structure,

making the black perovskite phase more entropically stable at

room temperature [67]. These results are shown in Fig. 10.

Moreover, this significant work opens the door to the incorpora-

tion of other oxidation-stable alkali metals like Li, Na, K, and Rb

to be explored as the monovalent cations for perovskites.

Fig. 9 Tolerance factor and

perovskite films at different

temperatures. The tolerance factor

of perovskite between 0.8 to 1.0

shows a photoactive black phase

(solid circles) where tolerance

factor below 0.8 indicates non-

photoactive phase (open circles)

[32]
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To explore additional monovalent cations, Saliba et al. re-

cently incorporated Rb into a photoactive perovskite phase

using multiple cation (RbCsMAFA) formulations [32]. They

chose alkali metals as the monovalent cations because of their

inherent oxidation stability and found that, although the pure

RbPbI3 compound is not suitable for use in perovskite solar

cells, Rb can be integrated into multiple cation-based perov-

skites because Rb can stabilize the black phase of FA perov-

skite. They identified different cationic combination such as

RbFA, RbCsFA, RbMAFA, and RbCsMAFA with consistent

device performances compared to previously explored cationic

mixture-based perovskites such as CsFA and CsMAFA; specif-

ically, with 5% Rb in RbCsMAFA, they achieved a stabilized

efficiency up to 21.6% [32]. These results opened the door to

the use of other organic-inorganic cation combination as well as

other inorganic cations in perovskite solar cells.

5.1.2 Halide substitution/mixing

Halogen ion replacement/mixing can tune the optoelectronic

properties of perovskites. The iodine in the lead halide perov-

skite (MAPbI3) structure can be substituted with both chlorine

and bromine, and large single crystals have been developed

from all three lead halide perovskites; MAPbCl3, MAPbBr3,

and MAPbI3 (Fig. 11).

Liu et al. studied the optical properties (absorption spec-

trum band gap and photoluminescence spectra) of MAPbX3

(X = Cl, Br, I) as a function of the halogen anions as shown in

Fig. 12 [73]. They found that there is a dramatic change in

absorbance when the halide substitution occurs between Cl,

Br, and I. With an increase in the ionic size of halide, the band

gap energy is decreased, for example for a single crystal, the

Fig. 10 The effects of Cs upon addition inMA/FA cation combination; (a) XRD and (b) optical characterization (c) current-voltage (J-V) and (d) stability

characteristics of CsxMAFA compounds [67]

Fig. 11 Photograph of halide substitution/mixing in the perovskite

structure [72]
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band gap is 2.97, 2.24, and 1.53 eV for the Cl, Br, and I

perovskite, respectively [73]. Moreover, the smaller PL peak

values compared to the absorption onsets make them advan-

tageous to be applied in solar cells [73].

From the photovoltaic perspective, each perovskite struc-

ture has certain benefits. For example, MAPbI3 andMAPbBr3
are suitable for single band gap absorbers and tandem appli-

cations respectively whereas MAPbCl3 is more useful for

light-emitting devices [68]. However, mixing halides in pe-

rovskites can have additional beneficial effects, for example—

stability, enhancing carrier transport, and band gap tuning. Lee

et al. found that mixed halide perovskite MAPb(I1-XClX)3 had

a stability advantage overMAPbI3 during processing in the air

[26]. Noh et al. confirmed that mixing 20–29% Br into

MAPbI3 significantly enhanced the stability of the produced

solar cells while maintaining the cell’s efficiency [12]. In ad-

dition, MAPb(I1-XClX)3 also had longer electron-hole diffu-

sion lengths thanMAPbI3,while the other two forms of mixed

halide perovskites MAPb(I1-XBrx)3 and MAPb(Br1-XClX)3
exhibited increased carrier mobility and reduced carrier re-

combination rates [74, 75]. However, it is hard to form mixed

(I, Cl) perovskite at a temperature below 625 K, while it is

simple to form mixed (Br, Cl) and (I, Br) perovskite at room

temperature [76]. Therefore, I/Br-halide combination appears

to be more promising for overall performance.

It is also possible to design a mixed cation and halide pe-

rovskite solar cell by combining the benefits of the constitu-

ents and avoiding their disadvantages. Jeon et al. showed

(FAPbI3)0.85 (MAPbBr3)0.15 has many advantages over other

systems such as MAPbI3, FAPbI3, and MAPb(I0.85Br0.15)3

[66]. However, the composition management of different

components of perovskite is still an ongoing research.

Jacobsson et al. showed that a small change in the chemical

composition has a significant impact on the properties of the

materials as well as the device performance and they managed

to increase the PCE up to 20.7% for a double-cation double-

halide mixed perovskite solar cell [77]. In addition, as already

discussed in the previous section, researchers are incorporat-

ing more cations (triple, quadruple) with the mixed halide in

the perovskites to have more efficiency and stability [31, 32].

5.2 Divalent metal cation exchange/mixing

Although the efficiency of lead-based perovskites has been

steadily enhanced over the last few years, the toxicity of lead

still hinders commercialization efforts and is still an unsolved

drawback. Moreover, from both a toxicological and environ-

mental perspective, it is essential to replace lead and find less

toxic/non-toxic functional materials which help to increase the

efficiency and stability of perovskites. Much research has

been done with a few different elements that could potentially

substitute for lead, including Sn, Ge, Cu, Sb, Bi, and Sr

[78–83]. Among them, Sn-based perovskites (MASnI3) have

achieved an efficiency of up to 6% [78]. However, Sn-based

perovskites are prone to self-doping effects and structural in-

stabilities, e.g., they can oxidize from Sn2+ to Sn4+.

Subsequently, perovskites based on Sn tend to degrade rapidly

upon exposure to ambient air. Recently, Pb-Sn binary perov-

skites have become very promising due to their reduced tox-

icity and enhanced performance. Several efforts have been

Fig. 12 Effects of halide

substitution on optoelectronic

properties of perovskite:

absorption spectrum, band gap,

and photoluminescence spectrum

[73]
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made with chemical composition management of Pb and Sn

and optimization of the fabrication process [84–86], and re-

cent breakthroughs have been reported to yield a PCE of

15.08% with good reproducibility [87].

Germanium (Ge) is another potential candidate to serve as

the divalent metal cation in perovskite structure.

Computational screening based on density-functional-theory

(DFT) calculations suggested that Ge would be a good candi-

date element for replacing Pb [88]. However, Ge-based perov-

skites have not yielded any decent results until recently.

Krishnamoorthy et al. demonstrated G-based perovskite solar

cells which had very poor open-circuit voltages and a maxi-

mum PCE of 0.20% [79]. Furthermore, Kopacic et al. modi-

fied the perovskite composition by introducing bromide ions

into the methylammonium germanium perovskite

(MAGeI2.7Br0.3), and they obtained a maximum PCE of

0.57% with a planar p-i-n device configuration [89].

Researchers are also trying to replace lead with cations other

than group 14 elements. Recently, Shai et al. developed a

binary Pb–Sr-based PSC which achieved a PCE of 16.3%

after integration of a small amount of Sr (a ≤ 0.05) into the

MASraPb1-aI3-xClx crystal lattice [90].

Apart from the best material choice, it is also essential to

obtain a high-quality perovskite film. Different firm-forming

methods have been developed such as spin coating [91], doc-

tor blade [92], dip coating [93], slot-die coating [94], spray

coating [95], inkjet printing [96], vapor-based deposition [97]

etc. Among different film-forming methods, spin coating is

the most popular and extensively used in the lab-scale perov-

skite solar cell fabrication process. This method offers the

advantages to deposit thin films with well-defined and uni-

form thickness [98]. However, it is not suitable for large-

scale PSC fabrication. Also, materials are wasted during the

spin-coating process, which increases the fabrication cost of

PSCs. Doctor blade techniques offer simple and low-cost film

formation, as well as material waste, is almost negligible un-

like spin coating [99]. However, it is difficult to control the

thickness of the film through this method. Slot-die coating is

recently introduced in perovskite solar cell [100]. Using this

method, Qin et al. obtained a PCE of 14.7% with an active

area of 10 mm2 [101]. However, it is also hard to make thin

film through this method. Although spray-coating technique

offers low cost on the large-scale fabrication of PSCs, the film

quality is not very good due to the poor film uniformity and

steadiness [39]. Ink-jet printing is another suitable method to

form thin films with great precision and good controllability.

This method is a cost-effective method due to the negligible

material waste during fabrication [96]. In general, all these

non-vacuum-based techniques could be considered as the al-

ternative to the spin-coating technique for fabrication of PSCs.

However, the poor control of surface morphology of perov-

skite is a disadvantage of these methods, which would affect

the performance of the PSC devices [46].

5.3 Electron-transporting materials

The optimization of the electron-transporting material (ETM) is

crucial for improving PSC performance. Both organic and inor-

ganic materials can be used as an ETM in PSCs; typically, inor-

ganic materials are used in the regular device architecture where-

as organic materials are used in the inverted device architecture.

In the following two subsections, we summarize the recent re-

search efforts and advancements related to both inorganic and

organic electron transport materials. Several characteristics are

required of an ideal ETM: it must have an energy level that is

compatible with that of the perovskite material to help promote

injection of the photo-generated electrons and reduce energy

losses, and it must possess innately high electron mobility to

enable fast electron transport [102]. The energy levels of some

common organic and inorganic ETLs used in perovskite solar

cells are shown in Figs. 13 and 14.

5.3.1 Inorganic

Most photovoltaic solar cells employ transition-metal oxides

as the electron transport layer (ETL), which acts as a selective

contact for electron transportation to the anode. At present,

titanium dioxide (TiO2) is the most commonly used ETL in

the conventional n-i-p PSC architecture; since TiO2 has excel-

lent electron-transporting properties. However, because of the

traditional high-temperature (~ 500 °C) sintering manufactur-

ing process used to create the TiO2 layer, certain temperature-

sensitive materials, and device architectures are necessarily

excluded when this process is used [103]. Thus, the develop-

ment of a simple low-temperature process for generating the

TiO2 layer is vital for the fabrication of low-cost solar cells

and exploration of cell architectures based on temperature-

sensitive materials. Coning et al. developed a low-

temperature sol-gel process to prepare TiO2 nanoparticles for

the ETL and were able to obtain a PCE of 13.6% [104].

However, this result was highly dependent on the thermal

history of the TiO2. Yella et al. also established a low-

temperature fabrication process utilizing nanocrystalline rutile

TiO2 deposited through a chemical bath deposition method,

and they managed to obtain a PCE of 13.7% with a VOC of

1.1 V, notably higher than that of the device prepared with

planar TiO2 which only yielded a PCE of 3.7% [105]. As

another major advancement in the fabrication process of

TiO2-based ETLs, Petrozza et al. demonstrated the use of

low temperature (< 100 °C) solution-processed TiOx as an

ETL in PSCs and were able to obtain a PCE as high as

17.6% [106]. Though they used an additional interfacial layer

with TiO2, the efficiency was still high for devices prepared

without the interfacial layer. Under UV light, it has been found

that TiO2 ETM-based solar cells can suffer from reduced sta-

bility [107, 108], which may be a challenge towards the com-

mercialization of TiO2-based solar cells. However, utilizing a
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down-conversion layer could be a possible solution to reduce

the UV degradation for PSCs. Jiang et al. used a transparent

luminescent down-converting layer of Eu-complex (Eu-4,7-

diphenyl-1, 10-phenanthroline) to enhance the light utilization

and found that incorporating an Eu-complex layer helped to

enhance 11.8% short-circuit current density and 15.3% effi-

ciency due to the re-emitting UV light (300–380 nm) in the

visible range compared with the uncoated any down-

conversion layer [109]. Moreover, although the electron injec-

tion rate from the photoactive perovskite to the TiO2 ETL is

very fast, this is offset somewhat by high electron recombina-

tion rates because of low electron mobility [110]. Thus, there

is much interest in exploring other inorganic ETMs to further

increase the PCE and stability of PSCs.

In comparison with TiO2, ZnO shows higher electron mo-

bility (bulk mobility, 205–300 cm2 V−1 s−1) and can be easily

generated via a low-temperature process which requires no

heating or sintering [111]. Therefore, these benefits make

ZnO as an ideal candidate for an electron selective contact/

ETL. Son et al. utilized ZnO nanorods as an ETL and obtained

a PCE of 11.13%, whereas Liu et al. utilized ZnO nanoparti-

cles and managed to obtain a PCE as high as 15.7% [112,

113]. However, ZnO is also known to be chemically unstable

and, therefore, is potentially detrimental to the long-term

stability/commercialization efforts of PSCs [114].

Recently, SnO2 has been evaluated as another promising

ETM due to its wide band gap, high transparency, and high

electron mobility. Li et al. successfully employed a SnO2
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nanoparticle film as an ETL/scaffold layer (to replace the tra-

ditional mesoporous TiO2 film), and they managed to achieve

an efficiency exceeding 10% [115]. Song et al. demonstrated

that using low-temperature-processed SnO2 as an ETL in a

basic planar PSC architecture could yield PCEs of up to

13.0%, with remarkable stability when exposed to the ambient

air/environment for up to 30 days [116]. Ke et al. fabricated a

SnO2 ETL layer with excellent optical and electronic proper-

ties using a low-temperature sol-gel method followed by an-

nealing at 180 °C, and they managed to obtain a power con-

version efficiency of 17.21% [117].

Although SnO2 possesses excellent optical and electrical

properties and can be prepared via a low-temperature solution-

based technique, the notable hysteresis observed in devices uti-

lizing SnO2 as an ETL is a hindrance of SnO2-based PSC de-

vices. In order to overcome this problem, Baena et al. deposited a

15-nm-thick SnO2 electron-selective layer (ESL) through a low-

temperature atomic layer deposition (ALD) technique and

achieved a barrier-free band alignment between the SnO2 and

the mixed perovskite ((FAPbI3)0.85(MAPbI3)0.15) materials, cre-

ating a highly efficient/almost hysteresis-free planar PSCwith an

open-circuit voltage of 1.19 V and PCE over 18% [30]. These

results are displayed in Fig. 15. In 2016, the same group demon-

strated a simple, fast, and low-temperature technique to deposit

SnO2 by combining spin coating (SC) (Fig. 16a) with a chemical

bath deposition (CBD)-based post-treatment (Fig. 16b), and they

found a further reduction in hysteresis and excellent stability with

an obtained PCE of 21% [31]. By utilizing the CBD technique,

the roughness and uniformity of the ETL were improved, and

consequently, the blocking capabilities of the SnO2 layer were

improved (Fig. 16e) [31].

Indium oxide (In2O3) is another promising n-type material

which possesses excellent optical and electrical properties in-

cluding a wide band gap, high electron mobility, and good

light-transmitting properties. Utilizing these advantages,

Fang et al. employed a low-temperature solution-processed

In2O3 nanocrystalline film as an ETL in PSCs for the first time

and achieved an efficiency exceeding 13% [118].

Fig. 15 (a–c) Schematic of energy level diagrams and electron injection characteristics of SnO2- and TiO2-based planar PSCs, (d) Transient absorption

measurements, (e) Current-voltage (J-V) properties of TiO2- and SnO2-based planar mixed halide–mixed cation perovskite solar cell devices [30]
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WOx is another possible potential n-type material for ETLs

which has good chemical stability, a wide band gap, and high

electron mobility. Wang et al. applied WOX as an electron-

selective layer in PSCs through a simple, low-temperature so-

lution process which exhibited comparable light transmittance

and photoelectric conversion efficiency to TiO2, but with higher

electric conductivity as well as short-circuit current density;

however, they obtained a lower open-circuit voltage [119].

Because of some excellent properties such as wide band

gap and high thermal and chemical stability, CeOx is also

being considered as a promising material for ETLs. Though

CeOx has already been used in different solar cells for its

outstanding properties, Wang et al. reported using CeOx as

an ETL material in PSCs for the first time in 2017 [120].

They demonstrated that solution-processed CeOx (x = 1.87)

based PSCs could be prepared via a facile, simple sol-gel

method at a low temperature (150 °C), as a possible alternative

to high-temperature sintering-processed TiO2-based PSCs.

The CeOx-based planar PSCs achieved a PCE as high as

14.32% with good stability [124].

5.3.2 Organic

Organic n-type materials such as fullerenes (C60) and their

derivatives (including [6,6]-phenyl-C61-butyric acid methyl

ester (PC61BM), indene C60 bis-adduct (ICBA), and [6,6]-

phenyl-C71-butyric acid methyl ester (PC71BM)) have seen

very widespread use as ETLS in inverted-architecture perov-

skite solar cells due to their good band gap alignment, suffi-

cient electron mobility, and amenability to a low-temperature

solution-based deposition process. PCBM has high electrical

conductivity and has been the most commonly used PSC ETL

material of the fullerene derivatives. It has been shown to

efficiently quench the photoluminescence ofMAPbI3, lending

it a high probability of efficient charge transfer [121]. Jeng

et al. tested different fullerene derivatives as ETMs in inverted

planar PSCs and found that devices with PC61BM

outperformed those prepared with C60 and ICBA [43]. Some

of the common organic electron-transporting materials and a

comparison of their energy levels with the energy levels of the

other component layers of PSCs are shown in Fig. 14. The

LUMO energy level of C60 compared to PC61BM (4.5 eV vs.

3.9 eV) explains the VOC drop in PSC devices prepared with

C60, whereas cells prepared with ICBA (which has a higher

LUMO energy level than PC61BM) yield a higher VOC [43].

Wang et al. also observed similar results regarding the photo-

voltage in planar PSC devices [122]. Other than the fullerene

derivatives, there are other organic materials that have been

evaluated as ETLs in inverted PSC architectures. For example,

Malinkiewicz et al. demonstrated that organoborane com-

pounds like 3TPYMB could be suitable as an ETL material

for inverted PSCs [123]. They found that 3TPYMB-based

PSCs achieved a PCE of 5.5% which compares somewhat

favorably with expensive PCBM-based devices which exhib-

ited 10% PCE [123].

5.4 Hole-transporting materials

The choice of hole-transporting material plays a significant role

in determining the performance of PSCs. The primary functions

of HTMs are to act as a hole-selective contact, to extract the

photo-generated holes, and to carry the holes to the metal con-

tact. By obstructing the direct contact between the counter elec-

trode and the perovskite/photoactive layer, the ETL prevents

charge recombination and increases overall PCE [124]. An ide-

al HTM should have some basic characteristics, including a

well-matched highest occupied molecular orbit (HOMO) ener-

gy level relative to the perovskite layer for efficient interfacial

hole transfer, good internal hole mobility, and good thermal and

photochemical stability [125]. The different classes of HTMs

(e.g., small molecules, polymeric, inorganic) have benefits and

drawbacks. A comparison of the energy levels of different

HTM with the other functional layers of PSCs is presented in

Fig. 17. In the following subsections, we will discuss the recent

advancements made towards the development of an ideal HTM

for perovskite solar cells.

Fig. 16 Schematic illustrations of

the fabrication of SnO2 thin films

via (a) spin coating (SC) and (b)

chemical bath deposition (CBD).

Top-view SEM images of SnO2

layers deposited by c atomic layer

deposition (ALD), (d) spin

coating (SC), and (e) spin coating

and chemical bath deposition

(SC-CBD). All scale bars are

200 nm [31]
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5.4.1 Small molecules

Small molecules have been extensively used as HTMs due to

their relatively simple processing and extensive modifiability.

Among the different small molecules tested as HTMs for

PSCs, Spiro-OMeTAD has been the most commonly used

HTM in PSCs. Besides efficiently transporting holes to the

counter electrode, it has also been shown to minimize the

series resistance as well as interfacial recombination losses

in PSCs, thereby helping to increase the fill factor (FF) and

open-circuit voltage (VOC) of the PSCs [22]. Although Spiro-

OMeTAD HTM-based PSCs have enhanced PCEs, the high

cost due to the lengthy and low-yielding synthetic method for

Spiro-OMeTAD remains a significant barrier for the commer-

cialization of PSCs. Furthermore, the addition of ionic addi-

tives such as bis(trifluoromethane)sulfonimide lithium salt

(Li-TFSI) and 4-tert-butyl pyridine (TBP) and co-dopants

are required to improve the innate conductivity and hole mo-

bility of Spiro-OMeTAD [126], which further increases the

fabrication cost of Spiro-OMeTAD-containing PSCs.

5.4.2 Polymer

Polymeric HTMs have been considered as a potentially

cheaper alternative to small-molecule HTMs. Polymers such

as polyaniline (PANI), poly(triarylamine) (PTAA), and

poly(3-hexylthiophene-2,5-diyl) (P3HT) offer higher hole

mobility than the small-molecule HTMs and, also typically,

have excellent film-forming properties due to their polymeric

nature [127]. Heo et al. reported that PTAA yielded a signifi-

cantly higher PCE (12%) compared to P3HT (6.7%) [128].

Although at the early stages P3HT-based PSCs exhibited low-

er efficiencies due to the high rates of charge recombination

compared to other HTMs (like Spiro-OMeTAD) [129],

recently, P3HT HTM-based PSC devices have shown com-

petitive efficiencies with carefully controlling the thickness of

P3HT to avoid problems associated with voltage loss and high

resistance [130, 131]. Xion et al. demonstrated that PANI

could act as both the sensitizer and the hole-transporting ma-

terial in PSCs and reported a PCE of 7.34% as well as excel-

lent long-term stability [132].

5.4.3 Inorganic

Inorganicmaterials havealsobeenexploredasHTMsdue to their

intrinsically high stability, high internal chargemobility, andgen-

erally low cost [129]. However, the solvents typically used to

deposit the inorganic HTMs can partially dissolve or degrade

the perovskite material and, therefore, have a detrimental impact

on PCE performance/stability of n-i-p structure PSC [133].

Another reason for the slow progress towards the development

of inorganic HTMs for PSCs is the relatively limited choice of

materialscomparedto theotherclassesofHTMs.However,many

different inorganic materials have been investigated as HTMs,

including CuI (PCE 14.7%) [134], NiO (PCE 12.5%) [135], and

CuSCN (PCE17.5%) [136]. TheCuIHTM-based PSCs showed

lowopen-currentvoltagewhichcanbeattributedtohigherrecom-

bination losses, as was determined via impedance spectroscopy

[137]. Optimization of the thickness of the HTL is a promising

way to improve the performance of PSC devices. Qin et al. opti-

mized the thickness of a CuSCN-based HTL and were able to

achieve a PCE of 12.4% as well as a high short-circuit current

due to the enhanced charge extraction from the perovskite and

efficienthole transportationto thecathode[138].Chenetal. found

that film thickness of NiOx HTL plays a crucial role in device

performance,andwithadequateoxygenflowdopingof10%,they

managed to improve the performance of hole extraction/electron

blocking layer achieving a PCE of 11.6% [139].
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5.5 Carbon nanotubes in perovskite solar cells

Research on carbon-based materials for photovoltaic devices

has shown remarkable development in recent years. Carbon

nanotubes (CNT) have a variety of industrial and scientific

applications due to their excellent charge transport character-

istics, chemical inertness, and mechanical robustness [140].

When applied to PSCs, they have been shown to be able to

both efficiently extract the photo-generated charges and to

improve the overall resiliency and stability of the solar cells

[141]. Depending on the synthetic method/resulting morphol-

ogy of the tubes, CNT can be classified as single-walled car-

bon nanotubes (SWCNTs), double-walled carbon nanotubes

(DWCNTs), or multi-walled carbon nanotubes (MWCNTs).

Chen et al. developed P3HT/MWCNT composite HTM-

based PSCs which showed enhanced PCE (6.45%) compared

to similar cells with a plain P3HT HTM layer [142]. MWCNT

inclusion in the P3HT/MCWNT composite led to the formation

of efficient nanostructured charge transport tunnels, which in-

creased the conductivity of the composite as well as the fill factor

of the cell. In 2014, Habisreutinger et al. demonstrated an effec-

tive method to alleviate the thermal stability issues of PSCs by

substituting organic HTMs with polymer-functionalized

SWCNTs, and they were able to obtain a maximum PCE of

15.3% [143]. In 2016, Aitola et al. investigated SWCNT and

an SWNCT: Spiro-OMeTAD composite as the both HTM and

counter electrode (CE) [144]. The PSCs utilizing the composite

SWCNT: Spiro-OMeTAD as the HTM-CE yielded a maximum

efficiency of 15.5%, whereas the PSCs utilizing SWCNTs as the

HTM-CE yielded a maximum PCE of 11.0% [144]. It is well-

known that perovskite also transports holes [145]. Aitola et al.

also compared SWCNTwith Au as HT-CE materials and found

that SWCNT deployed as both HTM-CE yielded better

performing PSCs than Au deposited directly on perovskite layer

acting as both HTM-CE [144]. These findings prove that

SWCNT helps to improve hole extraction and transportation in

PSC devices. The fabrication process of hybrid SWCNT and

drop-cast Spiro-OMeTAD-based PSC are shown in Fig. 18a

and the result obtained from the comparative study are shown

in the Fig. 18b. Therefore, carbon nanotubes are demonstrably

capable of fulfilling multiple roles in PSCs including that of the

hole transport material, acting as an interface modifier between

the HTM and perovskite and acting as a charge-selective elec-

trode [141]. Further improvement of power conversion efficiency

through the use of carbon nanotubes in various roles within PSCs

make CNT-based PSCs an important area of research.

6 Fiber-type perovskite solar cells

With the ever-increasing importance of electronics in modern

society, wearable/portable electronics are becoming an essen-

tial part of our daily life. Consequently, the incorporation of

flexible optoelectronic devices into clothing, backpacks, and

other common flexible objects will be important to fulfill the

demand for the next-generation smart products, namely e-

textiles [146]. In particular, flexible fiber/wire-shaped

energy-generating devices will play a crucial role in the pro-

duction of practical e-textiles like wearable solar power

sources for self-powered textile-based electronics. Devices

fabricated on conductive fiber or wire-type substrates will be

suitable for contexture/incorporation into textile materials.

However, existing solar cells are mainly based on rigid sub-

strates, for example—fluorine-doped tin oxide (FTO) or indi-

um tin oxide (ITO)-coated glass substrates. The rigidity,

weight, and frangibility of these traditional substrates limit

the integration potential of PSCs based on them into portable

and wearable electronics [147].

Fig. 18 (a) Fabrication sequence of a hybrid hole-selective electrode on a

mixed perovskite absorber composed of SWNTs and Spiro-OMeTAD;

(b) the current-voltage characteristics of this structure is compared to

Spiro-OMeTAD + gold, SWNTs, and gold only, showing that the

combination of SWNTs and Spiro-OMeTAD improves device

performance compared to just SWNTs and gold [144]
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Fiber-shaped perovskite solar cells could be potential can-

didates for inclusion into the next generation of wearable/

portable electronics. Peng et al. first developed fiber-shaped

PSCs utilizing a transparentMWCNTsheet as the cathode and

stainless steel (SS) fiber as the anode with a compact TiO2-

blocking layer of the cell [148]. They coated the solid-state

perovskite sensitizer on the top of the anode, followed by a

coating of the HTM (Spiro-OMeTAD), and finally twisting

with transparent MWCNT sheets (Fig. 19). They obtained a

maximum power conversion efficiency of 3.3%with excellent

stability compared to any other 1D fiber-shaped photovoltaic

devices [148]. However, it was quite challenging to obtain a

continuous compact layer of TiO2 (c-TiO2) and to deposit m-

TiO2 uniformly on the anode of the PSCs. Considering this

problem, Lee et al. developed a novel dimpled compact layer

of TiO2 (dc-TiO2) and used silver nanowires (Ag NWs) as the

top electrode for the fiber-shaped PSCs (Fig. 20), which ex-

hibited a maximum PCE of 3.85% [149]. The increased sur-

face area of dc-TiO2 allows for improved contact between the

substrate and mesoscopic scaffold resulting in a reduction of

the electrical resistance [149]. Although the relative ease of

the solution-based deposition of transparent, conductive, and

flexible Ag NWs offers advantages for large-scale manufac-

ture, the solution-based deposition process may have deleteri-

ous effects on the perovskite film.

Later, Hu et al. integrated traditional perovskite solar cells

into fiber format, utilizing Ti wire as working electrode and

managed to improve the fill factor with a maximum PCE of

5.35% [150]. They found that the highly symmetrical fiber-

based PSCs can harvest solar energy from 3D space/

regardless of the angle of the incident light, and the cell archi-

tecture produced consistent results [150]. A schematic

Fig. 19 Schematic representation of the structure of a fiber-shaped PSC:

(a) structure—stainless steel (SS) as anode and carbon nanotube (CNT) as

the cathode and (b) energy-level diagram [148]

Fig. 20 (a) Schematic illustration

of the structure of the fiber-shaped

PSC: silver nanowires (Ag NWs)

as the counter electrode and Ti

wire as the working electrode, (b)

SEM image of the fiber-shaped

PSC device. (c) Magnified

image—scale 500 nm [149]
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illustration of the novel fiber-shaped perovskite solar cell

(FPSC) is shown in Fig. 21a; the flexible gold wire was used

as the counter electrode and was twisted around the central

fiber as shown in Fig. 21c.

TiO2 nanotubes have also garnered interest in the field of

flexible PSCs due to their unique morphology. Wang et al.

first demonstrated wire-shaped PSCs based on TiO2

nanotube/Ti wire with a perovskite layer deposited by succes-

sive dip coating [151]. The schematic illustration of the wire-

based PSC and the stepwise fabrication process is shown in

Fig. 22. Although this device only obtained a PCE of 1.16%,

its simple fabrication approach holds promise for the large-

scale cheap manufacture of portable, wearable, self-powered

textile-based electronics.

Besides high efficiency and stability, PSCs need to with-

stand the stress produced during stretching and bending if they

are going to be successfully commercialized; otherwise, such

cells will break/fracture and will not retain operational PCEs

beyond a short period of time. A metallic film/a perovskite

layer deposited on an elastic substrate can be cracked/buckled

during stretching [151]; to overcome this issue, Deng et al.

developed an elastic perovskite solar cell utilizing a stretch-

able, interaligned/nanostructured, CNT-based conductive fi-

ber and a spring-like modified Ti wire as the counter and

working electrode, respectively [152]. A mixed halide perov-

skite layer was then deposited on the modified Ti wire with a

dip-coating deposition process. The detailed fabrication pro-

cess is illustrated in Fig. 23. They obtained PCEs ranging from

Fig. 21 Schematic of the fiber-

shaped perovskite solar cell: (a)

Structure. (b) SEM cross-

sectional image. (c) Image of

typical FPSC [150]

Fig. 22 Schematic representation

of a wire-shaped perovskite solar

cell: (a) the device structure and

fabrication process; (b) energy-

level diagram [151]
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0.99 to 1.12% for ten devices, and these efficiencies were

observed to only decrease by ~ 10% after stretching 250 times

at a strain of 30% and by ~ 20% after 168 h even without

sealing of the cells to protect the perovskite from the ambient

conditions [152]. To the best of our knowledge, this one is the

only elastic perovskite solar cell that has been developed up

until now [152]. This flexible, elastic, and all solid-state struc-

ture exemplifies a potentially effective strategy for the devel-

opment of next-generation photovoltaic devices.

7 Conclusion

Perovskite solar cells have seen remarkable development in

the last few years after the discovery of the solid-state perov-

skite photosensitizer in 2012. The shift from traditional

mesoscopic structures to planar structures, the transition from

liquid sensitizers to all solid-state structures, and the simplicity

and straightforward nature of new low-temperature fabrication

methods will all undoubtedly aid in improving the PCE/

stability of PSCs and accelerate progress towards their even-

tual commercialization. Although perovskite solar cells have

already obtained a record-certified PCE of 22.7%, other fac-

tors also need to be considered when judging cell quality, for

example—thermal and chemical stability, hysteresis, and tox-

icity of the cell components. Optimizing the chemical compo-

sition of the constituent materials and rationally engineering

the device architecture are efficient routes towards increasing

the light-harvesting/charge collection, enhancing the overall

efficiency and stability of PSCs. Different organic and inor-

ganic materials have been well-investigated, leading to rapid

advancements in this emerging photovoltaic technology.

Moreover, the introduction of fiber/wire type flexible perov-

skite solar cells opens a new door towards their use in the next

generation of wearable/portable electronics. The recent prog-

ress in novel material-based perovskite solar cells promises to

lower manufacturing costs and produce more broadly applica-

ble cells. The efforts to optimize the materials and architecture

of PSCs, as well as the introduction of new functional materials,

will lead to the development of flexible, inexpensive, and high-

ly efficient perovskite solar cells with long life spans.
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