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Abstract: This review provides detailed information on perovskite solar cell device background
and monitors stepwise scientific efforts applied to improve device performance with time. The
work reviews previous studies and the latest developments in the perovskite crystal structure,
electronic structure, device architecture, fabrication methods, and challenges. Advantages, such
as easy bandgap tunability, low charge recombination rates, and low fabrication cost, are among
the topics discussed. Some of the most important elements highlighted in this review are concerns
regarding commercialization and prototyping. Perovskite solar cells are generally still lab-based
devices suffering from drawbacks such as device intrinsic and extrinsic instabilities and rising
environmental concerns due to the use of the toxic inorganic lead (Pb) element in the perovskite
(ABX3) light-active material. Some interesting recommendations and possible future perspectives are
well articulated.
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1. Introduction

The world is in great demand for energy in the form of electricity, as electricity
contributes to economic growth [1]. The world’s dependence on burning fossil fuel for this
purpose is consequential, as fossil fuels are slowly becoming depleted and emit harmful
toxins into the atmosphere [2,3]. Resorting to renewable energy, such as solar energy, offers
the advantage to counteract both issues of energy sustainability and the negative impact
on the environment. Therefore, resources that generate electrons for the above purpose are
promising alternative sources of energy. The emerging perovskite solar cells (PSCs) are
photovoltaic (PV) devices able to convert the abundant sunlight radiation into electricity.
The cell operates similar to a traditional p-n junction solar cell, with the perovskite material
producing electrons and holes for electricity generation. This type of PV solar cell is novel
and has gained attention recently mainly due to its high efficiency, low production cost, and
easy fabrication [4–8]. PSCs offer a shift from overusing Earth’s non-renewable resources
to harvesting the infinite sunlight radiation.

Perovskite Solar Cells (PSCs)

PSCs belong to the 3rd generation of photovoltaic cells and their device structure is in-
tegrated from the second-generation dye-sensitized solar cells (DSSCs) configuration [9,10].
The low absorption coefficient of organic sensitizers in DSSCs limits the light-harvesting
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ability of the cell; hence, DSSCs are low-efficiency cells. Kojima (2009) studied the PV effect
in a photoelectrochemical (PEC) dye-sensitized cell by replacing the dye organic molecules
with organic–inorganic halide perovskite molecules such as CH3NH3PbBr3 (MAPbBr3) and
CH3NH3PbI3 (MAPbI3) and registered power conversion efficiencies (PCE) of 3.1% and
3.8%, respectively [5]. Although perovskites show good PV properties, including optical,
excitonic, and electrical conductivity, the above unfavorable low efficiencies were attributed
to the dissolution of the perovskite material by the liquid electrolyte [11].

Attempts have been made to stabilize the crystalline perovskite material in DSSCs. Lee
(2009) reported an increase in PCE of lead halide perovskites, while many researchers fo-
cused on quantum dot sensitized solar cells (QDSSCs) using inorganic metal chalcogenides
sensitizers such as PbS, CdSe, and CdS as light-absorbing materials, exhibiting intense
bandgap light absorption [12–14]. However, these quantum dot cells suffered from low effi-
ciencies between 1.2 and 6.4% due to charge recombinations at the interface and chemical
instability. To overcome these challenges, the MAPbI3 perovskite materials were explored
as quantum dots in PECs and an increase to 6.5% in PCE in PSCs was achieved [15]. To fur-
ther increase efficiencies, Fujishima (2005) proposed the use of hole-transporting materials
(HTMs) in DSSCs to eliminate the drawbacks caused by liquid electrolytes in PECs. In a
later study, Lee (2012) developed a 10% PCE solid-state PSC device using Spiro-MeOTAD
HTM in a perovskite-sensitized solar cell device [16,17].

Device fabrication of a solid-state PSC consists of a perovskite precursor solution
deposition between spaces of mesoporous titanium dioxide (TiO2), thin-film on a trans-
parent conductive oxide (TCO) substrate, forming a ABX3 perovskite layer by an ordered
ion agglomeration process, then followed by Spiro-MeOTAD (HTM) deposition, resulting
in devices reaching efficiencies of up to 9.7% (see Figure 1a,b). The use of mixed-halide
perovskite crystals such as MAPbI3−xClx helps avoid the dissolution of the perovskite
material by the Spiro-MeOTAD-dissolving solvents during the deposition [18,19]. It is
further found that the use of insulating mesoporous aluminium oxide (Al2O3) instead
of mesoporous TiO2 results in better PCE. The Al2O3 appears to act as a structural scaf-
fold in the perovskite material, demonstrating that the ABX3 perovskite crystal structure
contributes to the electron transport, hence, demonstrating devices with high charge collec-
tion (see Figure 1c [17,20,21]. The reduction in device thickness is shown in Figure 1d–g,
sensitized cell structure (d)→ mesoporous structure (e)→ meso-superstructure (f) and,
lastly,→ planar cell structure (g) has also contributed towards achieving highly efficient
photon-to-electron thin PVs.

The developments in designing the ABX3 crystal structure and advances in device
structure is of topical research, attracting the interest of many chemists and physicists across
the world. This has attributed a rapid increase in PSC efficiencies to 25.5%, approaching
the 27.6% efficiency for commercially available single crystalline silicon solar cells [22–24].
However, recording high efficiencies, PSCs are still lab-based devices and have not reached
commercialization due to the device instabilities and the current use of the toxic inorganic
lead (Pb) element. Factors affecting the PSC’s stability include environmental variations
such as oxygen, moisture, temperature, and UV radiation [25–27]. Thus, the major challenge
in manufacturing is achieving a device with high performance, is environmentally friendly,
and has a life span of 25 years.

The perovskite active layer, together with the counter electron and hole transporting
layer (ETL and HTL), are key components in the solar cell device [28]. Therefore, this work
provides comprehensive literature on perovskite crystal structure modelling, perovskite
(ABX3) compositional engineering, and maps out the road towards establishing the perfect
required ETL/perovskite and perovskite/HTM intermediate contacts [29,30]. Interesting
recommendations and possible future perspectives are also outlined.
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Figure 1. (a) Schematic representation of a solid-state perovskite sensitized device structure. SEM cross-sectional images 
of PSCs based on mesoporous (b) TiO2 and (c) Al2O3. Progress in PSC efficiency with the cell structure: (d) sensitized PSC 
η = 9.7%, (e) mesoporous PSC η = 10.9%, (f) meso-superstructure PSC η = 15%, and (g) planar heterojunction thin-film PSC 
η = 15.4% [9,10,17,21]. 
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Figure 1. (a) Schematic representation of a solid-state perovskite sensitized device structure. SEM
cross-sectional images of PSCs based on mesoporous (b) TiO2 and (c) Al2O3. Progress in PSC
efficiency with the cell structure: (d) sensitized PSC η = 9.7%, (e) mesoporous PSC η = 10.9%, (f) meso-
superstructure PSC η = 15%, and (g) planar heterojunction thin-film PSC η = 15.4% [9,10,17,21].

2. Modelling the Perovskite Crystal Structure

In perovskite solar cells MAPbI3, FAPbBr3, and CsPbCl3 are standard ABX3 light-
absorbing materials [31]. The arrangement of ions in the perovskite crystal structure varies
in space around a unit cell depending on temperature (T), pressure (P), and tolerance factor
(t). The perovskite crystal structure ranges from orthorhombic, tetragonal, and cubic in
order of increasing crystal perfection, respectively [32]. The tolerance factor (t) predicts
stability in perovskite crystal systems. In a perfect perovskite cubic structure, the (t) factor
equals 1.0, whereas in a non-ideal case, the cubic structure is within 0.8 to 1.0 (t) factor. Less
ordered perovskite crystal structures, such as orthorhombic and tetragonal, are obtained
at low (t) factor [19,26]. FA+ containing perovskite materials have a high (t) factor. Alloys
of MA+ and Cs+ multi-cation perovskites result in materials with properties comparable
to FA+ alone. This concludes that FA+ containing perovskites are more stable than the
individual MA+ and Cs+ containing perovskite materials [33]. Figure 2 shows MAPbI3
phase transitions with an increase in temperature. The (t) factor equation is given as follows.

t =
rA + rX√

2× (rB − rX)
(1)

where rA, rB, and rX represent the ionic radii for the organic cation A, inorganic cation B,
and the halide anion X, respectively, from the ABX3 perovskite crystal structure [31].
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Figure 2. MAPbI3 phase transitions arranged in order of increasing temperature (a) orthorhombic,
(b) tetragonal, and (c) cubic perovskite phases [34].

3. Modelling the Perovskite Electronic Structure

Methylammonium lead iodide (MAPbI3) is the simplest and well-studied perovskite
absorber compound. Its crystal structure consists of an organic MA+ molecule surrounded
by three-dimensional inorganic Pb-I molecules. Figure 3a–f demonstrate the effect of MA+

−001, −110, and −111 ionic orientations in the bandgap structure of cubic and tetragonal
MAPbI3, determined from Perdew-Burker-Ernzerhof function for solids. It is observed that
the conduction (CB) and valence (VB) band of the MAPbI3 electronic structure vary with
MA+ orientation; however, the overall electronic bandgap remains the same throughout 001-
, 110-, and 111-MA+ ionic orientations. This, therefore, suggests that the MAPbI3 bandgap
depends on the three-dimensional Pb-I system surrounding the MA+ ion, and not on the
MA+ ion [33,35–37]. In additional studies on the MAPbI3 electronic structure, Yin (2014)
studies on the density of states (DOSs) emphasizes more on the above suggestion. Figure 3g
illustrates MAPbI3 total and partial DOSs. It is observed from the DOS positions of lead
(Pb) and iodide (I) p-orbitals in Figure 3g occupy the CB and VB, respectively, indicating
that MAPbI3 optical transitions rely on Pb and I p-p transitions (see Figure 3g) [35,38].
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Figure 3. Band–gap structure of a cubic (a–c) and tetragonal (d–f) MAPbI3 crystal structure. Total
and partial density of states of MAPbI3 and ions (g) [35,36].

4. Perovskite Solar Cell Device Architecture

PSCs were first reported by Kojima (2009), whereby the perovskite ABX3 organic–
inorganic lead halide material was used as a light absorber in sensitized solar cells. In this
study, the perovskite device structure preserved the same cell structure as DSSCs. Hence,
it was assumed that PSCs operate similar to DSSCs. However, as knowledge developed
in this field, it was found that the fundamental basis of operation in PSCs was distinctive
from DSSCs [15,37]. In a PSC device, the perovskite material (ABX3) is deposited onto a
conductive glass substrate bearing an n-type (compact or mesoporous) electron transport
material (ETM), which is followed by the deposition of a p-type hole transport material
(HTM). When light is absorbed by the perovskite material, electrons are excited to the
LUMO, leaving behind holes in the perovskite HOMO, generating excitons that diffuse
within the perovskite layer towards the opposite ETM and HTM contacts. At the interface
with the perovskite material, the ETM and HTM selectively transport charge carriers.
Electrons travel from the anode electrode to the external circuit, generating electricity
across an electrical load. The perovskite absorber regenerates as electrons recombine with
holes at the cathode electrode (e.g., Au, Ag, Pt, and Al), minimizing charge imbalance at
opposite electrodes [39].

A conventional PSC has a device architecture similar to a p-n junction solar cell with
the perovskite intrinsic (i) absorber sandwiched between n-type and p-type semiconducting
materials, as illustrated in Figure 4a; this device architecture is referred to as the mesoscopic-
(n-i-p) device architecture. The realization that the perovskite material can, on its own,
facilitate charge transportation and further the rearrangement of the device architecture
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has contributed significantly towards improving the device performance and stability [40].
Figure 4b–d illustrates such devices improvements. The planar-(n-i-p) architecture in
Figure 4b results from PSC devices without the mesoscopic metal oxide required in DSSCs
as a structural scaffold. A planar architecture is a promising architecture for large surface
area manufacturing on flexible substrates because this architecture is fabricated from low-
temperature preparation methods [41]. The planar-(n-i-p) devices are reported to reach high
efficiencies of up to 23.6%, slowly approaching the 25.5% of mesoscopic-(n-i-p) architecture.
Although the (n-i-p)-device architecture demonstrates high efficiencies, their stability still
suffers due to the negative impacts (e.g., degradation) imposed on the perovskite layer
by the acidic and hydrophilic nature of the traditional Spiro-MeOTAD and PEDOT:PSS
HTMs [26,42,43]. The planar-(p-i-n) in Figure 4c and mesoscopic-(p-i-n) in Figure 4d
are inverted structures of the conventional-(n-i-p) architecture, whereby the sequence of
deposition is reversed. The inverted architecture partially overcomes the instability issues
by reducing the corrosive nature of the HTMs on the device light-active layer.
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Figure 4. (a,b) represent simplified images of a conventional n-i-p PSC device architecture. (c,d) rep-
resent the inverted p-i-n PSC device architecture [40].

Optimizing the device thickness by removing the mesoporous ETM and the change
in device architecture has shown to be efficient for high-performance PSCs. Another
significant route for improving the device PCE and operational stability lies in designing
the perovskite ABX3 composition from simple chemical approaches. Figure 5 shows the
basis of ABX3 design. Figure 5a,b present the IPCE and I–V characteristic performance
from MAPbI3 and MAPbBr3 single halide PSCs. The distinctive difference in the iodide
and bromide performance presented sufficient motivation in achieving hybrid materials
of organic–inorganic perovskite materials through ABX3 designing [5]. From the IPCE
curve, MAPbBr3 (solid line) shows a photon to the current conversion ratio of 62–65%
at wavelengths less than 550 nm. However, changes in behavior at higher wavelengths
indicate that MAPbBr3 is most active at lower wavelengths, whereas MAPbI3 (dash line)
shows a 45% conversion rate over a wide wavelength range of 450–750 nm. The good short
circuit current of 10.8 mAcm−2 in MAPbI3 and the good open-circuit voltage of 0.94 V
in MAPbBr3 from the corresponding I–V curves are attributed to the long IPCE ratio in
MAPbI3 and good electron transfer from the active layer LUMO to the ETM conduction
band in MAPbBr3, respectively. This study paved a path for a multitude of ideas in
varying the perovskite ABX3 crystal structure, resulting in hybrid perovskite materials of
mixed-halide, mixed-cation, all organic, all-inorganic, perovskite-light-active thin films.
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Hybrids of mixed-halide PSCs result in synergistic properties not obtained in single
halide PSCs. Docampo (2013) compared the optical and PV properties of planar MAPbI3
single halide and planar MAPbI3-xClx mixed-halide PSCs prepared via a dip-coating so-
lution of PbI2 thin films into precursor solutions containing (single-halide) MAI plus
(mixed-halide) MACl at a controlled concentration ratio (wt%), as shown in Figure 6a. It is
observed that the PSC performance increases in mixed-halide perovskite systems (Table 1).
In the time-resolved photoluminescence results reported in Figure 6b, the planar MAPbI3
device exhibits a short photoexcitation lifetime, minimizing the charge carrier diffusion
length in the relatively thick MAPbI3 film. Remarkably, it is observed that the addition
of Cl at small wt% into the MAPbI3 composition increases the charge carrier lifetime,
resulting in diffusion lengths that are a few nanometers greater than the MAPbI3-xClx
thickness. The corresponding I–V results are demonstrated in Figure 6c; the mixed-halide
MAPbI3-xClx PSC device reaches high short circuit current (Jsc) and efficiency (η) values of
22.9 mAcm−2 and 15.41% in comparison to the low PV parameters in single-halide MAPbI3.
This improved PSC performance is suggested to be attributed to the small average crystal
size and minimum grain boundaries within the mixed halide promoting higher diffusion
lengths. However, the study indicates that further addition of the second halide component
(Cl) slightly decreases the device short circuit current and open-circuit voltage, therefore
demonstrating that optimization in the preparation method is required for optimum device
performance [20].

Table 1. Types of PSCs with device architecture “TCO/ETM/Perovskite layer/HTM/metal contact”
varied by the perovskite layer, ETM and HTM [5,20,30,43–52].

Device
Variations Type Voc Jsc FF PCE Year Ref.

Single-halide
PSC

FTO/m-TiO2/MAPbBr3/LiBr|Br2/Pt-FTO 0.96 5.57 59.0 3.13 2009 [2]
FTO/m-TiO2/MAPbI3/HTM/LiI|I2/Pt-FTO 0.61 11.0 57.0 3.81 2009 [2]

Mixed-halide
PSC

ITO/PCBM/MAPbI3-xClx/Spiro-MeOTAD/
metal contact 0.97 17.9 70.0 12.2 2013 [20]

FTO/TiO2/MAPbI3-xClx/PTAA/Au 1.10 21.4 77.6 18.3 2016 [40]
ITO/ETM/MAPb(BrxI1-x)3-yCly/HTM/

metal contact
1.05 10.01 70.0 8.7 2014 [41]

Mixed cations

FTO/co-TiO2/mp-
TiO2/(FAPbI3)0.85(MAPbBr3)0.15/Spiro-

MeOTAD/Au
1.15 22.7 76.0 20.2 2016 [29]

FTO/c-TiO2/m-TiO2/Cs/FA/MA/Spiro-
MeOTAD/Au 1.14 23.6 77 20.8 2017 [42]

(Rb0.1Cs0.05FA0.85)Pb(I1-xBrx) 1.15 22.2 73.0 18.7 2016 [43]

Metal Oxide
(ETM)

ITO/TiO2/MAPbI3-xClx/Spiro-MeOTAD/Ag 0.95 21.4 60.0 12.2 2014 [44]
ITO/ZnO/MAPbI3/Spiro-MeOTAD/Au 0.87 19.2 67.6 11.3 2016 [45]

FTO/NiO/MAPbI3-xClx/PCBM/Al (inverted) 0.97 15.89 57 8.78 2014 [46]

HTM

FTO/ETM/FA0.8MA0.1Cs0.01/Spiro-MeOTAD/Au 1.16 21.5 73.0 18.1 2017 [47]
ITO/PEDOT:PSS/MAPbI3-xClx/PCBM/Ag

(Inverted) 1.11 20.11 80.6 16.5 2018 [48]

FTO/c-TiO2/m-TiO2/MAPbI3/TTF/Ag 0.86 19.9 64.4 11.0 2012 [49]
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and MAPbI3-xClx at various wt% addition of MACl [20].

Further to the designing of ABX3, processing conditions such as thermal annealing,
ageing, doping, moisture and solvent treatment strategies are used to optimize device
performance during PSC fabrication. Adhyaksa (2016) studied the effect of ageing (a device
placed in the dark at room temperature) on the diffusion length and bandgap energy of
mixed MAPb(I1-xBrx)3 halide perovskite. Figure 7a shows a plot of the mixed perovskite
diffusion length L (nm) against bandgap energy (eV) values; the insert images are the
aged PSC thin films arranged according to their bandgap energies; the white and black
dots present corresponding diffusion length and bandgap values for aged and non-aged
PSCs films, respectively. It is noted in both cases that the bandgap structure is tuned
by varying the bromine (Br) and iodide (I) weight fractions. Bandgap values in the thin
films increase with increasing Br content. A distinctive phase change is observed by
the color change towards high bandgap values from black to yellow, indicating that the
devices can be optimized to absorb specific regions in the solar spectrum. The aged film
at ~1.8 eV recorded the highest diffusion length, double of the non-aged films. This study,
therefore, shows that the application of processing conditions on either single- or mixed-
halide perovskite thin films offers the ability to fine-tune the resulting perovskite optical
properties for better and desired performances [28,53].
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curve in a hybrid mixed-halide PSC [28,47].

In a similar study, Suarez (2014) characterized the effect of halogen (x% = I, Br, and
Cl) composition in mixed-halide PSCs’ optical and PV properties. In Figure 7b, a shift
towards lower wavelengths is observed in the absorption spectra as indicated by the arrow.
This absorption behavior further confirms the successful bandgap tunability in Figure 7a
reported above [47]. In Figure 7c*1, a significant reduction in Jsc and Voc is observed. This
low device performance is attributed to the shift towards lower wavelengths reported from
the absorption spectra in Figure 7b. Figure 7c*2 shows an appreciable increase in Jsc and Voc
with the introduction of a third halogen (Cl) component. However, the shift in absorption
further persists to decrease the device performance in the triple halide PSCs.

The complex perovskite crystal structure ABX3 offers the advantage of modelling the result-
ing absorber layer from stochiometric solution preparation methods [54,55]. Singh (2017) studied
cell properties of a mixed-cation (Cs/FA/MA) perovskite device and obtained characteristic
results of a PSC with the device configuration of FTO/TiO2/Meso-TiO2/Cs/FA/MA/Spiro-
MeOTAD/Au as shown by the cross-sectional image in Figure 8d [48]. In previous studies of
MA/FA perovskite thin films, it is reported that the MA+ cation at small ratios acts as a
FA+ nucleating site, increasing the degree of crystallinity in the FA photoactive film, thus
also enhancing the light sensitivity of the +FA thin films. However, the MA/FA systems
showed traces of small phase impurities that eventually affect overall morphology and
stability. It is reported that the incorporation of cesium (Cs) inorganic cation improves
MA/FA intrinsic properties [56,57].
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Figure 8. Characterized performance of triple cation perovskite solar cell. (a–d) SEM micrographs
images; (a) Cs0/MA/FA, (b) Cs5/MA/FA; (c) Cs10/MA/FA; (d) cross sectional area at Cs5/MA/F;
(e) absorption spectrum; (f) XRD pattern of Cs/MA/FA at 0, 5 to 10 wt% Cs addition; (g,h) I–V and
IPCE curves [48].

Figure 8a shows an SEM micrograph image of a neat MA/FA system with a bumpy
distribution of grains and the presence of surface grooves, indicating a low level of adhesion
between grain interfaces; in Figure 8b, at a 5 wt% addition of Cs, the crystal grains increase
in size and the surface boundary between the grain becomes diluted, this might suggest
an improved surface adhesion between grains and, hence, a high degree of crystallinity.
However, at high additions of 10 wt% Cs, as indicated in Figure 8c, the surface adhesion
disappears and grains are reduced to a small particle size, increasing the possibility of
crystal defects. Figure 8e shows the characteristic absorption band of a perovskite absorber
layer with absorption over the UV–vis spectrum. Figure 8f shows XRD patterns at 0, 5, and
10 wt% Cs addition, all showing a perovskite characteristic peak at a ~14◦ diffraction angle,
corresponding to the (110) plane. Defect peaks at diffraction angles lower than 14◦ are seen
for the neat MA/FA system; this might be assigned to the surface boundaries between
grains. At 5 wt% Cs addition, the defect peaks disappear and a there is a significant
increase in perovskite peak intensity at a 14◦ diffraction angle, suggesting an increase
in crystallinity. This behavior is however not favored for higher concentrations of Cs
addition. The inorganic Cs metal encourages crystallization and increases the device
stability, illustrated by the occurrence of little to no J–V hysteresis between the forward and
reverse bias measurements, as shown in Figure 8h.

Electricity is generated by the direct absorption of sunlight in a PV solar cell. The
absorbed light creates electron-hole pairs (excitons) in the absorber layer, electrons are
then collected at the anode electrode to the external circuit and through an electrical load.
Electrons are thereafter reinjected into the absorber layer by a cathode counter electrode
where recombination with holes occurs. The energy difference of the electron at the anode
and cathode is used to determine the open-circuit voltage (Voc) [58]. Figure 9a underlines
the basic cell operation of a perovskite solar cell. Nagarjuna (2015) studied the effect of
transporting materials in a PSC and reported that the correct choice of cell transporting
material is, at most, necessary for better PCE, FF, and Voc [59]. A compatible transporting



Appl. Sci. 2022, 12, 672 11 of 24

material should have high charge extraction, high mobility, and proper energy alignment
with the absorber layer at their interface, as indicated in Figure 9b. The traditional materials
used as ETM and HTM in PSCs include titanium dioxide (TiO2) and Spiro-MeOTAD,
respectively. Other common alternatives such as aluminium oxide (Al2O3), zinc oxide
(ZnO), and PCBM are used as ETMs, while copper iodide (CuI), nickel oxide (NiO), PEDOT:
PSS, and poly(triarylamine) (PTAA) materials are common alternative HTMs.
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5. Fabrication Methods

As already discussed, PSCs have taken many routes to achieve high performances,
such as the device transition from sensitized solar cells to the recent planar thin-film
solar cells, preparation of hybrid perovskite-light-active materials, the use of processing
conditions, and lastly the use of different charge ETMs and HTMs. In addition, PSC
fabrication methods play a role in high-quality perovskite films.

5.1. One-Step Method

The one-step deposition method involves spin coating a perovskite precursor solution
onto a pre-treated transparent conductive oxide (TCO) substrate followed by annealing to
form the perovskite active layer, as shown in Figure 10a. This is the widely used deposition
method due to its simplicity and low production cost for small, lab-based PSCs, and
is not suitable for large-surface-area device fabrications. To form a perovskite layer of
crystal structure ABX3, organic (e.g., MAI/FAI) and inorganic (e.g., PbX2/SnX2) halides
are dissolved into a common dipolar aprotic solvent, such as dimethyl sulfoxide (DMSO),
dimethylformamide (DMF), or γ-butyrolactone (GBL), then spin coated onto an ETM-
bearing conductive substrate. The early PSC fabrication that triggered research interest was
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achieved through one-step spin coating of organic salts (MABr and MAI) together with
inorganic salts (PbBr2 and PbCl2), reaching efficiencies of 3.31% and 3.81% in the resulting
MAPbBr3 and MAPbI3 PSCs, respectively [5]. In a later study, Miyasaka (2012) reported
efficiencies of up to 10.9% by spin coating a solution of mixed-halide perovskite precursor
over a mesoporous Al2O3 scaffold [7].
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trol over film uniformity and morphology are observed. Chen (2015) fabricated an inverted 
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quired PCE = 11.99%, Voc = 0.81 V and Jsc = 21.9 mAcm−2. Figure 11a shows XRD peaks 
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suggesting that the deposition solvents did not destroy the perovskite crystal structure 
[62]. Despite showing good device efficiencies from 3.8 to 11.99%, the SEM surface image 
of the perovskite film shown in Figure 11b demonstrates the presence of pinholes caused 

Figure 10. Schematic representation of perovskite solar cell fabrication methods. (a) One-step
method; (b) two-step method; (c) vapor-assisted solution method; (d) thermal vapor deposition
method. Precursor concentrations, coating dipping time, spin coating time, and spinning rates are
perovskite film quality or morphology controlling parameters during fabrication [40].

In the one-step deposition method, the solution’s ionic strength and post-annealing
improve the perovskite crystal formation [61]. However, drawbacks such as lack of control
over film uniformity and morphology are observed. Chen (2015) fabricated an inverted
(p-i-n) perovskite device with a 210 nm-thick perovskite by one-step spin coating and
acquired PCE = 11.99%, Voc = 0.81 V and Jsc = 21.9 mAcm−2. Figure 11a shows XRD peaks
located at 28.39◦ and 31.86◦ diffraction angles, indicating perovskite crystal formation and
suggesting that the deposition solvents did not destroy the perovskite crystal structure [62].
Despite showing good device efficiencies from 3.8 to 11.99%, the SEM surface image of the
perovskite film shown in Figure 11b demonstrates the presence of pinholes caused by in-
complete crystallization and distribution of non-uniform grains along the film morphology
in the one-step method.

Zhang (2019) worked on improving the perovskite surface morphology by using binary
solvent engineering systems during the perovskite one-step deposition. The technique
offers control over the perovskite crystal formation, allowing complete and well-oriented
homogeneous perovskite films [39]. This unique control over the perovskite morphology
is achieved by a mixture of solvents such as the above mentioned DMF, DMSO, and
GBL [39,63]. Figure 11c–e show AFM images at different DMF/DMSO solvent ratios of
1:0, 3:1, and 1:3, denoted as FO10, FO31, and FO13, respectively. With the presence of only
DMF in Figure 11c, the AFM image reveals similar results reported in Figure 11b. The
addition of a second solvent at a solvent ratio of 3:1 and 1:3 assists the film to eliminate the
observed morphology cracks, pinholes, and incomplete crystallization defects. The volatile
DMF solvent activates a homogeneous perovskite crystal nucleation and the presence of
DMSO helps with crystal growth in an ordered orientation. Hence, the observed large,
smooth, and closely packed perovskite grain morphologies in Figure 11e. In a similar study
using a solvent mixture of GBL/DMSO at a solvent ratio of 7:3, Jeon (2014) acquired 16.2%
efficiencies with no hysteresis in forward and reverse bias I–V measurements [63].
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5.2. Two-Step Method

The two-step fabrication or sequential fabrication method involves the spin coating
of individual organic (MAI/FAI) and inorganic (PbX2/SnX2) precursor solutions. This
method offers the advantage of being able to control the surface morphology and film
quality by optimizing precursor concentrations, dip-coating or spin-coating time, and
spinning rates during the deposition of either organic or inorganic halide precursor. In the
two-step method, the first step of deposition is spin coating the inorganic halide (PbX2) on a
substrate; then, the second step of deposition follows by either (i) dipping the PbX2-coated
substrate into the organic MAI solution or (ii) spin coating the organic MAI solution over
the PbX2 (see Figure 10b) [64]. Burschka (2013) used the two-step method to fabricate a
PSC with PCE = 15.0%. The study confirms a better control of device morphology from the
XRD analysis and SEM cross-sectional micrographs of the device [65]. Firstly, the reported
cross-sectional SEM images show the introduction of PbI2 into the nanoporous TiO2 film.
This is confirmed by the formation of a single layer of TiO2/PbI2 with complete PbI2 crystal
absorption, indicating successful PbI2 deposition onto TiO2 nanopores. The XRD pattern
shows a characteristic perovskite peak at 14◦ diffraction angles, confirming the formation
of the perovskite absorber layer upon the second step deposition of MAI by (i) dip coating
TiO2/PbI2 bearing substrate.

The presence of PbI2 residuals reduces the solar cell light-harvesting ability and charge
carrier transport; hence, it reduces the overall PSC performance [66,67]. Similar to the one-
step deposition method above, solvent engineering and the use of additives may be applied
to overcome this fabrication drawback in the two-step method. Li (2015) reported a solvent
mixture based on DMF and DMSO in PbI2 powder dissolution. The DMSO in the solvent
mixture prevents early PbI2 crystallization and further acts as an intermediate exchange
agent with MAI during MAPbI3 film formation. Low temperature and low coating time
of MAI during the second step of deposition results in perovskite crystal formation only
at the PbI2 surface which blocks further MAI infiltration into the PbI2 lattice. Such mass
infiltration forms a rough surface structure with the presence of voids and pinholes [68,69].
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5.3. Vapor-Assisted Solution Method

The vapor-assisted solution deposition method is considered a modification of the
two-step method which improves the infiltration of the precursor solutions. The only
difference between vapor-assisted solution and two-step method is that, during the second
step of deposition, a vapor phase of either MAI/FAI is reacted with the PbI2 film (see
Figure 10c) [64,70]. Chen (2015) investigated the performance of PSCs prepared by the
two-step and vapor-assisted solution method and reported that PSCs fabricated from
different techniques result in different properties. Flat films fabricated via vapor-assisted
deposition show high surface coverage and pore filling of the mesoporous TiO2. The device
performance records a high Voc of 0.96 V and an IPCE value of 81% over a 400–740 nm
wavelength range. Photoluminescence (PL) spectra showed an intense peak in the two-step
fabricated film, confirming defect densities caused by poor surface coverage [71]. In this
study, the vapor-assisted solution method is shown to have high device efficiencies in
comparison to the two-step method. The disadvantage of the vapor-assisted method is that
the deposition of MAI vapor is time consuming [72,73].

5.4. Thermal Vapour Deposition Method

The thermal vapor deposition method involves the simultaneous deposition of the
organic (e.g., MAI or FAI) and inorganic (e.g., PbI2/PbCl2) halides in the vapor phase on
a rotating substrate (see Figure 10d). This method offers a uniform surface morphology
due to the ease of control over precursor depositing parameters and the speed of rotating
substrate [29]. Liu (2013) reported a planar mixed-halide PSC recording efficiencies of up
to 15.4%. The MAPbI3-xClx perovskite thin films were prepared from vapor deposition of
MAI and PbCl2 precursor powder materials at a 4:1 deposition ratio [74]. In an attempt
to produce a large-surface-area PSC device, Liang (2018) reported a large-scale PSC with
a surface area of 100 cm2 (see Figure 12a) [75]. The device showed a PCE equal to 7.73%.
This study serves as a benchmark for the fabrication of commercial PSC through thermal
vapor deposition. The device maintained a uniform composition throughout the film with
no presence of impurities and subsequently high solar cell performance. Figure 12c depicts
consistent XRD patterns at different regions of the solar cell marked A, B, C, E, and D, as
shown in Figure 12b.
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6. Device Challenges
6.1. Perovskite Solar Cell Device Stability

The development of the PSCs in the past decade has shown a massive improvement
in efficiency over a short period in comparison with other existing solar cells. PSCs have
already surpassed the performance of commercially available silicon-based PVs, making
them the future of solar energy. However, the device’s lifespan is below the required
25 years for a normal PV cell, ranging from days to months. The degradation of PSCs
performance suggests that device instability stands in the way of commercialization [76].
Therefore, it is necessary to understand PSC degradation mechanics to improve the device’s
flaws. In the characterization of perovskite cell stability, the device is subjected to harsh
environments in order to obtain superior performance under normal conditions. The
degradation response results from failure of device components caused by external factors
(moisture, oxygen, temperature, and UV radiation), internal factors (crystal structure,
ion migration, and interfacial contact), the constituting materials, device architecture,
and fabrication process. Therefore, it is important to note that PSC stability is affected
by a variety of factors, suggesting that it is necessary to further study PSCs thoroughly
and develop standard procedures and protocols towards building a fully functional and
stable device.

6.1.1. Stability in the Perovskite Crystal Structure (ABX3)

The stability of the perovskite crystal structure is determined using the Goldschmidt
tolerance factor (t), shown by Equation (1). The cubic (α) phase is the most stable crystal
structure, followed by the tetragonal (β) phase; the least stable crystal structure is the
orthorhombic (γ) phase. In any crystal structure, the tolerance factor depends on the ABX3
constituting organic (e.g., MA+ = rA), inorganic (e.g., Pb2+ = rB) and halogen (e.g., I− = r0)
ionic radius [77]. Further research has revealed that the crystal structure stability is also
affected by changes in temperature and pressure. In the study to investigate the effect of
temperature on perovskite crystal structure, Cojocaru (2015) reported a MAPbI3 phase
transition from tetragonal to cubic at temperatures greater than 55 ◦C. In Figure 13a, the
XRD results confirm a tetragonal phase with perovskite characteristic diffraction angles at
14.1◦, 28.5◦, and 43.3◦ associated with the (110), (220), and (330) planes, respectively [78]. An
increase in sample temperature affects the crystal shape, as illustrated in Figure 13b–d; the
perovskite diffraction peaks shift to lower diffraction angles as the temperature is increased.
The observed shift in the XRD peaks suggests the rearrangement of the crystal lattice.
Figure 13b–d show the phase transition from a tetragonal phase to a lower diffraction angle
cubic phase for samples heated in a temperature range of −95 to 100 ◦C. In another study,
Gratzel (1998) reported the thermal stability of FAPbI3. The FAPbI3 has higher thermal
stability than MAPbI3 due to its tetragonal–cubic phase transition occurring at a high
temperature of 150 ◦C [79]. Therefore, in conclusion, a stable perovskite crystal structure is
found at high temperatures and depends on the perovskite material in question.

The perovskite crystal structure response mechanism to pressure remains a mystery, as
there is an unusual sequence of phase transition with an increase in pressure. For example,
phase transitions such as tetragonal–cubic–orthorhombic, orthorhombic–tetragonal–cubic,
and vice versa, are observed [80,81]. Jaffe (2016) conducted a study to understand MAPbX3
(X = Br and I) perovskite crystal structure response to compression. Single crystal and
powder X-ray diffraction (SCXRD and PXRD) techniques were used to characterize mate-
rial crystal structure at ambient pressure and during high-pressure conditions [82]. The
applied pressure had a significant effect on Pb-X (X = Br and I) bond lengths, volume
and α-β phase transition. Figure 14a,b show MAPbX3 SCXRD crystal structure model
at ambient and high pressure. Figure 14c,d show MAPbX3 PXRD diffraction patterns
under a continuous increase in pressure (compression). At ambient pressure, Pb-X-Pb
bond angles are at 180◦ as shown in Figure 14a,b, compression results in the Pb-X-Pb bond
angle contraction to angles < 180◦, reduces Pb-X bong length, and subsequently α-β phase
transitions at pressures greater than 1.7 and 0.7 GPa for MAPbBr3 and MAPbI3 perovskite
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crystal structures, respectively. Further compression of the β phase results in further bond
length and volume reductions. Strong intermolecular interactions develop due to the tight
conformation in the ABX3 unit cell. The XRD patterns in Figure 14c,d show changes in
the MAPbBr3 and MAPbI3 crystal structure as pressure is continuously increased up to a
maximum pressure of 9 GPa. In both perovskite materials, MAPbX3 (X = Br and I) normal
perovskite behavior is observed at low pressures, as indicated by arrow 1. An increase in
pressure destroys the normal perovskite crystal structure behavior; hence, the disappear-
ance of perovskite characteristic diffraction peaks indicated by arrow 2. Arrow 3 shows
that the perovskite materials restores to the initial configuration or normal behavior upon
decompression. Therefore, in conclusion, the perovskite crystal structure does respond to
pressure. Subjecting the material to high pressures suppresses or reduces the perovskite
structural features. Therefore, a stable perovskite crystal structure (α phase) is obtained at
relatively low pressures.
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6.1.2. Environmental Stability

The perovskite ABX3 materials are chemically active in environmental conditions. A
series of chemical reactions occur which slowly break down the ABX3 material into its
constituents and additional byproducts. The installation of PSCs exposes the device to
environmental contaminants. Oxygen, moisture, and UV radiation constantly wear off
the PV perovskite active layer. The chemical reactions below suggest possible perovskite
degradation. Moisture breaks down the perovskite layer by dissolving the organic cation
(MA+) to yield PbI2 and HI. This degradation mechanism is an irreversible process as
the presence of oxygen and UV radiation further breaks down the hydroiodic acid (HI)
producing water (H2O), hydrogen (H2) and iodine (I2) gases as byproducts (see chemical
reactions (2)–(5)) [83]. The chemical reactions (2)–(5) and (6)–(9) are proposed degradation
reactions initiated by the presence of UV radiation and moisture. In a study to investigate
the degradation of MAPbI3 material exposed to a humid environment, Shirayama (2016)
reported a rapid decomposition in the perovskite material at a low relative humidity of 40%
caused by either or both of the following: the formation of PbI2 phase from the desorption
of the volatile organic MAI cation, or the formation of a perovskite hydrate phase, resulting
from the interaction of H2O molecules and the absorber N-H bond [84]. In a similar study,
Yang (2015) suggested that proper selection of a hydrophobic HTM stabilizes the perovskite
layer deterioration; however, the effort only shifts the perovskite lifespan to a few more
hours before it begins degrading [85].

CH3NH3PbI3(s)↔ PbI2(s) + CH3NH3I(aq) (2)

CH3NH3I(aq)↔ CH3NH2(aq) + HI(aq) (3)

4HI(aq) + O2 ↔ 2I2 + 2H2O(l) (4)

2HI(aq)↔ H2(g) + I2(s) (5)

CH3NH3PbI3(s)↔ PbI2(s) + CH3NH2 ↑ + HI ↑ (6)

2I− ↔ I2 + 2e− (7)

3CH3NH3
+ ↔ 3CH3NH2 ↑ + 3H+ (8)

I− + I2 + 3H+ + 2e− ↔ 3HI ↑. In Figure 15a–c, SEM surface images reveal per-
ovskite film morphology exposed to 40% relative humidity (RH) at various exposure times.
Figure 15a reports a smooth surface at 20 min exposure with a high level of surface cover-
age; Figure 15b reports SEM surface morphology at 24 h of exposure, showing the formation
of evenly distributed holes reducing surface homogeneity (as indicated by arrow 1). The
generation of holes results from the coalescence of the inorganic PbI2 phase structure as the
organic MAI cation dissolves in moisture; Figure 15c demonstrates the SEM image at 48 h
of exposure, showing well-defined rod-like PbI2 structures (as indicated arrow 2) and the
extent\of hole formation in the film morphology [85]. Many attempts focus on eliminating
the effect of moisture on PSCs by designing new PSC architectures, encapsulating the
device using polymers, proposing new ETM and HTM materials, among others, modifying
the ABX3 materials.

In order to eliminate the effect of moisture and investigate the effect on UV radiation
alone, Lee (2016) studied the degradation of PSCs in an inert atmosphere (glove box)
by exposing the PSC devices to UV light. The effect of UV exposure on the device was
characterized through XRD and I–V techniques, as shown in Figure 15d,e, respectively.
From both characterizations, it is observed that UV degradation is slightly reversible via
light soaking the devices (light soaking—exposing to natural sunlight). In Figure 15d, the
XRD patterns show the development of PbI2 peak at 12.6◦ diffraction angle accompanied by
a fading perovskite characteristic peak at 14.1◦ with an increase in UV exposure time. These
results are comparable to that of perovskite moisture decomposition. In Figure 15e, the
I–V curves show that the occurrence of UV degradation decreases the device performance



Appl. Sci. 2022, 12, 672 18 of 24

after 210 h of exposure (blue curve). However, light soaking the device works against the
degradation process, partially restoring the device’s performance.
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Figure 15. Characterization of perovskite device degradation upon exposure to (a) 40% relative
humidity (RH) and (b–d) 365 nm UV light. (a) i–iii SEM micrograph images of device exposed for
t = 20 min, 24 h and 48 h of the 40% humidity condition. (b) I–V curve, (c) XRD, and (d,e) PCE and
FF perovskite response to UV light degradation [84,86].

7. PSC Encapsulation

One of the recent effective methods/solutions towards PSC degradation lies in the
tight encapsulation of the perovskite material. This method prevents outgassing of the
volatile perovskite decomposition products, protecting against moisture and UV radiation.
The technology behind encapsulation uses thin-film materials of epoxy, SnO2, butyl rubber,
and dyads surrounding the PSC from the top, bottom, and edges [87–90]. In a recent
study, Shi (2020) reported a breakthrough in PSC encapsulation surviving extreme standard
test conditions specified for commercial modules for about 1800 h of thermal cycle and
75 humidity freeze test cycles [91]. The PSC devices were encapsulated between transparent
conductive oxide substrates and the inexpensive polyisobutylene rubber; a similar approach
has been demonstrated in an early study by Kim (2017), as shown in Figure 16 [92].
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8. Other Challenges
Toxicity

The toxicity in perovskite devices results from the use of the toxic lead (Pd) element.
This raises environmental concerns for the upcoming device scaleup for commercialization.
The lack of device stability provides a possible way for toxic lead (Pb) leakage from
the installed solar panels to the environment [29]. Due to the high demand for energy
globally, a rising number of studies encourage the use of Pb-containing devices, as pollution
from these devices will be insignificantly small in comparison with other lead-pollution
sources around the world [93]. However, there are several promising alternatives for lead
replacement with environmentally friendly elements. Noel (2015) worked on replacing the
Pb component and devised a tin (Sn)-based perovskite device (MASnX3) with a promising
PCE of 6%. Further studies reported that Sn-based perovskites suffer from instability
due to the easy 2+ oxidation of the Sn element in moisture to 4+ states. Hoshi (2016)
proposed the use of additives to improve Sn-based devices’ stability. This effort showed
significant improvement; however, the efficiencies are very low in comparison to Pb-based
devices [94,95]. To reinstate the purpose of PSCs, which is high efficiencies and stability, a
hybrid Sn-Pb perovskite film was proposed and achieved efficiencies of up to 15.2% [96].

9. Summary

A comprehensive review of PSCs was conducted in this study. PSCs are the upcoming
cost-effective PV technology, promising to supply sustainable, green, and affordable elec-
tricity in the next coming decades. The development in the PSC technology in both industry
and academic research is constantly improving. New ideas and milestones are constantly
being published. Therefore, this review serves as a guide to interested scientists and new
researchers in the field by providing detailed information on PSC device background and
stepwise scientific efforts applied to improving the device performance with time. This
work reviews previous studies in modelling the perovskite crystal structure and electronic
structure, including factors that affect and determine both perovskite intrinsic structures.
This study further highlights major developments in perovskite device architecture and
fabrication methods towards achieving flexible and high-performance PSC devices. In
addition, efforts in the perovskite ABX3 designing and processing condition are elucidated;
progress in the perovskite film fabrication is given; good correlation in perovskite film
quality or morphology with each fabrication method is clearly explained. Additional efforts
in this review have been made to outline recent challenges to PSC commercialization. This
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includes the use of the toxic lead (Pb) element in most ABX3 perovskite compounds and,
more importantly, the perovskite material intrinsic and extrinsic instability issues. Among
other solutions, the replacement of the toxic lead (Pb) element and encapsulation of the
PSCs are highlighted.

10. Future Research

Future work will focus on revising and designing new methods to improve PSC
performance. We will, in particular, investigate the effect of annealing and doping trivalent
and pentavalent dopants on synthesized nanoparticle and nanotube metal oxides, such
as titanium and zinc oxide (TiO2 and ZnO), for enhanced electron extraction in PSCs. For
environmental concerns, further research will focus more on replacing the highly toxic
lead (Pb) element with Tin (Sn) due to their similar chemical properties. The widely used
hole-transporting material to date is the Spiro-MeOTAD. To fabricate cost-effective devices,
cheaper p-type hole-transporting materials, such as Cu2O and NiO, will be explored. As
a reference or benchmark in our research group, a well-considered fabrication method
will be proposed, from which we can build towards the achievement of a fully functional,
highly efficient, and stable perovskite device. Aspects to be evaluated in the fabrication
method include the effect of precursor concentration, annealing temperatures, annealing
time, synthesis period, annealing at various gaseous environments, and exploration of
different device architectures.
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