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Abstract

With the fast progress of solar cells efficiency in the last few years, hybrid organic/inorganic metal halide perovskite solar cells
(PSCs) became a center point of research for a lot of solar cell researchers. The perovskite materials show different merits like
longer carrier diffusion lengths, wider-tunable bandgap in addition to higher potential of light absorption. The higher efficiency
together with the cheaper fabrication methods makes perovskite solar cells comparable with Si-based solar cells. The PSCs
efficiency has a remarkable increase from 3.8% to more than 25.2 %. There is a great need for an overall understanding of the
function of each of the solar cell components and its impact on cell efficiency and performance. This review starts with the
discussion of perovskite structure (electronic and crystal) based on recent research. The working principles and the fabrication
methods of PSCs are also introduced. PSCs evaluation is also analyzed and presented with more details regarding modelling
approaches and simulation tools.

Keywords: Solar cell; Perovskite solar cell; Perovskite structure; Perovskite materials; Diffusion length; Tunable
band gap.

1. Introduction
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The consumption of global energy has gradually
increased [1]. There is a great demand to search for
renewable and sustainable energy sources because of
fossil fuels’ limited abundance. The transformation of
sunlight into electricity is considered one of the most
hopeful researches to face the growing energy needs for
generations in the future without affecting the global
climate [1, 2]. Recently, some technologies of
emerging photovoltaic (PV) showed a growing concern
in low-cost processes, lightness, and flexibility [3, 4].
Solar cell energy is an alternative energy that is
considered one of the most significant sources of
renewable energy over the years [3]. Perovskite Solar
Cells (PSCs) have experienced an unexpected meteoric
appearance as a new family of solar cell technologies
[5]. Organic-inorganic metal halide PSC is a promising
alternative to current PV technologies with the same
ability of solution-process and high performance [6].
Another remarkable property, that was discovered 50
years ago, is their ferroelectric behavior. The direct
energy band gap Eq4 of perovskite extends from 1.3 to
2.2 eV and it is responsible for its optical properties that
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are important for harvesting and converting ultraviolet
(UV) and near-infrared (NIR) light into visible light to
be used by the active layer of the perovskite as shown
in Fig.1 [7].
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Fig. 1 Standard solar spectral [7].
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Hybrid organic-inorganic PSCs have had a great
interest since 2009 with Power Conversion Efficiency
(PCE) which raised exponentially from 3.8% [8] to
6.5% in 2011[7] to about 23.3 % in 2016 [7] and
reaches 25.2 % by 2021 [9-13] as shown in Fig. 2.
Regardless of the PSC high efficiency, there is a lack
of reasons for PSC degradation and instability which is
an obstacle for commercialization in our life.
Therefore, there is a need for more information about
the cell for further improvement in performance and
stability [14] and must take the minimum
recombination and maximum separation of charges
considerable  for  higher  performance  [15].
Consequently, based on previous studies, this review
introduces various PSC structures and the techniques of
this new technology, makes a comparison between
them to get the points of shortage to be able to optimize
this technology and determine the most promising and
reliable materials, structures that help to get the best
performance in the future work.
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Fig. 2 Recorded Power Conversion Efficiency of

the PSC in progressive years [16].

Herein, we review in section 2 the PSC structure
(crystal and electronic) and discuss various types of
metal halide PSC. Section 3 studies how the PSC is
working when exposed to sunlight. Section 3
introduces in detail the different structures of PSC
(planar, inverted, and mesoporous) and how to
fabricate this cell is reviewed in section 4. Meanwhile,
the review of ferroelectric PSC and its fabrication
technique is also illustrated. Section 5 tends to provide
an overview on the significant progress of various
modelling and simulating techniques (COMSOL,
AMPS, MULTIPHYSICS, Solar cell Capacitance
Simulator, GPVDM, TiberCAD and SILVACO,
MATLAB, wxAMPSa) which can make perovskite-
based solar cells a market viable.

49

https://doi.org/10.21608/ijmti.2021.78369.1032

2. Perovskite Solar Cells

2.1. Crystal and Electronic Structure of
Perovskite

Perovskite materials have gained great interest
because of their unique thermal, electromagnetic, and
optical properties and the cubic lattice-nested
octahedral layered structures [8]. There are possible
phases of perovskite structure [7]: 1) Orthorhombic
structure phase” when T = 160° K. 2) Tetragonal
structure phase “p” occurs when T < 330°K. 3) Cubic
structure phase “a” occurs for T = 330 K [17].

Perovskite has two major categories of crystal
structure: 1) halo-alkanes perovskite, 2) halide
perovskite “organic/inorganic” [7] with ABXzstructure
[3]. Any material with a crystal structure similar to the
mineral CaTiOs (discovered in 1839) [7] is called
perovskite as shown in Fig.3 [18].
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Fig. 3 A general crystal structure of perovskite
with the formula ABX3 [19].

In ABX3 formula, A is a large cation (organic or
inorganic) [3, 20,] such as formamidinium (FA®,
CH(NH)2") or methylammonium (MA+, CH3NH3z")
and is located at the vertex of the face-centered cubic
lattice [7]. Group B is a small inorganic cation (Cu?*,
Sn?*, Pb?*) and X3 is an ion that is capable of bonding
A and B such as CI', Br and I as shown in Fig. 4
[3,14,20,21].

In the last few years, Lead Halide Perovskite Solar
Cells (LHPSCs) (CH3NHsPbXs, X = ClI, Br, 1) have
gained great attention because of their simpler
processing techniques and lower cost compared with
traditional silicon solar cells [22, 23]. Particularly,
Lead-lodine perovskite (CHsNH3sPbls) with a 1.5 eV
direct band gap has been considered as one of the most
ideal light absorbers because of its high extinction
coefficient, low exciton binding energy, good charge
carrier mobility, easy processing ability, and low
expense. PCE has been reached over 25% thus far [9],
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while it is predicted to increase by optimizing the
devices and their materials in the future.
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Fig. 4 Cubic lattice of perovskite structure [8].

Chloride/lodide mixed halide perovskite MAPbI3.
xClx is utilized in a wide range because of the thermal
stability of the MAPbI;Cly films that is up to 140 °C
and its better carrier diffusion lengths than MAPbI3
(Methyl-ammonium lead iodide) [18]. Despite the
worthy progress of the perovskite solar cells, lead
toxicity remains the main obstacle to the wide PSCs
applications [22, 24]. Consequently, this instability and
toxicity of lead PSCs may handicap its commercial
production scale and its potential use. These
complications of lead demand to search for an
alternative candidate ecologic hybrid perovskite
material that will achieve the same efficiency [25].
Experimental and theoretical studies show that Tin
halide perovskite solar cell CH3NHsSnl; (MASNIs)
with a narrow bandgap of 1.3 eV can be a possible
replacement to LHPSCs because it covers a broader
range of the visible light spectrum than LHPSCs. In
addition, planar heterostructure of Tin (Sn) PSCs has
been developed and achieved 3% of efficiency with
optical bandgap extending from 1.3 eV to 1.4 eV.
Furthermore, similar to LHPSCs, the bandgap can be
tuned from 1.3 eV to 2.15 eV by replacing iodine (1)
with bromine (Br) which increases the bandgap. This
bandgap tunability provides a good chance to use Tin-
based perovskites as a possible substitution for
LHPSCs in solar cell applications [15, 19]. The major
limitation for the tin-based perovskite performance is
the oxidation of tin from Sn?* to Sn** in the air [22, 26,
27]. Extensive research increases the stability of the Sn-
based devices by developing encapsulation processes.
Adding Tin Fluoride (SnF,) in the synthesis process
decreases the oxidation chance of Sn* to Sn** [22, 26].
Germanium (Ge) based perovskite (CH3NH3GeX3) has
the same performance as lead Pb and Sn because it
belongs to the same subgroup of Pb. In 2013, Stoumpos
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et al. was the first one to synthesize the lead-free
germanium iodide perovskite materials CHsNH3Gels
and discovered highly distorted structure and strong
nonlinear  optical properties. Consequently,
Krishnamoorthy et al. in 2015 synthesized
CH3NHsGel; which had a great potential in PV
applications. Recently, Nagane et al. (2018)
synthesized a mixed Ge—Sn-based perovskite material
which is suitable for more efficient single-junction SCs
[25].

2.2. Perovskite Solar Cell Structure

The typical PSC architecture consists of three main
layers: a perovskite absorber layer sandwiched between
a hole transport layer (HTL) and an electron transport
layer (ETL) [25, 28]. These materials are located
between two electrodes back contact (BC) and front
contact (FC) as shown in Fig.5. Perovskite compound
absorbs the SC radiation which generates electron-hole
pairs (e-h). The HTL and ETL permit a selective
number of charge carriers to flow to their electrodes [1,
25].

Electrode

HTL/ETL

Perovskite

ETL/HTL

FTO/ITO

Fig. 5 Structure of PSC [29].

For the Hole Transport Materials (HTM), 2, 2", 7,
7'-tetrakis [N, N-di(4-methoxyphenyl-amino]- 9,9'-
spirobifluorene (Spiro-OMeTAD) is considered the
benchmark for PSC [30-32] but it is very expensive.
Thus, it is very important to find new types of HTMs
to get strongly performed PSCs with high
reproducibility, low cost, and good stability. There are
two categories of HTMs: inorganic materials such as
Cuprous thiocyanate Copper (CuSCN), Copper lodide
(Cul), Nickel Oxide (NiO), and cuprous oxide (Cu0)
[33] and organic materials such as Spiro-OMeTAD,
Poly(3-hexylthiophene-2,5-diyl) ~ (P3HT)  [3,15],
Poly(3,4-ethylene  dioxythiophene)  Polystyrene
sulfonate (PEDOT: PSS) and Poly [2,5-bis (3-
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tetradecylthiophen-2-yl thieno [3, 2-b] thiophene (D-
PBTTT-14) [25]. Besides the absorber, ETL and HTL,
there is the BC. Conventionally, Au (Gold) is utilized
as the metal back contact. There were many efforts to
replace Au with inexpensive contacts, in HTM-free
devices as Ni (Nickel), Pd (Palladium), Pt (Platinum),
Cu (Copper), and Ag (Silver). On the other hand,
previous researchers discovered a lot of Electron
Transport Materials (ETMs) such as Zinc Oxide
(Zn0), Titanium Dioxide (TiO2), Cadmium Sulfide
(CdS), Zinc Selenide (ZnSe), Zinc Oxy Sulfide
(ZnQOS) [5, 18], Cerium Oxide (CeOx) [34], [6,6]-
phenyl C61-butyric acid methyl ester (PCeBM) [35]
as shown in Fig.6.
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Fig. 6 Diagram showing the energy levels, from left
to right, for representative cathode, n-type (ETM),
absorber, p-type (HTM), and anode materials [36].

(a) n-i-p mesoscopic

(b) n-i-p planar

(c) p-i-n planar
M
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Fig. 7 Schematic diagrams of perovskite solar cells in
the (a) n-i-p mesoscopic, (b) n-i-p planar, (c) p-i-n
planar) [36].

Recently, three different common structures of
PSCs have been developed: mesoporous perovskite
solar cell (n—i—p), planar perovskite solar cell (n—i—p),
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and planar perovskite solar cell (p—i-n) [8, 37, and 38]
as shown in Fig.7. In the n-i-p structure, light penetrates
ETL and the transparent conducting layer lies in front
of ETL. The opposite arrangement is the p—i—n
structure [1].

2.2.1 Mesoporous Perovskite Solar Cell (n-i-p)

Recently, the Mesoporous Perovskite Solar Cells
(MPSCs) have gained more attention because of their
low-cost materials, easy fabrication method, and high
PCE. In MPSC, the compact layer is deposited on a
fluorine doped tin oxide layer (FTO), which usually
blocks holes and extracts electrons [1]. A typical
MPSC involves nanoscale pores in ETL scaffold [39].
First, the absorber layer covers the ETL, makes a
compact capping layer, and then penetrates it which
forms an intermixed layer. Sequentially, the top
electrode and the HTL are deposited above the
absorber layer to complete the device [37]. Therefore,
the mesoporous layer needs one more step in the
fabrication process, which is undesirable for scaling. It
is still under discussion that mesoporous layer is
indispensable for improving stability or getting higher
PCE [37].

It is allowed to adhere the perovskite material to
the mesoporous material with increase the receiving
light area of the photosensitive material and achieve
more efficient PSC as shown in Fig.8 [8]. In addition
to the most common mesoporous ETM (TiOy), there
are other mesoscopic metal oxides: Aluminium Oxide
(Al203), ZnO, Tin dioxide (SnOy) [40], and Zirconium
dioxide (ZrO,) [19].

Metal electrode

%G i, )

light absorbing layer
perovskite&
mesoporous oxide

Fig. 8 Schematic diagram of mesoscopic architecture
PSCs [8].
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2.2.2 Planar Perovskite Solar Cell (n—=i—p)

Planar perovskite solar cells (PPSCs) have been
studied on a wide range because of their unique merits
such as low-temperature process, low cost, and easy
processing [1]. The planar n—i—p structure has a
compact ETM layer and it is different from the
intermixed layer (perovskite— ETM) in the mesoporous
architecture [37]. There are two interfaces (ETL/
perovskite) and (perovskite /HTL). Therefore, the e-h
pairs are separated effectively and rapidly by ETL and
HTL [1].

2.2.3 Planar Perovskite Solar Cell (p—i—n)

PSCs with inverted structure (p—i—n) have a great
potential for highly performed and flexible PV devices
due to their numerous advantages such as easy
processing techniques, high stability, and negligible
hysteresis [1]. Generally, the planar p—i—n architecture
is called an inverted planar structure due to the
inversion of the extraction layer of a carrier of the n—i—
p structure. A p—i—n architecture is often built with a
planar structure with a compact HTL [37].

Typically, inverted structures use semiconductors-
organic as both ETM layer and HTM layer such as [6,
6]-Phenyl-C61butyric acid methyl ester (PCBM),
Indene-C60 bisadduct (ICBA), C60 SAM or
polyelectrolyte poly [(9,9-bis(3-(N,N-dimethylamino)
propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)]
(PEN). In PPSCs, every layer has an effective influence
on the performance of the device. Many strategies were
adopted to optimize the inverted PSCs performance
such as crystalline regulation of perovskite, design a
new perovskite composition, geomorphology control,
and modifying the charge carriers' transport layers [1].

2.3. Ferro-Electric Perovskite Solar Cell

Most studies of ferroelectric PVs were focused on
a restricted group of oxide perovskites and variational
combinations of them: Barium Titanate BaTiO3
(BTO), Lithium Niobate LiNbOs; (LNO), Bismuth
ferrite BiFeOz; (BFO), and Lead titanium
zirconium oxide Pb (Ti, Zr) Oz (PZT) [41]. Hybrid
perovskites (MA-Pbls) display ferroelectric properties
similar to other perovskites such BaTiOs; and metal-
oxide perovskites such as BiFeOj3 [42]. The materials
have ferroelectric nature which is responsible for a lot
of effects such as their suitable behavior at the above
band gap voltage. This PV effect appears at the
ferroelectric domain boundaries by the separation of
charges to generate a photocurrent. Ferro electricity
has experimentally been observed in hybrid halide
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perovskite with (1100 nm) ferroelectric domains
which exist in CH3NHsPblz films [43]. The
spontaneous polarization is formed from a cubic
toward orthorhombic deformation of ABO3 crystalline
structure. Instead of that, at the center of the dipole
moment in MA-Pbls is the interaction between the le
charge transfer from the Pbls— cage to the N+, and the
non-Centro-symmetric position of the charge center.
In addition, the isolated molecule owns a 2.2 Debye
dipole moment [44]. Besides being a low-cost solution
that results in high efficiency, the material itself is the
most intriguing point [42]. Ferroelectric materials are
capable of hosting a permanent electrical polarization
that provides control over the distribution of electric
fields in interfacial and bulk regions. According to the
ferroelectric semiconductor films with ideal contacts,
the metallic layers are responsible for screening the
polarization charges totally and this leads to no
collection of the charge field. Ferroelectric materials
layers are located between electrodes and illuminated
layers. This exhibits a set of rich phenomena which
includes the formation of photo-excited charge
carriers. The polarization, which is exhibited by the
ferroelectric layer, induces an internal electric field.
This electric field helps in the separation of photo-
excited carriers and generation effective built-in field
at the electrode /ferroelectric interfaces due to
Schottky barriers which deplete the ferroelectric
layers. The ferroelectric material leads to unique
photovoltaic behavior with atomistic asymmetry of the
current generation and the bulk PV effect [42].

3. Working Principle of Perovskite Solar Cell

The solar cell is considered the main element in a
PV array [46]. Solar cells are built by semiconductor
materials that convert sunlight into electrical energy
by using a PV effect [46, 47]. It must have the highest
possible PCE to make its function satisfactory [45]. It
is necessary to understand the basic processes or steps
which are undertaken in the SC layers and the function
of each component to design highly performed SCs
and to understand the PV action [48].

When solar cells are exposed to light, a part of the
photons with energy larger than Eq is absorbed by the
layer of semiconductors. The absorbed photons which
have sufficient excitation energy (E>Egap) cause the
transportation of holes and electrons (holes in the
valence band and electrons in the conduction band) in
different directions, as shown in Fig.9 [46]. Because
of the difference in the binding energy of excitons in
perovskites, the excitons can form (free holes and
electrons) free carriers to generate current or
recombine into excitons [8].
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The e-h pairs are generated in the field region, and
then they are separated under the effect of this field.
Consequently, electrons move to the n-side and the
holes to the p-side. Some electrons and holes
accumulate at the field region boundaries of the N-side
and P-side neutralizing part of them, by sequent. The
remaining electrons and holes flow in the outer circuit
to the load [45]. The free holes and electrons are
collected at the same time by HTL, ETL, then by the
metal electrode and FTO, by sequent [8]. Not only the
electrostatic field can offset parts of the potential
energy barrier effects but also cause the P-region to
have positive electricity and N-region to have negative
electricity.
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Fig. 9 Photo-generation of an electron-hole pair
in a semiconductor [49].
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Fig. 10 Solar cell working principle [50].

Consequently, the electromotive force is generated
between these two regions. Finally, Current flows if a
circuit loop is applied [46]. The complete process is
shown in Fig.10. It is found that the carrier diffusion
distance and lifetime of CH3sNHsPbl; (MAPbI3) and

53

https://doi.org/10.21608/ijmti.2021.78369.1032

other perovskites are long due to the lower carrier
recombination probabilities and higher carrier
mobility. For example, the distance of carrier diffusion
for MAPbDI; is at least 100 nm and longer than 1um for
MAPDI;.Cl. The longer lifetime and diffusion
distance of carriers are the reasons for the excellent
performance of PSCs [8].

4. Fabrication Techniques

A typical metal halide PSC with planar (regular)
structure (n-i-p) is Glass/TCO/ ETL /Perovskite
layer/HTL /Au and with inverted planar structure (p-i-
n) is Glass/ (Transparent Conducting Oxide (TCO)/
HTL /Perovskite layer/ETL /Ag or Al. To form
mesoporous structure PSC, there is an additional layer
to the planar structure as follows Glass/TCO/ ¢c-ETL
/mp-(TiO2, SnOy, or Al,Os)/Perovskite layer/HTL
/Au. So, the fabrication methods are different from one
type to another. Here, we will make a simple review
of the fabrication methods of planar (regular,
inverted), mesoporous and ferroelectric PSCs from
previous studies.

4.1. Planar Perovskite Solar Cell

Zhen Li et al. studied the planar perovskite films
deposition through solution processing. At first, lead
and organic halides are dissolved in organic solvents
like Dimethyl Sulfoxide (DMSO), N, N-Dimethyl
Formamide (DMF), and y-Butyrol Actone (GBL).
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Fig. 11 Common scalable solution deposition methods
for the roll-to-roll fabrication of perovskite solar cells.
Scalable methods for perovskite deposition include
blade coating (panel a), slot-die coating (panel b), spray
coating (panel c), inkjet printing (panel d), and screen
printing (panel e) [52].
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These precursor solutions of perovskite can be used
in both scalable deposition and spin coating methods.
Perovskite scalable deposition methods growth
include, but not only, meniscus coating [37], blade
coating, slot-die coating, spray coating, inkjet printing
[37,51], and electrodeposition as shown in Fig.11 [37].
Longbin Qiu et al. made a simple summary about the
updated deposition methods of perovskite layers and
examined their suitability for modules and industrial
production of PSCs. They developed different
technologies for thin film deposition such as spin
coating, spray-deposition, optimization for large areas,
vapor-based deposition, doctor blading, printing, slot-
die coating, soft-cover deposition, and dip coating to
synthesize highly performed perovskite films with a
large area (structural defects with a low density such as
pinholes, decrease surface roughness and uniform good
film). They also illustrated the deposition methods of
TiO; “The most popular used ETL material “as follows
sputtering coating, screen printing, and spray coating
and Spiro-MeOTAD “The most common HTL material
“by vacuum deposition [53].

To fabricate FASnl;—based PSCs with the inverted
structure PSCs ITO/ NiOyx/ FASnls/ PCBM/Ag, Qidong
Tai et al. demonstrated a strategy by adding different
antioxidant hydroxyl-benzene sulfonic acids or salts
into SnCl, which contains perovskite precursor
solutions and that leads to encapsulate the perovskite
[54]. Zhengqi Shi and Ahalapitiya H. illustrated that
there are many types of developed fabrication
approaches of PSCs and categorized them into four
main methods: one-step, two-step, vapor-assisted
solution, and thermal vapor deposition which has the
best PCE of 17.6%. It was expected that solution-based
approaches like spin coating with a mixed perovskite
phase achieved the desired high PCE of 22.1% as
mentioned in the record and PCE for the stable device
was 21.2 %. Furthermore, they fabricated the dense
compact layer of TiO, by spray pyrolysis process to
build a planar structure [19]. Jie Wang studied the
deposition of the perovskite layer in 2D lead-free
based- PSC. The deposition could be by using one of
these methods: Thermal injection, solution processing,
and exfoliation method [55].

4.2. Mesoporous Perovskite Solar Cell

In 2015, Sang Do Sung et al. fabricated lead halide
PSC with mesoporous structure FTO/TiO2/mp-
TiO2/CH3sNH3Pbls/Spiro  /Au. Beginning with the
compact layer TiO2, The Ti film with a thickness of 10
nm was deposited on FTO by using the radio frequency
magnetron sputtering system. Next, spin coating of an
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mp- TiO; layer for 30 s at 5000 rpm was performed
using the prepared pastes of TiO,. Then, the
CH3NHsPbl; layer was deposited by the two-step
method and the HTL was spin-coated for 30 s at 4000
rpm. According to the Au layer “BC”, the deposition
was made by a thermal evaporator. They discovered
that the PSC-50 which employs NP50 (diameter of
TiO2 nano-porous NPS =50 nm) gains the largest PCE
of 17.19% with Voc of 1.049 V, FF (Fill Factor) of
0.759, and Jsc of 21.58 mA cm™2 as shown in Table.1
[23].

Table 1. J-V curve parameters of several perovskite
solar cells employing TiO2 NPs of various sizes [23].

Perovskite | PSC- PSC- PSC- | PSC-
solar cells 65 50 40 30
Jse 21.27 | 21.58 2145 | 21.61
(mA/cm?)

Voc (MV) 1005 1049 1029 | 995
FF (%) 72.35 | 75.94 69.74 | 66.59
1] (%) 15.47 | 17.19 15.24 | 14.32

Zhenggqi Shi and Ahalapitiya H. Jayatissa reported
that the TiO; “ETL” could be either
compact/mesoporous (mp) layer in mesoporous
structure or one-layer in a planar structure. On the
whole, sequential deposition was used to form the bi-
layer “TiO;” in which spray pyrolysis process for the
deposition of the dense TiO, compact layer and then the
spin coating for the mp-TiO.. In addition, they
summarized HTMs into three categories: small
molecules, organic polymers, and inorganic
compounds. While spin-coating is the typical HTM
layer fabrication approach and other few reports
mentioned other processes as sputtering and spray for
only inorganic HTM [19]. Di Zhou et al. reported that
TiO2 ETL is the most popular mesoporous material that
lets the perovskite nanocrystals go through the pores of
mp-TiO, by solution spin-coating process and
composes an interconnected absorbing layer [8].

In 2019, Rui Wang explained the different
processing techniques of perovskite material and TiO»
layer. For perovskite material, he mentioned a few
information about Spin coating, Dip coating, Two-step
deposition, Chemical vapor deposition (CVD), Ink-jet
printing, blade coating, and screen-printing methods
[1,56]. Spray coating in which a nozzle is utilized to
disperse tiny droplets of liquid onto the perovskite layer
and can be deposited by ultrasonic spraying. The non-
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conventional method, Dip coating, is used to form the
meniscus edge, pulls a substrate out of the ink of
precursor, and sheers a cover plate over the deposited
substrate.

A two-step deposition process in which the lead
halide thin film is deposited at first, then it reacts with
organic halide salts and converts to perovskite.
Chemical vapor deposition process (CVD) was used to
deposit thin films of FAPblz on 5 cm * 5 cm substrate
and to synthesize 12 cm? modules with a PCE of 9%.
Ink-jet process where printing nozzles are used for
dispersion of the precursor ink drops with good control
of trajectory and drop size. The inkjet printing method
is used to fabricate PSCs with small areas (0.04 cm?)
Blade coating method achieved PCE 19% and the
screen-printing technique owes a perfect ability of
patterning with lateral resolution 75-100 micrometer.
For the TiO, layer, there are three strategies for
deposition which are used in a wide range.

A spin-coating process where the colloidal
dispersion of nano-sized TiO, has occurred, then
thermal treatment of (Titanium isopropoxide, Titanium
source: TiCls, Tetra-n-butyl-titanate) is made. Spin-
coating of the precursor solutions (Titanium) is also
performed following with thermal treatment of
(Titanium isopropoxide, Titanium source: TiCla,
Titanium diisopropoxide bis(acetylacetonate) and
Spray pyrolysis deposition of (Titanium source:
Titanium diisopropoxide bis (acetylaceto nate).

In perovskite solar cells, sintering approaches of
low temperature were recently reported to form an
effective TiO. layer. An mp- layer is deposited onto the
compact layer using screen printing, spin coating,
electrospinning, or magnetron sputtering. The
fabrication of a compact TiO; layer using either a sol-
gel method or spray pyrolysis on glass substrates. To
form highly and uniformed quality compact film of
TiO2 over large areas, vacuum-based methods, like
electron-beam evaporation, RF sputtering, and also
thermal oxidation of a sputtered titanium film are used,
but high temperature is needed for annealing. In
addition, the deposition of the TiO, compact layer is
occurred by low-temperature techniques including
electrodeposition and deposition of atomic layer.

For the ETM layers ZnO and SnO,, ZnO can be
deposited by multiple processing techniques like sol-
gel, RF sputtering, hydrothermal, ALD, and chemical
bath technique and SnO; is also synthesized via
processing routes and nanoparticles at low-temperature
utilizing the as-prepared sol-gel derived tin precursors
and atomic layer deposition process [1].
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4.3. Ferroelectric Metal- Halide Perovskite Solar
Cell

In 2015, Bo Chen fabricated (1 _x) BaTiOsz-
xBiFeO; (x=0.725) (BT-BFO) by the solid-state
reaction process to form ferroelectric solar cell. He
performed a spin coating process for the deposition of
the compact layer “TiO,” onto FTO layer and the Pbl>
infiltrated the mp-TiO, films (260nm) to synthesize
ferroelectric planar and mp-solar cells. Then, Lead
halide perovskite was synthesized by spin-coating
procedure with two steps. For the HTM layer, the spin
coating procedure was used for the deposition of 300
nm thickness for 30 s at 3000 rpm. To complete the
device, 100nm of Au was thermally evaporated on the
spiro-MeOTAD- layer. The PCE was achieved 13.01
% for MPSCs and 8.31 % for PPSCs [57]. In 2018,
Ming-Zi Wang et al. synthesized ferroelectric PSCs
with the structure FTO glass/ PTO/CH3sNH3Pbl; /spiro-
OMeTAD/Au where PTO (PbTiO3) film acts as the
ferroelectric control layer and ESL (Tunable electron
selective layer). The PTO thin film as ESL is deposited
over FTO layer as shown in Fig.12. PTO layer is
fabricated by a popular sol-gel spin-coating deposition.
The PSC based on PTO reached PCE exceeding
12.28% upon preliminary optimization [58].

5. Modelling and Simulation of Metal-Halide

Perovskite Solar cells

Numerical simulation is an important and
necessary technique to predict the performance of solar
cell parameters and to give the physical guidance for
optimization of various geometrical and technological
parameters of solar cells [10]. In addition, it can present
the SC physical operation and its proposed physical
model.

Absorber
(MLAPHIz)

Fig. 12 Structure schematic diagram of perovskite
solar cell device using PTO as an ESL. Reproduced
from [58].
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This model is an important method to understand
the device operation and the effect of the device
parameters in the performance and physical operation
of SC instantly without waiting a long time or spending
money before seeing a result [7]. Some previous studies
predicted and used some solution methods according to
their needs such as Sumanshu Agarwall and Pradeep
R. Nair, In 2014. They used Poisson equation and Drift
Diffusion (DD) self-consistent solutions to study the
device characters under illuminated and dark
conditions. They performed a good calibration of a
comprehensive modelling framework with previous
experimental results for understanding/interpreting
PSCs. This cell was composed of main three materials
(TiOzas ETL —perovskite material as absorber- Spiro-
OMetad as HTL) which were sandwiched between FC
and BC. They discussed more optimization plans based
on analytical modelling and numerical simulations. The
analytical models predicted that the built-in potential
could be lower than the open-circuit voltage (Vo).
Results assured that efficiency > 20% could be
obtained after optimizing the used cell [59]. Others
used 3D- DD model for investigation and quantifying
the effect of Ferroelectric mesoscale polarization on the
PSCs performance. Tejas S. Sherkar and L. Jan Anton
Koster have already used this model on the lead tri-
halide PSCs to characterize the SC operation. For the
mesoscale ferro-electrical energy, they incorporated
domains named polarization strength (P) in 3D space
which formed several microstructures or polarization

landscapes.
The microstructures study together with highly
ordered  polarized domains illustrated  that

recombination and charge transport in the cell depends
strongly on the landscape of polarization viz. the
domain size and the domain boundaries orientation
[43]. On the other hand, Ming-Zi Wang et al., hoped to
understand the physical mechanism of the carrier
transport which is happened by the ferroelectric
polarization in the electronic heterostructure of
PTO/CH3NH3Pbls but they used Density Functional
Theory (DFT) methods to get an overall picture of the
electron transport mechanism with various ferroelectric
polarization through the interface between the
perovskite and PTO. They designed and synthesized
PSCs with PTO as ESL in the laboratory. They
presented the impact of PTO for charge transfer and e-
h separation. They revealed that the ferroelectric layer
PTO can increase the PCE besides to adjusting the
photocurrent by tuning its ferroelectric polarization.
The cells achieved =~12.28% PCE upon first
optimization. The stable PCE of the best SC was
achieved at 0.62 V (max point of power). It illustrated
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that the synergistic impact of alignment of type I1 band
and the direction of certain ferroelectric polarization
provided the effective electrons extraction from the
light absorber whereas, the recombination of photo-
generated e-h pairs reduced [58]. In addition, Esteban
Velilla et al., and his team in 2018 aimed to determine
the diode saturation current, photo-generated current,
ideality factor, series, and shunt resistances attached to
the one-diode model for PPSCs. The Nelder-Mead
method combined with a Genetic Algorithm helped
them to reduce the mean square error between the
circuital model results and the I-V curve data of the
using cells. They fabricated and characterized the cells
with approximately 1 cm? active area at ideal test
conditions. The efficiencies extended from 4.6 to
12.2% [60].

In 2018, Iman Moein et al., suggested two time-
dependent  modelling  approaches for PSC
characteristics variation under stress situations. The
approach#1 followed Sah-Noyce-Shockley (SNS)
model based on SRH generation/ recombination across
the width of depletion (W) of pn junction and the
approach #2 was based on thermionic emission (TE)
model for Schottky diodes. The time-dependent defect
generation in W of the junction was used for the
connection between these approaches and time
variation. The two models have fitted with previous
experimental results. It was found out that every model
has an excellent illustration for degrading the device
metrics such as efficiency and current density by time
during the effect of stress conditions. The TE model is
less reliable than the SNS model for solar cells at least.
They supposed that the defect density of the deep
acceptor was a time-dependent parameter as it
increased exponentially by time under stress and this
changed the electric field, depletion width, and current
density. The generation of defects took place in normal
or most stressing process conditions and this would
make the modelling non-static. The fitting of the used
models with previous experimental data illustrated that
TE theory or SNS theory fitted with a portion of the
data and didn’t explain the whole data of all times. This
point assured the big importance of a time-dependent
approach in a model in the solar cells’ physics [61].

Numerous simulation models were used in the PVs
technology (COMSOL, AMPS (Analysis of
Microelectronic and Photonic Structure),
MULTIPHYSICS, SCAPS (Solar cell Capacitance
Simulator), GPVDM, TiberCAD and SILVACO,
Matlab, wxAMPS) [6]. Herein, a review about the most
popular modelling and simulation techniques of
different types and structures of metal halide PSCs to
predict different needs of studies.
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5.1. MATLAB

Gagandeep et al., used MATLAB for PSC
modelling. The PSC is considered as a single diode
model incorporating as shown in Fig.13.They applied
some theoretical researches to understand the
perovskites working procedures for SC applications.
Analysis of the variation of efficiency (n) for several
values of shunt resistance (RP) keeping the series
resistance (RS) constant and vice versa was executed.
An efficiency of 11.25% was achieved for CH3NH3Pbls
based PSC. The numerical results are compatible with
the experimental data and the previous theoretical

results [62].
M=

Ry IL
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|

Fig. 13 The single diode model of solar cell [63].

5.2. AMPS-1D

Feng Liu et al. designed a high-efficiency PSC
thorough examination of the material influences on
device parameters. Therefore, they used AMPS-1D to
simulate the PSCs based on this planar heterojunction
TiO2, [/ CHsNHsPbls/ Spiro. Simulation results
illustrated that the PCE performance depends strongly
on absorber defect density, absorber thickness, the BC
work function, HTL hole mobility, and HTL acceptor
density. Since the hole mobility and the acceptor
density values of Spiro-ometad increase, the J-v curve
improves at each value. Strikingly, an efficiency of
more than 20% was achieved under moderate
conditions of simulation [6].

5.3. wxAMPS

In 2015, Yan Wang and his group used a wxAMPS
tool which is the updated version of AMPS for the
simulation of solar cells. They performed modelling of
LHPSCs  with the planar  structure TCO
/NiO«/CH3NH3Pb3.«Clx/PCBM /Al) based on inorganic
HTMs. They studied the function of the inorganic HTL
and discussed how the band offset between
absorber/inorganic HTM layers affected the efficiency
until they achieved PCE of 9.88 % using NiOxas HTL.
Using Cu,0, the high mobility material, instead of
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NiOy resulted in PCE of 13.6 % [35]. Despite the
popularity of spiro-OMETAD as HTM in PSCs, it is
very expensive. To design a highly performed PSC
with decreasing the cost of manufacturing, it is
necessary to replace spiro-OMETAD with copper
oxide and other HTMs such as Cuie, CuSCN, and NiO
in the planar architecture  Glass/FTO/TiO,/
CH3NHsPbl;  / spiro-OMETAD/Au as shown in
Fig.14. In 2015, Mohammad I. Hossain et al., designed
the mentioned PSC with the new HTMs and simulated
them by wxAMPS and SCAPS. This software makes a
numerical solution through solving the three basic
equations namely continuity and Poisson equations
which control the carrier transport. The simulations
achieved PCE larger than 24% for Cu-0 [33].
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——Hole transport materials <=

iodide
perovskite and four different HTMs. Reproduced from
[33].

Fig. 14 Energy band alignment of lead

The removal of HTL from the standard sandwiched
configuration leads to the poor performed device as
shown in Fig.15. The HTL-free PSC mechanism is
also still unclear. In 2016, Tianyue Wang et al., and his
team used wxAMPS-1D to study this HTL-free PPSCs
TiO2/MAPDIs/spiro-OMeTAD  with the suitable
thickness and doping of absorber and absorber/bc band
alignment. After optimization, an efficiency exceeding
17% is obtained [32].

5.4. SILVACO ATLAS

Laurent Pedesseau et al. studied the dielectric
profiles of 2D, 2D-3D and 3D Hybrid Organic
Perovskites (HOP) for the PPSCs FTO/TiO2/MAPbI3/
HTM/Au and suggested a technique to descript them.
This technique exceeded the standard approximation
for dielectric constant profiles with abrupt interfaces
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and was proposed using DFT calculations method.
Simulation was by Silvaco to get a numerical solution
of holes and electrons continuity equations which are
coupled with Poisson’s equation under steady state
conditions. It achieved initial optimized efficiency
PCE of 17% and it was compatible with the
experimental results [65].

HIL
Au

Perovskite
ETL

Planar

& - Perovskite
— ETL

HTL free

Fig. 15 Schematic architectures (b) of the standard
planar perovskite solar cell and the derived HTL-free
device model [64].

In 2017, Masood Mehrabian and Sina Dalir used
SILVACO ATLAS software to simulate the new
modeled sensitized PSC with planar architecture
ITO/TiOz/Perovskite/ PEDOT/Au. They focused on
carrier dissociation, photo-current creation, and photo-
generation processes which provided hopeful results of
70.10% FF and PCE of 11.73%. There was a perfect
match between the simulated J-V curve and the
experimentally obtained results that can be great proof
of the simulation accuracy [20] as shown in Table.2.

Rahul Pandey et al. in 2019 studied the potential
alternatives ETMs for PSCs. Reduced cerium oxide
(CeOy) with multiple oxygen compositions was used as
ETM layer in the planar architecture FTO (100 nm)
JETL (60 nm n-type CeO,)/ interface layer (10 nhm n-
type PCBM)/ absorber (250 nm CH3NHsPbls)/ HTL
(150 nm spiro Ometad) with CNT.

Table 2. Photovoltaic parameters obtained from
simulation compared to experimental data [20].

Parameters PCE Jsc Fill Voc
(%) (mAJcm?) | Factor | (v)
(%)
Experimental | 11.75 | 15.93 72.34 | 1.02
Simulation 11.73 | 15.92 70.10 | 1.02
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Analysis of the cell with PCBM interface layer
thickness which was sandwiched between the absorber
perovskite layer and ETL was also performed.
Research with a lot of details has been executed such
as the CeOx  mobility because of the hopping
mechanism of small polaron at the different X
compositions and the influence of doping
concentration’s variance of CeOx and PCBM. TCAD
(Technology Computer-Aided Design)  Silvaco
ATLAS simulated the cell and got an optimal
efficiency of 18.2%. After that, they incorporated the
CNT layer between HTL and perovskite to recover the
shortcomings due to moisture and hysteresis stability
which offered PCE 18.6% [34].

In 2020, Deepak Kumar Jarwal et al. used TCAD
to get the best PCE for the LHPSC with the structure
FTO/TNRS(ETL)/ CH3NH3PbI3 /PTAA(HTL)/Pd.
Various parameters such as ETL, HTL, and absorber
thicknesses were investigated during simulation. It was
observed that the PCE was decreased when ETL
thickness was more than 500 nm. The Maximum
simulated PCE reached 15.69% at 100 nm, 500 nm, and
350 nm of the HTL, ETL, and absorber against the
experimental PCE of 15.04%. The two results were
matched very well [66].

5.5. Tiber Cad

Alessandro Pecchiaet al. utilized Metropolis Monte
Carlo simulations to build minimum energy
configurations by electrostatic coupling of rotating
dipoles coupled with every unit cell of CH3NH3Pbls
perovskite crystal. Anti-ferroelectric order with short-
range was found. They observed domains with
nanoscale (8-10 nm) affected the device's
electrostatics. For studying the actual function of
nano-domains in the 1-V characteristics, particularly
concentrating on recombination losses (R) and charge
separation, they associated DD simulations to the used
models. The DD equations were discretized with finite
elements (FEM) by Tiber CAD simulation. The
Lambert-Beer model computed the generation. R
accounts for direct Shockley-Read-Hall (SRH) or
defect-mediated recombination losses. The electrons
and holes flow into various nano-domains with
different pathways of current. They abbreviated their
study into an important point that even anti-
ferroelectric ordering could finally lead to an increase
of PCE due to the forming of good current percolation
patterns along edges of the domain and the reduction
of trap-assisted R [44].

Daniele Rossi et al. explained in detail the
influence of ferroelectric polarization patterns in thin
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films of MAPDI3on the solar cells' J-V characteristics.
The simulations depended on a discretized FEM of the
DD equations and also considered that the polarization
pattern is derived experimentally from force
micrographs with piezo-response. Tiber CAD
simulator with FEM was used to discretize the Poisson
equations and DD. Lambert-Beer model calculated the
profile of charge carrier generation supposing
illumination from the bottom (anode contact). They
included direct R and defect-mediated SRH in the
model by using MAPbI; standard parameters. Despite
the weak magnitude of characteristic polarization of
ordered ferroelectric domains, it improved the PCE
and was necessary to reproduce the J-V experimental
characteristics. The used PPSCs with the architecture
ITO/PEDOT: PSS/MAPbIs (CI)/PC7:BM/BCP/Ag
and reached to PCE of 15%. The experimental and
simulated multi-grain results at P,=0.2 uC cm?
provide a perfect match [67].

D. Rossi et al. explained how 3-D ferroelectric
domains in MAPbDI; influenced the performance of
PSC. Tiber CAD simulator executed calculations
using a 3D- DD model, which simulates the light
absorption and charge carrier transport with the local
polarization. They illustrated that the polarization
domains affected strongly the separation of charge
carriers, leading to a decrease in current routs
formation and e-h recombination at interfaces [42].

5.6. SCAPS

SCAPS are supported physically by solving the
1D-general equations for semiconductors that depend
on popular continuity equation, transport equation,
Poisson’s equation, and also one of many
recombination mechanisms [3, 7]. Through device
simulation and theoretical analysis of SCAPS,
researchers study the effects of doping concentration
and the thickness of perovskite on the performance of
solar cells [2] as shown in Fig.16. SCAPS-1D
simulation helps us to know the band offsets effects in
the PPSCs, the influence of two types of band offsets:
the VB (Valence Band) offset of absorber/HTM and
CB (Conduction Band) offset of buffer (blocking
layer)/absorber substrate [68]. Besides the effects of
defect density, thickness, the doping density of the
absorber layer, carriers’ diffusion length, and electron
affinity of HTM and ETM layers on the PSCs
performance are also investigated by Scaps [69].

In 2014, Fahad H Alharbi et al. used different
HTM layers including Cul , spiro-OMeTAD, NiO, and
CuCSN to improve durability and efficiency of the
PPSC with the structure FTO /TiO2 /(CH3sNH3)Pbls/
Cu,O/Au as shown in Fig.17. SCAPS simulated the
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cell to study the key parameters and achieved PCE of
19.43, 21.97, 19.19and 22.03%, respectively [5]. In
2015, Takashi Minemoton and Masashi Murata
investigated TCO (SnO.:F) /buffer (TiO2) / Interface
Defect Layer (IDL1)/ (CH3NHsPbls«Cly) /
(IDL2)/HTM (Spiro-OMeTAD) and simulated it by
SCAPS-1D to know the band offsets effects of the
PPSCs, the influence of two types of band offsets , the
VB offset of absorber/HTM and CB offset of buffer
(blocking layer)/absorber substrate [30].

LA

left contact (front)

Layers

add layer Interfaces

right contact (back) |

Fig. 16 SCAPS-1D definition panel [7].

TiO: (ETL)

Fig. 17  Structure schematic diagram of perovskite
solar cell. Reproduced from [5].

In 2016, Hui-Jing Du et al. performed device
simulation and theoretical analysis to study the
numerous parameters that affected on the performance
of CH3NH3Snl; based PSC with the architecture glass
layer/ TCO/buffer layer TiO, (ETM)/absorption layer
CH3NH3sSnls/ (HTM) spiro-OMeTAD /metal back
contact. The simulation illustrated that adjusting the
absorber doping concentration, the HTM and buffer
electron affinities and the defect interface can improve
the performance of solar cell to some extent as shown
in Table.3.The analysis has been done by the SCAPs-
1D simulator. The research of defect density influence
on SC performance was depended on the SRH
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recombination model. After optimization of all
parameters, the results were very hopeful with PCE of
23.36% [22]. In the same year, Shubhra Bansal,
Puruswottam Aryal discovered several ETM and HTM
alternative layers for CH3NH3sPbl; based PPSCs and
used SCAPS -1D for simulation.

Table. 3 Final optimized parameters of CH3NH3Snl3
PSC [22].

Optimized HTM Buffer CH3NH3Snl
parameters 3
Thickness/n None None 600

m

N¢cm-3 None None 1.0*10%°
Na/cm® None None 1.3*106
xeV 2.6 4.0 None

Due to the high electron affinity and tunable band
gap of ZnQSs, it is considered a perfect alternative to
TiOz. In addition, CsSnl; and NiO were suitable
potential replacements for Spiro-OMeTAD to offer
stability in this structure TiO;
(ETL)/CH3NH3Pbls/Spiro-OMeTAD (HTL). PCEs are
20.17, 20.30, 20.67 and 20.65 % for the combinations
TiO2-Spiro, ZnoS-Spiro, TiO,—NiO and TiOz- CsSnls,
respectively [70].

In 2017, Nandi Wu et al. revealed some factors that
limited the FF and Voc and how they correlated to the
luminescence signal emission of this PPSC
FTO/compact TiO2/MAPbIs/spiro/ Au by coupling the
device modelling with experimental measurements.
They used the most popular simulator” SCAPS” for
modelling and simulation. These measurements
illustrated the benefit of luminescence to discover the
contributions of shunt resistance (Rsh), Series resistance
(Rs), and non-ideal recombination (SRH) to the
lowering of Voc and FF below the theoretical limits
[71]. Besides to Hui-Jing Du’s group (2017) that
designed a new (p—i-n) PPSC with the architecture
glass layer/TCO / CH3NH3Pbl; n-type doping substrate
(ETM)/ CH3NHsPbl; i-type (absorption layer)/
CHsNHsPbl; p-type doping substrate (HTM)/metal
back contact and simulated it by SCAPS-1D. The
impacts of the band gap width, the thickness, and the
doping concentration of p, i, and n layers on the solar
cells’ performances were also studied. The results
showed that the p- and n- doping perovskite layers
work very well either as absorber layer or transporting
layer. After optimizing the mentioned parameters, the
cell achieved these hopeful results: the Vo of 0.956 V,
Jsc of 32.47 mA/cm?, PCE of 25.843%, and FF of
83.278% [68]. The previous studies illustrated that
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using different layer thicknesses and changing
temperature affected the PCE. Therefore, in 2018,
Anurag Sahu and Ambesh Dixit studied this inverted
planar PSCs which is considered ETL free device BC /
FTO (SnO2: F) / CH3sNH3Pbls«Cly / (NiO or spiro —
MeOTAD) /Ni/ TCO by SCAPS and optimized the cell
for various thicknesses. Then, the optimized devices
were studied against changes in CB, VB offsets, and
operational temperature. SCAPS considered IDL1 and
IDL2 as a respective interface that referred to interface
carrier  recombination at absorber/HTM  and
absorber/TCO interfaces and solved primarily two
coupled equations with PCE of 22.25, 17.74 % for bulk
layers [31].

There was a dire demand to find a stable and
inorganic alternative HTM to the popular used HTM
“Spiro-MeOTAD”, to be used in PSCs with their
maximum Capability. Consequently, in 2018, Syed
Zulgarnain Haider et al. chose a Cul as HTM in lead
halide PSC with the planar heterojunction structure
glass / TCO / TiO, (ETM) / absorber layer / Cul
(HTM) / BC. Then, they performed a comprehensive
device simulation using SCAPS to study numerous
possible parameters. To determine the defect density
effect which affects the PSC performance. To
determine the defect density effect on PSC
performance, SRH recombination model was used.
Doping density and hole mobility of HTM layer was
also examined. PCE of the optimized cell achieved
21.32% [69]. Sonu Bishnoi and Saurabh Kumar
Pandey et al. (2018) also performed an overall
numerical analysis using SCAPS for a lead-free PSC.
To optimize the PCE, several design strategies have
been submitted. The two configurations’ types of Pb-
free (Lag.7SrosMnOs/Nb: SrTiOs and
Lao.7Sro3sMnQO3/Zn0). This study illustrated that all PV
parameters depended on the band gap, thickness,
defect density, and light illumination. The desired
thickness of absorber and buffer is 4 *10¢ and 0.5 *10
5 m with free defect density and 1.4 eV energy gap for
the absorber at room temperature. The used PSC were
simulated and achieved PCE of 32% at 350 nm and
11% at 600 nm wavelengths [72]. In 2018, FAISAL
BAIG et al. simulated MASnI; based PSCs with Cd..
xZNS as ETM layer and MASNBr; lead-free as HTM
layer with the structure
FTO/CdZnS/IMASNIs/MASNBrs/BC by  SCAPS
software. The analysis of the influence of HTM layer
band offset was performed. Due to the results, it can
strongly affect the SC performance. The impact of two
types of transport metals on the performance was also
analyzed, showing that the band offset adjusting of the
Cd1xZn,S layer led to PCE of 18.71% PCE [26].
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In 2019, Mostafa M. Salah et al. replaced Spiro-
OMeTAD, the conventional HTM, with Cul and
analyzed it with different ETMs CdS, ZnO, ZnSe, and
ZnOS as replacement of TiO,, The traditional ETM.
Spiro-OMeTAD and TiO2 have been popular with their
sensitivity to light-induced degradation. These cells
were stimulated by SCAPS-1D and the effects of the
perovskite layer, HTL, and ETL thicknesses on the
comprehensive cell performance were also performed.
The flat band model was utilized for the interfaces of
semiconductor/metal and semiconductor/TCO. The
results showed that ZnOS was the best replacement for
TiO- because of its tunable band gap and high electron
affinity. PSC based on lead with Cul as HTM had a
good arrangement and was more efficient than the
expensive and easily degradable Spiro- OMeTAD.
Optimization and simulation of different layers
thicknesses were applied and the highest efficiency of
26.11% is obtained [73]. They also performed a
simulation of LHPSCs with various ETMs CdS, ZnO,
ZnSe, and ZnOS, and copper oxide as HTM using
SCAPS-1D simulator as an alternative to the
conventional electron and hole transport materials
(TiO, and the high-cost spiro-OMeTAD). The
simulated work was calibrated with a previous
experimental result for the architecture of FTO /ZnO
(ETM) / MAPDI3/ Spiro-MeTAD (HTM) /Au (BC).
Flat band model for the interfaces was used. They
introduced an overall study for optimizing the
parameters and features of the PSCs, like the doping
concentrations, the thickness, defect density of the
perovskite layer, and the bandgap energy. The results
revealed that mixed halide metal PSC with ZnOS as
ETM layer and copper oxide as HTM layer achieved
improved performance with a PCE up to 30.82 %, FF
of 87.27 %, Voc of 1.250 V, and Js; of 28.25 mA/cm?
[18].

Ali Husainat et al, (2019) employed SCAPS-1D
for PSC modelling. The used SC had a contact layer
“Au” with a 5.1eV work function, Spiro-Ometad as
HTM layer, TiO, as ETM layer, and the absorber layer
“CH3NH3Pbls” with various thicknesses extended from
50 nm to 600 nm. The simulation showed that the
optimal thickness of the absorber was 300nm and
achieved PCE of 20.34% [7] as shown in Fig.18.
Ahmed-Ali Kanoun et al. (2019) performed numerical
simulations of PSC performance based on
CH3NH;Gels (Methyl Ammonium Germanium halide)
and investigated the influence of different parameters
on the performance like defect density, thicknesses of
absorber, hole mobility, HTM, and work function of a
metal electrode on the charges collection. Furthermore,
the simulation of Ge-based PSCs with ETL (TiO,),
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DPBTTT- 14, and Cu;0O as HTM layer exhibited PCE
of 21% using SCAPS simulator. The reduction of
defect density of absorber is a very critical factor to
progress the PSC performance. Since the absorber
defect density was increased from 10 to 10% cm3, the
PCE dropped from 21% to 11% [25].

Curroat Dengsy
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Fig. 18 I-V characteristics curve of PSC with Au
contacts [7].

Abou Bakary Coulibaly et al. (2019) designed Sn-
based PSC model with the structure TCO/ TiO; as
buffer/ CH3sNHsSnl; as absorber/ HTM and analyzed
it using 1D-SCAPS software. The obtained simulation
model would be a good guide to fabricate Sn-based
PSC with high PCE because the results indicated that
CH3NHsSnl; has been having a great potential to work
as an absorber layer with convenient inorganic HTMs
such as Cu,O with 19.17% PCE, Cul with 23.25%
PCE 23.25% and organic HTMs such as spiro-
OMETAD with 23.76% PCE and PTAA with 23.74%
PCE [3]. In 2020, Nacereddine Lakhdar and
Abdelkader Hima used Scalps for the simulation of the
Ge-based PSC with the p-i-n structure TO/PEDOT:
PSS /MAGel3/ PCBM/Ag and obtained PCE of
10.79%. The optimization of different parameters such
as diverse layer thickness, HTL, ETL, and absorber
layers gave the optimal PCE value of 11.16%. After
using C60 as ETL, the PCE reached 13.5 % [74].

6. Conclusion

In this review, a thorough study has been
performed about the significant progress in the
organic-inorganic Perovskite Solar Cells (PSCs) with
different structures and using new materials. The
possibility of using Sn, Ge instead of Pb-based PSC
aiming to avoid instability and toxicity is discussed. In
addition, new ETMs (CdS, ZnO, ZnSe, PEDOT: PSS,
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NiOy, Cu0 and ZnOS ,et al., ) and HTMs (Cui , NiO
, CsSnl; , PC1BM |, PTAA, and PCBM, et al.,) are
presented as alternatives to TiO, and Spiro-OmeTAD
with ZnOS to be the best replacement for TiO, because
of its tunable band gap and high electron affinity.
Perovskite-based on Sn is considered a promising,
reliable material and a good guide to be used in future
works with convenient ETMs and HTMs and will have
great potential in work. Meanwhile, this review
discussed the different PSC models, charge transport
mechanisms, their relevance, and the possible
improvements towards highly efficient cheap devices.
The review also presented various methods of
synthesis and fabrication approaches of PSCs with
their multiple structures and layers based on recent
research over the last years. In addition, modelling
approaches and simulation tools were also introduced.
These approaches include: (1) the self-consistent
solution of Poisson equation and Drift-Diffusion (DD)
equations, (2) Density Functional Theory (DFT)
methods, (3) Nelder-Mead method combined with a
Genetic Algorithm and (4) the two time-dependent
modelling approaches. Simulation tools such as
COMSOL, AMPS, MULTIPHYSICS,
SCAPSGPVDM, TiberCAD and SILVACO, Matlab,
and wxAMPS were highlighted.
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