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Synthesis and scalable process for fabrication of Perovskite Solar
Cells using organic and inorganic hole transport materials

ABSTRACT

The Organic Inorganic Lead lodideperovskite material has emerged as a pioneer in being an
active material for third generation solar cells. Apart from the synthesis, the scalable mechanism
which is being used for the deposition process, greatly influences the performance of the cell
owing to its impact on the morphology, uniform thickness and interface between two functional
layers. This study briefly discusses the various deposition processes involved in assembling the
layers of perovskite solar cells (PSC). Hole transport materials (HTM) are the crucial part of the
PSC providing efficient transport of the charge carriers. However the effect of organic and
inorganic HTMs is highly pronounced in the PSCs. This study also discusses the effect of organic
and inorganic HTM on the stability and efficiency of the sandwich structured PSC.
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1. INTRODUCTION

As we know that across the world the energy
consumption is continuously increasing and is
estimated to elevate by approximately 48% by the
end of 2040, as stated by Energy Information
Administration (EIA, 2015). This surge in the ener-
gy consumption is primarily due to growth in popu-
lation and living standard of the people which
translates into greater use of energy products.
Clean and renewable energy sources are needed
to dominate this domain for sustainable develop-
ments (Mcgeoch et al.,, 2010). Solar cells are the
effective way to harness the sun's energy to con-
vert it into electricity and thus provide the opportu-
nity to overcome humanity's continued increase in
demand and consumption of available energy
(Service, 2005). Compared to other means, for
example photochemical reaction and solar thermal,
solar cells offer an efficient and safer way to meet
the energy demands across the globe. However, it
has the capacity to efficiently transport and store
energy. Thus, the main aim of this technology is to
use solar energy in the mostefficient way.
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In 1954, the first known silicon solar cell was
fabricated at Bell laboratories. The solar cell
achieved an efficiency of 6%. Three generations of
solar cells are under development in 60 years,
based on the device engineering and the
fundamental understanding of these photovoltaics.
Silicon based solar cells that achieve efficiency as
high as 26%, also classified as of the first
generation, are the most successful commercially.
The second generation of photovoltaics includes
thin film solar cell technologies such as Copper
Indium Gallium Selenide (CIGS), Cadmium
Telluride (CdTe), and Gallium Arsenide (GaAs)
also shows promising efficiencies. Gallium
arsenide solar cells show a record efficiency of
29.3% under solar illumination condition (Polman et
al., 2016). But due to scarcity and toxicity of
second generation, the third generation, have
emerged, which includes the organic solar cells
(OSC), Dye Sensitized Solar Cells (DSSC) and
Perovskite Solar Cells (PSC) (Sengul and Theis,
2011; Gratzel, 2009). The third generation of solar
cell technology is commonly known as an emerging
generation of technologies. It encompasses a
diverse array of solar cells that exhibit enhanced
photovoltaic characteristics. These solar cells are
characterized by their affordability, solution-based
processing, and straightforward manufacturing
processes that do not compromise their efficiency
(Roy et al., 2022).

The metal halide based perovskites have
proved themselves as a promising photovoltaic
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material in the photovoltaic applications. The term
‘Perovskite’ follows the same crystal structure as
CaTiOs and they are expressed as ABXs, where ‘A’
is the methyl ammonium (organic) cation, ‘B’is the
Pb cation and X is the halide ion. These cations
and anions can be easily changed to tune the
bandgap of the perovskite material. The metal
halide perovskites have a number of applications
for photovoltaic devices, Light emitting diodes,
sensors etc. the year 2009 marks the first
demonstration of a PSC with an efficiency of 3.8%
(Kojima et al.,, 2009). This work garnered the
interest of the scientific community towards the
high absorption coefficient of PSCs. However the
initial reported works were based on the liquid
electrolyte PSC, therefore it leads to the leakage of
the electrolyte causing low efficiency and instability.
However, the year 2012, was a breakthrough in the
area of PSCs which uses the HTM instead of the
liquid electrolyte for the fabrication purpose. This
increases the (PCE) efficiency of the PSC upto
10% (Kim et al., 2012; Lee et al; 2012). However,
with certain modifications, the PCE of the
perovskite solar cells have obtained an efficiency of
~ 25.4% within a duration of 10 years. It is
discussed in this paper about the recent progress
in the fabrication of PSCs and focus on the
challenges which are faced for its
commercialization. Perovskite solar cells (PSCs)
boast several benefits, including their lightweight
nature, adjustable bandgap of the sensitizer
material, ease of production, and scalability.
However, despite their potential, they are still in the
early stages of industrialization compared to other
solar technologies. A significant challenge is that
efficient PSCs often use gold (Au) as an electrode,
which adds to the cost of the devices. Finding a
low-cost alternative for the electrode could mitigate
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this issue. Additionally, most top-performing PSCs
are based on lead (Pb), which introduces concerns
about toxicity. Efforts are underway to find non-
toxic alternatives to Pb, yet no Pb-free PSC has
surpassed the performance of Pb-based
counterparts so far. The scientific community
continues to explore alternatives to eliminate the
toxicity issue. Substances like Sn, Rb, Ge, Bi, and
antimony (Sb) have been identified as potential
candidates for creating toxin free metal halide
perovskite materials. Among these, Sn has shown
the most promising performance in PSCs. However
the Sn based PSC were not able to attain the
efficiency and stability of Pb based PSCs. This may
be due to oxidation of Sn and also poor band
matching between the perovskite, ETL and HTL.
Nishimura et al., addressed this problem by
partially substituting formamidium ion with ethyl
ammonium ion which enhances the photo
conversion efficiency of the PSC to 13%. Min et
al., took a completely different approach where an
interface layer was introduced between the ETL
and the Perovskite layer which eliminated the need
of surface passivation. With this modification, the
PSC attained an efficiency of 25.5% with retention
of 90% efficiency even after 500 h.

1.2 Structure of the Perovskites:

The organic-inorganic lead iodide perovskite
material has a general formula of ABXs. In this, the
cations "A" and "B" are occupied at the cubic and
octahedral sites, respectively, where X can be any
of the following: oxygen, carbon, nitrogen, or
halogen. The cation ‘A’ is placed at cubic
octahedral site and the cation B is occupied at the
octahedral site, where (X = oxygen or halogen).

B X

+ 2+ -

Pb I

Figure 1: Structure of MAPbI;

Thus the charge neutrality is achieved by the
and monovalent A and divalent B cations through
the perovskite holding halogen anions. Methyl
Ammonium lead iodide (MAPbIs) has extraordinary
optical and electronic characteristics (Baikie et al.,
2013) where the band gap is 1.58 eV and an
absorption which starts from 800 nm and is having
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high absorption coefficient. The MAPbIz has low
binding energy of 50 meV which results in easy
generation of the excitons even at room
temperature (Ponseca et al., 2015). Therefore, the
excitons which are generated exhibit a display of
small masses bringing about high transporter
mobilities of 27 + 7 cm? V-'s™" for electrons and
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105 + 3cm? V™' s7'for holes. In addition excitons
produced have a long diffusion length aroung 100
nm to 1000 nm. (Dong et al., 2015, Assadi et al.,
2018).

2. SCALABLE TECHNIQUES FOR THE PSC

2.1.Vacuum Deposition:

In the year 1999, Mitzi et al., were the first one
to use vacuum deposition in which organic
inorganic compounds were deposited on a
substrate. This technique controls the film
composition and  thickness  giving  high
reproducibility. Snaith et al., used this technique to
deposit MAPDI3 to obtain excellent uniformity of the
film, thus obtained an efficiency of 15% (Liu et al.,
2013). The previous works suggests that the

perovskite film deposited with the help of vapour
deposition method give considerably improved
efficiency. Since this technique is free from any
toxic solvent therefore it still holds its importance in
the field even though the process is expensive (Fig.
2 A). Recent advancements in vacuum deposition
technigues have significantly benefited the
development of perovskite materials, including
those with mixed halides (Longo et al., 2018), low
bandgap properties (lgual-Mufioz et al., 2020), and
formamidinium-based PSCs (Chiang et al., 2020;
Feng et al.,, 2021). Notably, a peak efficiency of
21.32% was achieved in small-size cells (Feng et
al., 2021), and 18.13% efficiency was reported for
mini-modules with 21 cm? as an effective device
area (Li J. et al., 2020).

A\ Pbl+CH;NH;I)/DMA

—-_— CHNH,I e o, 2 g
- w7 =
... . |
“ s o 2 o)A
- < adJ> <JI° ==

Figure 2.(A) Vacuum Deposition of Perovskite material (B) Vapour Deposition of perovskite material. (C)
Deposition methods (One step and two step) of perovskite material.

2.2. One step deposition

The one step deposition method is a solution
processed method which is favourably used for the
deposition of perovskite layer on the substrate. In
this method the precursor is prepared by mixing
Methyl ammonium iodide (MAI) and lead iodide
(Pblz) in N,N-Dimethyl formamide (DMF) with
continuous stirring at 60°C for 6 hours. The
prepared solution is spin coated on the substrate to
obtain a wuniform thickness (Fig. 2C). The
Perovskite layer coated is then kept on the hot
plate for 30 minutes at 70°C to evaporate the
solvent. This method is simple to be conducted in
laboratory. However, in order to obtain compact
and pinhole free perovskite layer, this process is
followed by applying the antisolvent on the functio-
nal layer. The antisolvents generally used are
toluene (Jeon et al., 2014), chlorobenzene (Bi et
al., 2016) and diethyl ether (Gao et al.,, 2018),
fullerene (Wu et al., 2016). Some researchers have
reported that polymer dissolved in antisolvents
reduce the trap sites and non radiative
recombination loss (Quin et al., 2018).

2.3. Two Step deposition Method

This method is also a very commonly used for
deposition of perovskite materials to ease the
reproducibility process. In this method, at first the
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substrate is coated with Pbl2 solution through spin
coating and then MAI solution is coated on it. In
another process of two step deposition, the MAI is
applied by dip coating on the Pbl. coated substrate
for 20 Sec. The two step deposition method has a
better film morphology and give more efficient
PSCs as compared to one step deposition method
(Srivastava et al., 2021) (Fig. 2 C). However this
process has a limitation of conversion of Pbl: to
Perovskite, thus leading to poor efficiency and
stability of the PSC(Chiang et al., 2017; Xu et al.,
2019). These unconverted Pblzoften lead to the
degradation of the PSC and also impedes the
carrier transportation. (Jiang et al., 2016).

2.4.Vapour Assisted Deposition Method

As compared to other processes the vapour
deposited perovskite film demonstrate a superior
uniformity and thus resulting in better performance
of the solar cell (fig 2 B). One clear benefit of using
vapor deposition compared to solution processing
is the capability to create multi-layered thin films
across extensive surfaces. Vapor deposition is an
established method employed in various sectors,
including the glazing, liquid-crystal display, and
thin-film solar cell industries. This technique
enables the precise optimization of electronic
contacts at interfaces by applying multilayers that
have specific doping levels, as seen in the
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crystalline silicon 'heterojunction with thin intrinsic
layer' solar cells and in thin-film solar cells.
Furthermore, this method is also applied in the
development of organic light-emitting diodes.One
of the studies uses vapour deposition of Pbl2
followed by blade coating of perovskite solution.
This method avoids the use of toxic solvents and
also is efficienctly applicable for large area PSCs
(Zhang et al., 2024). In addition, the interface
recombination and regulated of perovskite
crystallization is achieved by introduction of urea
additives.

Not only the deposition of the perovskite layer
affects the efficiency of the PSC but also the
process applied for the deposition of other
functional layers such as HTM and Electron
transport layer affects the performance of the cell.
In one of the recent study the performance of the
solar cell is enhanced and also the cost of
fabrication is reduced by depositing thin TiO2 films
(ETL) by sputtering method without thermal at
ambient temperature. When compared to thermally
sintered TiO2 films, the sputtered films showed
advantages in carrier concentration, electron
mobility, and hole-blocking capabilities along with
well-matched band alignment and defect reduction
with appropriate UV treatment (Yoo et al., 2024).
There are certain other wide band gap materials

Pt electrode ‘V Counter electrode

PEO:PEGAKL = Solid Polymer Electrolyte

Cont
= Nickel Oxide e Hole transport Material

CH,NH;Pbl = Sensitizer
Ti0, = Electron Transport Layer
Working Electrode
I F10 = Glass Subsrate

Schematic Diagram of the Fabricated Perovskite Solar Cell

(A)

which are used as ETL other than TiO2 such as
ZnO and SnO:z. In one of the studies, the ETL SnO:2
is modified by adding non-ionic polymeric
polyacrylamide (PAM) which prevents the
formation of clusters in the SnO: layer that
improves the efficiency by reaching a PCE of
21.61% (Chen et al., 2024).

3.SANDWICHED STRCTUREDPEROVSKITE
SOLAR CELLS

There has been a number of works in the area
of sandwich structured PSCs. At first Park et al.,
worked on the sandwich based perovskite solar
cells on the same structure as the DSSC only the
Dye was replaced by perovskite sensitizer. Using
this sensitization concept the PCE obtained was
9.7% , photocurrent density (Jsc) of 17.6 mA/cm?,
and open-circuit voltage (Voc) of 888 mV (Naam
Gyu Park, 2015). In this type of structure the hole
transport material was infiltrated inside the meso-
porous oxide layer. In another work by (Rahul et
al., 2017) the sandwich structured perovskite solar
cells were fabricated at room temperature without
the HTM, in the presence of solid polymer electro-
lyte. The flow chart and mechanism of the sand-
wich structured perovskite solar cell used in the
present work is demonstrated as under in figure 3.

Perovskite
solution spin
coated on the
working
electrode

Preparation of
working and
counter
electrode

Y FTO kept on hot
( plate at 70°C for
30 min

Counter
electrode
sandwiched over
the polymer
electrolyte layer

Polymer
electrolyte
spread on the
HTM layer

HTM spin
coated on the
Perovskite layer

(B)

Figure 3. (A) Flowchart and (B) schematic diagram of Sandwich structuredPerovskite solar cell

As shown in the figure 3, the fabrication of the
perovskite solar cell, requires a working electrode
and a counter electrode, blocking layer, electron
transport layer, hole transport layer, PEO:PEG
based solid polymer electrolyte and the perovskite
material. As we know the working of a solar cel is
based on three basic phenomenon i.e. charge
generation, charge separation and charge
collection. In the case of perovskite solar cell
charge generation is absorption coeficient (Assadi
et al.,, 2018), it absorbs the radiations, its bound
electrons in highest occupied molecular orbital
(HOMO) absorb this energy and move to the
lowest unoccupied molecular orbital (LUMO) of the
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perovskite cell. The electron transport layer, in the
present research work specifically TiO2. The photo-
excited electrons produced in this process are
injected in the conduction band of electron
transport layer TiOzwhich is referred to as charge
separation process. The same procedure follows
for the holes which are created in the HOMO of the
perovskite layer, similarly through the HTM the
holes are separated and transported further. The
photo-injected electrons are transported through
the porous TiOz2and holes are transported through
the HTM (organic or inorganic)and they get
eventually collected on FTO and transported
through the outer circuit to give photo current. The
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role of solid polymer electrolyte is also very crucial
in the sandwich structured solar cells as they aid in
efficient charge transfer to the respective electrode.
They also acts as a means to regenerate the
sensitizer material (Srivastava et al.,2022). They
also contribute in having a better contact between
the hole transport material and the platinum
electrode especially in the sandwich structured
solar cell.

3.1. Synthesis of Processes involved in the PSC

3.1.1. Material Synthesis

For the preparation of hybrid organic inorganic
lead based perovskite material MAPDIs, we first
prepare methyl ammonium iodide (MAI) by mixing
20 ml HI and 20 ml Methylamine in a round bottom
flask under ice bath treatment (Srivastava et al.,
2021) for two hours. The solution prepared is kept
in vacuum oven at 60°C for 24 hours. The yellow
color precipitate is washed thoroughly with diethyl
ether until a white colour precipitate is formed.
Once MAI is prepared, it is mixed with an equal
molar ratio of 1:1 with Pblz in N, N-Dimethyl
Formamide (DMF) and stirred continuously for 6
hours at 60°C to obtain a yellow colour perovskite
(MAPDI3) solution.

3.1.2. Preparation of working and the counter
electrode

The Working (WE) and counter electrode (CE)
are two crucial parts of the PSC for its laboratory
scale preparation. For this, we take the FTOs of
size of 1.5 x 1.5 cm? for cleaning of FTOs, they are
sonicated in water and then in Acetone for three
hours respectively. ForWE, the FTO is coated with
blocking layer (BL) Ti(IV) bis(ethyl acetoacetato)-
diisopropoxide solution (2 wt% in 1— butanol) is
applied and by the spin coating method it is evenly
spread over the surface of glass substrate (leaving
contact area with help of a scotch tape) and
annealed at 500 °C for 30 min in a muffle furnace
(Xu et al., 2016, El Henawey et al., 2016). After this
blocking layer coated with FTO, is covered with two
layers of scotch tape at both ends, then porous
TiOz is applied to it by the Doctor Blading method.
After applying TiO2, the FTO is sintered at 500 °C
for 30 min. A porous TiO2 film of 10 ym with pore
diameter of 10-15 nm is obtained because of the
sintering process. For the counter electrode the
solar cell is prepared by spin coating then sintering
at 500 °C of a thin layer of H2PtCI6 on another
piece of FTO-coated glass substrate (Yang et al.
2015). The polymer electrolyte which is specifically
used in the present research work is the solid
polymer electrolyte, which is prepared by dissolving
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polyethylene oxide (PEO) and polyethylene glycol
(PEG) and the redox couple i.e., 10% Kl and Iz
(10% of KI) in 5 ml of acetonitrile. The solution is

stirred continuously for 3-4 days until a
homogeneous solution is prepared.
3.2.Fabrication Process:
3.2.1.Fabrication of the PSC
The fabrication of the PSC includes the

following essential components: first is the Fluorine
doped Tin oxide (FTO) coated glass substrate.
Second, porous, nanocrystalline semiconducting
TiO2 for working electrode, third is the coating of.
MAPDIs perovskite sensitizer, fourth is the hole
transport material (HTM), fifth is a secondary
component i.e. polymer electrolyte and sixth is
(HzptCle) platinum coated counter electrode. The
method to prepare the working and the counter
electrode has already been discussed in the
previous section. The MAPDIs perovskite material
and the inorganic HTMs have been synthesised in
the laboratory. The perovskite solution is deposited
through spin coating on the mesoporous layer of
TiO2 on the glass substrate and is then placed on
hot plate for 30 min at 70 °C. The HTM is then drop
casted on the perovskite layer. The final step of
fabrication consists of sandwiching the counter
electrode on the working electrode (fig. 3 B).

4. RESULT AND DISCUSSION

4.1.MAPDbI; based Perovskite Solar Cell

When the CHsNHsPbls sample is examined in
daylight, a yellow colour solution is visible. Under
UV light at a shorter wavelength (254 nm), the
same solution emits a green colour (Fig. 4)
radiation, which corresponds to 550 nanometers, in
value. It indicates that photons absorb light at

shorter wavelengths and radiate at longer
wavelengths. This implies the presence of
fluorescence in the perovskite material. The

absorbance curve shows that there is a slight peak
at 530 nm, which is followed by a sharp rise in the
curve. The band gap energy Eg, according to the
figure, 4 (b) is 2.78 eV.The surface morphology of
the perovskite surface is described by SEM
analysis of a thin film of the material on a glass
sheet. Figure. The SEM image of the CH3NH3PbI3
thin film is shown in Figure 4(d) below, which also
features flowery islands with a rod-like structure.
These features demonstrate the crystalline
behavior of methyl ammonium lead iodide-based
perovskites, as suggested by their structural
description. It establishes the porous nature of the
perovskite film when magnified to a higher degree.
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Figure 4. (a)UV absorbance curve of MAPbI3 (b) Tauc’s plot of MAPbI; (c) EDX Analysis of MAPbI;
(d) SEM images of MAPbI; (e) XRD of MAPbI;

This makes it more likely for HTM to permeate
the perovskite material and improve the interface.
The  MAPDbIs  rod-shaped  structures, as
demonstrated, are advantageous for -effective
charge transfer applications and superior light
harvesting because these rods can actually absorb
both the surrounding wave and the portion of a
wave that is incident directly on them. According to
earlier research, the perovskite solution coated on
FTO using the spin coating method has a rod-
shaped structure, which means that the FTO
substrate is not completely covered. This is
explained by the fact that methyl ammonium iodide
and lead iodide have different solubilities (Ahn et
al., 2015; Park Naam Gyu (2016)). Due to the
variance in crystal growth rate caused by the
evaporation of the solvent DMF and the high
solubility of MAI and low solubility of lead iodide,
this can occasionally result in poor morphology.
The perovskite EDX image, as shown in . Figure
4(c), amply demonstrates the presence of each
component i. E. , lead (Pb), nitrogen (N), carbon
(c), and iodine (I). However, the fact that DMF was
used as the solvent for the perovskite material also
indicates the presence of oxygen. The elemental
composition of perovskite contains oxygen due to
the fact that DMF has a boiling point of 153 °C and
can be heated to 70 °C when spin-coated. The
methyl ammonium lead iodide structural
characteristics are determined by the XRD
measurements (Fig. 4 e). Using Scherer's formula
and the XRD pattern, the crystallite size was
determined to be 45.82 nm. Significant peaks are
visible in the perovskite material's XRD pattern at
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13.26°, 20.56°, 29.03°, 32.45°, 39.25°, 41.05°, and
52.91°. These peaks are in close agreement with
peaks previously reported (Rajamanickam et al.
2016,). These 20 values represent (1 0 0), (1 1 0),
(200),(210),(310),(330), and (00 4), in that
order. This suggests that MAPbI3 has a cubical
structure. Nevertheless, it also implies that the
perovskite material undergoes a phase transition
from a tetragonal to a cubic crystal structure at
330.4 K, or roughly 67°C (Baikie et al. 2013, as the
perovskite solution is heated to 70°C after being
spin coated on the FTO, potentially resulting in a
phase transition in the perovskites. In the XRD
pattern, a hump that ranges from 26= 20° to 26=
35° is clearly visible.

4.2.PSC using organic Hole transport Material

Numerous studies have been conducted on the
production of PSC with organic hole transport
materials. Hole transporting materials (HTMs) are
primarily used in devices to make it easier for holes
to gather and move after being injected from the
light harvester. This helps to ensure that electrons
and holes are effectively separated. For perovskite
solar cells (PSCs) to function properly, this
procedure is essential. HTMs need to possess
specific qualities in order to achieve high-
performing PSCs. These qualities include: (1)
proper HOMO levels that align with the valence
band energy (VBE) of perovskite materials, which
is essential for hole injection and transport across
different interfaces; (2) notable hole mobility and
resistance to photochemical degradation; and (3)
the capacity to dissolve well in organic solvents.
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Figure 5.Solid-state perovskite solar cells typically have two device structures as shown in: (a) an inverted
planar heterojunction structure and (b) a conventional planar heterojunction structure (c)) Widely used
organic HTMs have molecular structures as shown in figure 5. (Fu et al.,2022)

As of now 2,2',7,7'-Tetrakis[N,N- di( 4-methoxy-
phenyl)  amino]-  9,9'-spirobifluorene  (spiro-
OMeTAD) is recognized as one of the most
effective HTMs in perovskite solar cells (PSCs) due
to its fulflment of many previously mentioned
criteria. Historically, Spiro-OMeTAD has been
employed as a functional transport material in both
light emitting diodes and dye-sensitized solar cells,
with extensive efforts made towards optimizing its
composition and characteristics. Despite its
advantages, the high cost of Spiro-OMeTAD,
attributed to its complex synthesis process, the
need for costly sublimation steps, and the use of
toxic and corrosive chemicals, significantly ham-
pers its potential for widespread application in the
future (Fu et al., 2022). Currently, 2,2',7,7'-Tet-
rakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobi-
fluorene (spiro-OMeTAD) stands out as a highly
efficient HTM in perovskite solar cells (PSCs),
meeting many of the essential requirements
previously described. In the past, spiro-OMeTAD
has served as an effective transport material in
technologies such as light emitting diodes and dye-
sensitized solar cells, with significant optimization
of its formula and properties undertaken. However,
its widespread adoption is hindered by the
prohibitive cost, roughly 500 euros per gram, which
is a consequence of its complicated production pro-
cess, expensive sublimation procedures, and the
employment of hazardous and corrosive
substances.

4.3.Perovskite Solar Cells performance with
PEDOT:PSS as HTM

To fabricate the perovskite layer, two separate
solutions were prepared. Initially, a solution of Pbl:
in DMF with a density of 462 mg/mL was made,
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alongside a solution of CHsNHal in isopropanol at a
density of 10 mg/mL. The Pblz solution was then
applied to the working electrode by spin-coating at
a speed of 1000 rpm for a duration of 60 seconds.
Following this, the FTO glass coated with the
yellow Pblz film was dipped into the CHsNHsl
solution for 20 seconds, which changed its color to
dark brown. Afterwards, this FTO glass, now
coated with the perovskite film, was heated at 70°C
for 30 minutes on a hot plate.

Then, 20 mL of PEDOT:PSS, which acts as an
efficient hole transport material, was deposited on
the perovskite film using the drop-casting method.
The counter electrode was produced by applying
an H2PtCI6 solution to a separate piece of FTO
glass via spin-coating, followed by annealing it at
500°C for 30 minutes. This platinum counter
electrode was then positioned atop the working
electrode, culminating in the creation of a sandwich
structure. The assembly of this perovskite solar cell
was carried out in ambient conditions, where the
temperature stood at 35°C and the relative
humidity at 69%.

4.4.. Fabrication of PSC using Inorganic HTMs

Inorganic compounds with effective band gap
compatibility, suitable conductivity have proved to
be a replacement for the organic HTMs in the
PSCs. One of the effective HTM is copper
thiocyanate CuSCN. Qin and colleagues pioneered
the use of copper thiocyanate (CuSCN) as a hole
transport material (HTM) in the construction of
PSCs. They observed that solar cells incorporating
CuSCN as an HTM demonstrated a PCE of 12.4%
under 1 sun condition, compared to 6.7%.
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For cells without CUSCN. The incident photon- ~quantum efficiency, along with more effective
to-current efficiency (IPCE) spectra indicated that ~charge injection and collection in PSCs. These
the inclusion of CuSCN HTM enhances internal  findings underscore the potential of CUSCN as an
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effective and affordable HTM option for PSCs.
Following this, Ye and colleagues showed that
inverted planar PSCs utilizing CuSCN HTM
achieve a PCE of 16.6%, rivaling traditional cells
that use organic hole conductors. These devices,
constructed with high-quality CHsNHsPbls films
atop a CuSCN layer through a rapid one-step
deposition-crystallization method (referred to as
Device A), have smoother surfaces and less
interfacial contact resistance between the
perovskite layer and the selective contacts. This
was in sharp contrast to films produced using a
two-step sequential deposition process (referred to
as Device B) (Figure 7).

Nickel oxide is another common inorganic
HTM. Strong environmental stability, a broad band
gap, of 54 eV, and a valence band (VB) that
closely resembles that of perovskite are some of its
distinguishing features. Because of these
characteristics, NiOx can be used in place of the
organic PEDOT:PSS HTMsin PSCs. The

application of a NiO interlayer as a HTM in a planar
heterojunction solar cell was demonstrated by Jeng
and colleagues. PCBM ([6,6]-phenyl C61-butyric
acid methyl ester) was used as the electron
transport layer. The PCE of this configuration was
71.8 %, which is significantly higher than 30.9 %
PCE of devices that use the organic HTM
PEDOT:PSS. Because of the better energy band
levelling between the NiO and the perovskite light
absorber, the performance is improved. Wang et al.
demonstrated in a different study the efficiency of
organo-metallic inverted hybrid PSCs, attaining a
PCE of 9.51%. As a p-type electrode material
within the PSC, this study used mesoscopic NiOx
in nanocrystalline form, which improved charge
transport at the NiOx/perovskite interface. With an
open-circuit voltage (Voc) of [6,6]-phenyl C61-
butyric acid methyl ester, mesoscopic NiOx,
perovskite, and PCBM (p-i-n active layer structure),
the device's photovoltaic parameters were
noteworthy.

32947 nm

(ahv)*

Absorbance (A.L.)

400 500 600 700

Intensity (a.u)

20 60 80

Waveleagth(am)

-54.2 nm

2

Current Density (A/em®)

4
°
n

0.00
0.0

0.5 1
Voltage (Volts)

Figure 8. Representation of the various characteristics features of NiO and PCE graph

Cul stands out as a highly effective, cost-
efficient, stable, wide bandgap semiconductor with
notable conductivity, making it an excellent choice
for use as a HTM in PSCs. Christians and
colleagues engineered PSCs utilizing Cul as the
HTM through a drop-casting technique, achieving a
PCE of 6% alongside remarkable photocurrent
stability. Through impedance spectroscopy, it was

698

discovered that Cul-based cells exhibit electrical
conductivity that is two orders of magnitude higher
than that of cells using spiro-OMeTAD as the HTM,
which significantly enhances the fill factor (FF)
values.

Further, stability assessments comparing Cul

and spiro-OMeTAD-based solar cells revealed that
Cul solar cells maintained a consistent current,
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whereas the spiro-OMeTAD cells experienced a
reduction in short-circuit current density (Jsc) by
about 10%, as illustrated in This evaluation was
conducted under continuous 100 mW/cm”~2 AM
1.5G illumination for 2 hours without encapsulation
in ambient conditions. One of the studies uses a
sandwich configuration to study the synthesis of
polymer electrolyte and hole transport material
(HTM) and their application in a PSC in a standard
room environment. Solution-processed  spin-
coating was used to assemble a planar structure
made of WE/TiO2/CHsNHsPbls/HTM/electrolyte/CE.
With an open-circuit voltage (Voc) of 0.63 V, a
short-circuit current density (Jsc) of 33 mA/cm”2,
and a fill factor of 0.65, the PSC's electrical

performance was assessed using a solar simulator.
The results showed an efficiency of 13.64 percent
(Figure 9).This research highlights the innovative
aspect of fabricating a sandwich-structured PSC in
ambient conditions with a notably high efficiency
(Srivastava et al., 2023). Various research work is
going on, in the field of bifacial perovskite solar
cells where Cu doped NIiO is used as a hole
transport material. In such type of solar cells, the
single walled CNTs (carbon nano tubes) are used
as both front and back electrodes which offers high
transparency, conductivity and stability. Such type
of cells are capable of generating high power
density of 36% (Zhang et al., 2024 )
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5. CONCLUSION

This paper addresses various scalable
techniques for the fabrication of various functional
layers of a PSC. It also clarifies the techniques
used in the deposition process plays a very crucial
role in enhancing the efficiency and stability of the
PSC. It signifies the fact that HTM characteristics
are intimately linked to a number of variables, such
as molecular stacking, energy levels, hole mobility,
and film-forming capabilities. To maximize the
performance of HTMs, it is imperative to thoroughly
take into account the effects of a number of factors.
Two of the most important PSC concerns to take
into account are lowering the price of solar cells
and enhancing their stability for possible uses.
Inorganic HTMs that are affordable, easily
synthesized, extremely stable, long-lasting, and
transparent (both in the visible and near-IR range)
are used in this article to address these problems.
In addition, fabrication costs are less than those of
organic HTMs. The highest PCE of 19 % and 16. 6
% was recently recorded by copper-based
inorganic HTMs such as CuO and CuSCN in
PSCs. Thus, by altering the morphology of the
perovskite film, mixing organic and inorganic

ZASTITA MATERIJALA 65 (2024) broj 4

materials, altering the deposition processes, and
changing the metal oxides, PSCs' power
conversion efficiency and stability were increased.
Furthermore, it was discovered that inorganic
HTMs were more economically feasible than
organic HTMs.
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SINTEZA | SKALABILNI PROCES ZA PROIZVODNJU PEROVSKITNIH
SOLARNIH CELIJA KORISCENJEM ORGANSKIH | NEORGANSKIH

MATERIJALA ZA TRANSPORT RUPA

Organsko neorganski olovni jodid perovskit materijal se pojavio kao pionir u tome da bude aktivan
materijal za trecu generaciju solarnih celija. Osim sinteze, skalabilni mehanizam koji se koristi za
proces depozicije, u velikoj meri utice na performanse celije zahvaljujuci svom uticaju na
morfologiju, ujednacenu debljinu i interfejs izmedu dva funkcionalna sloja. Ova studija ukratko
govori o razli¢itim procesima taloZenja uklju¢enim u sastavijanje slojeva solarnih Celija perovskita
(PSC). Materijali za transport rupa (HTM) su kijuéni deo PSC koji obezbeduju efikasan transport
nosaca punjenja. Medutim, efekat organskih i neorganskih HTM je veoma izrazen u PSC. Ova
studija, takode, razmatra uticaj organskog i neorganskog HTM na stabilnost i efikasnost sendvic

strukturisanog PSC.

Kljuéne reci: perovskit, solarna energija, PCE, materijal za transport rupa
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