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Abstract - In today's world, the utilization of clean energy has become imperative, to meet this demand, humanity has long
tapped into inexhaustible energy resources. Among these, harnessing energy from solar radiation through solar cells stands out
as a prominent example. Regarding solar energy, Perovskite Solar Cells (PSCs) devices have been a revolution in this field.
The reason behind their popularity is their performance. In just ten years, their performance efficiency increased at a quick
pace. In comparison to traditional silicon-based Solar Cells (SC), PSCs have higher tunability and lower fabrication costs.
PSCs can be constructed using either n-i-p or p-i-n configurations. Here, 'n' stands for ‘Electron Transport Layer (ETL)’, 'p’
stands for ‘Hole Transport Layer (HTL)’, and 'i* shows the active material layer, which is positioned between the ETL and HTL.
In the current study, TiO; is employed as the ETL, NiO serves as the HTL, and perovskite is utilized as the active layer. Here,
titanium tetra isopropoxide precursor solution serves the purpose in the investigation for developing films of unadulterated TiO-
and F - TiO; using the sol-gel followed by a spin coating process, different concentrations of F-doped TiO.. The produced film
is characterized using a range of techniques, including XRD and SEM, to ascertain its structural properties and surface
morphology. The electrical properties were evaluated to determine the current density and voltage using a solar simulator,
which subsequently facilitated the calculation of device performance. XRD analysis confirmed the crystalline nature and particle
size. Scanning Electron Microscopy SEM images revealed distinct layers, clearly indicating proper deposition of all layers.
Electrical measurements demonstrated that the concentration of fluorine doping significantly affects the performance of the
device. The PCE (Power Conversion Efficiency) of the fluorine-doped samples is much more impressive than that of the un-
adulterated samples in the context of the obtained results.

Keywords - Sol-gel, AC conductivity, Power conversion efficiency, Perovskite Solar Cell, Renewable energy.

1. Introduction to electronics, apparel, and building materials with many

In the battle against climate change, the capacity to  Curves and transparent properties is problematic. Organic SC
produce e|ectricity from sources of clean energy is crucial. and dye-SenSitized SC were examined to address this. But Stl”,
Since the sun emits four million exa-joules (EJ =108 joules) limits concerning stability, efficiency, and durability persist.

of Solar Radiation (SR) onto Earth's surface each year, the ~ The Perovskite Solar Cells'" (PSCs’) Power Conversion
incidence of SR on the surface of Earth is sometimes Efficiency (PCE) has been found to improve dramatically; it

considered the ideal plentiful, even environmentally friendly ~ W&S 3.8% in 2009, and now, from a r'ecent report, it is 25.8%
source of energy [1, 2]. As an illustration of its significance [4]. This is explained by the materials' enormous large charge-

more energy is delivered to Earth in an hour of sunshine (r:Tila(;'l;))I/:?t?/ iﬁu;:)?sgrﬁ?g;héoffg C?;]ctlt[osr}-bmdmg energy, high
than is utilized within a year [3]. ' '

. - . Unfortunately, perovskite compounds are hygroscopic;

Solar cells, which are gaining po_pu!arlty as renevx_/a_ble therefore, they react quite strongly to humidity. Organic
energy sources, require characteristics of stability,  components [6], therefore one of the biggest obstacles in
excellent performance, and cheap cost. Silicon Solar Cell  production and sustainability for a long time in the
(SC) systems have exceptional stability and performance  surrounding atmosphere, are identified for potential large-
near their theoretical limit. Nonetheless, applying these cells  scale use in the future [7]. Perovskites feature a crystal
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structure defined by the formula ABX;, where A is an organic
cation such as Methyl-Ammonium (MA*), and B is a metal
like lead (Pb) or other divalent metal from group 14 and
represents a halogen, e.g. iodine (1), chlorine (CI) etc.

The association between the A and X in this
configuration creates a three-dimensional chemical system. In
various device architectures, perovskite (i) is placed between
distinct positive (p) and negative (n) contact materials. This
results in two primary solar cell configurations: p-i-n
(inverted) and n-i-p (planar), with the perovskite absorbing
light intrinsically as a semiconductor. The accompanying
Figure 1 illustrates the perovskite crystal structure.

Fig. 1 Schematic image of perovskite crystal [4]

It has been documented that the modification of the
perovskite material's properties can be achieved through
various substitutions aimed at adjusting the bandgap and
enhancing its stability against degradation. These substitutions
encompass the incorporation of alternative halides, like
bromine (Br) and chlorine (Cl), resulting in the formation of
MAPDBr; (methyl-ammonium lead bromide) and MAPDCI;
(methyl-ammonium lead chloride)

Additionally, composite structures can be synthesized by
precisely mixing different halogen species, leading to the
creation of compounds such as MAPDb(I1-xBrx)3 and
MAPb(11-xCIx)3 [8]. After the discovery of perovskite
material, much research has been done, resulting in a
significant increase in its power conversion efficiency.
Furthermore, much improvement is expected in the upcoming
years, as illustrated in the following Figure 2. The market
capital for PSCs is also expected to rise with great potential in
the upcoming years, as shown in Figure 3.
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Fig. 2 Research impact in PSCs (Park, N. G. (2019). Perovskite solar
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Fig. 3 The market size till 2032

The stability of PSCs in the surrounding atmosphere can
be increased through the widespread application of interface
engineering and encapsulation technology, which has clear
benefits [9]. Most teams prepare PSCs inside a glove box
filled with N2 so that moisture cannot enter the room while the
devices are being made. Additionally, a number of research
teams found that the crystalline structure was very poor for
resultant perovskite films when the films were synthesized in
a glovebox under an inert atmosphere. However, upon
exposure to specialized humidity-regulated conditions, very
fast crystallization was noted [10]. Nonetheless, the most
effective option for mass manufacturing in the future is to
easily build highly efficient PSCs in the surrounding
atmosphere that is, without the need for a glove box or a
specially designed humid environment. Techniques for
developing air-processed PSCs have recently been developed,
and they can be broadly categorized into two categories:

1. Developing novel and straightforward manufacturing
techniques to produce outstanding perovskite films that
can be processed in normal surrounding conditions.
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Investigating new perovskite compounds with essentially
strong air stability. Preheating substrates have been used
in the initial approach as an easy and efficient way to
manufacture PSCs at room temperature. After preheating
substrates to 200 °C, one group documented the highest
PCE was 7.9%, while spin-coating perovskite films in the
surrounding atmosphere in a single step [11]. The second
method involves fabricating inorganic PSCs based on
CsPbBrs3 in the surrounding atmosphere, resulting in the
greatest level of PCE (7.78%) [12].

In addition, Tai et al manufactured PSC in an open
atmosphere with the use of lead (1) thiocyanate precursor
rather than Pbl,, which was very efficient and stable. After
computing the device parameters, it was found that the devices
showed maximum values of 15% and average PCEs of over
13% [13]. The authors did not, however, thoroughly examine
the part humidity plays in the crystallization of Pbl; films and
their transformation into perovskite films. The PCE is still low
and rarely rises over the documented 16%, even after multiple
groups have attempted to synthesize the PSCs device in the
surrounding atmosphere [6]. Following the synthesis of
fluorine doped n-type TiO; films using the sol-gel spin coating
technique - for which there are no published works -
conventional n-i-p structured PSCs were manufactured using
both undoped as well as doped n-layers. XDR, SEM, and other
characterization techniques were used to assess the freshly
manufactured devices.

1.1. How a Solar Cell does Work

Employing the material known as semiconductors,
the limitless resources can be revolutionized into electricity by
the photovoltaic effect [14]. Figure 4 reveals that the general
functioning principle involves using electromagnetic radiation
from the sun to move a valence band electron towards a
conduction band. The bandgap, which is the energy imbalance
between the conduction and valance bands, is a distinctive
feature of semiconductor materials. As a result, electron-hole
pairs are formed, and a flow of electricity is produced if the
excited electrons are returned to the valence band via an
external circuit [15] (see Figure 6b).

Electron

Hole

Fig. 4 Electron and hole generation in solar cell (source:
https://glsolarpower.com/construction-and-working-principle-of-silicon-
solar-cells/)
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2. Materials and Methods

Titanium Tetra Isopropoxide (TTIP), trifluoroacetic acid
as a source of Ti and F, respectively and 2-methoxy ethanol,
lead iodide, and methylamine hydroiodide were bought from
Sigma-Aldrich. The water utilized during the experiment was
Deionized (DI). No additional purification was done in the
chemicals; all of the compounds were analytical grade when
they were applied.

2.1. Preparation of n-Type of TiO2 Layer

Several films were prepared with two types of TiO2: pure
and fluorine-doped via sol-gel, followed by a spin coating
technique [16]. Chemically and thermally stable films of TiO;
were deposited using the spin coating technique.

For thin film deposition, a substrate made of Fluorine-
doped Tin Oxide (FTO) was utilized, and it was properly
cleaned. The detergent washed the substrate then ultra-
sonicated and finally dried. The precursor solutions were
prepared by using TTIP and tri fluoro acetic acid as a source
of F, respectively, while 2 methoxy ethanol was used as a
solvent.

The F-doped TiO; solutions 0 2 4 6 8 at % were prepared
separately and stirred 120 min at room temperature. After
getting transparent homogeneous solutions then all solutions
were kept for ageing for 24 h to accomplish all chemical
reactions between them. Before the deposition, all solutions
were filtered and then coated the thin films over the surface of
the substrate at a constant rate of 2500 rate per minute (r.p.m.)
for 30 sec.

Further, after each deposition, thin films were dried at a
temperature of 200 °C for 10 min, in a muffle furnace; same
procedure was repeated 10 times. Thus, the resulting thin film
was annealed for 60 minutes at 450 °C in a muffle furnace.

2.2. Preparation of Perovskite Layer

Various researchers have prepared perovskite layers via
spin coating using a one-step deposition method or by single-
step deposition [17]. In 0.63 mL of DMF, 461.0 mg of Pbly,
159.0 mg of CH3NHGsl, and 72.0 mg of DMSO were dissolved
to create the perovskite precursor solution. The resultant
mixture was spin-coated for 30 seconds at 2500 rpm after
being agitated for two hours at 80 °C.

2.3. Preparation of Nickel Oxide (NiO HTL) Layer

Various researchers have worked with nickel oxide in
solar cells to make the p-type or HTL layers [18, 19]. 0.24 gm
The 9.85 ml of DI was mixed with nickel acetate and agitated.
NaOH is added dropwise till no further precipitation stops.

The formed precipitate is centrifuged and cleaned 3 times
using DI. The obtained solution is dried at 100°C for 2 hr.
After drying, the obtained compound is annealed at 300 “C for
5 min to form NiO nanoparticles.
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Fig. 5 Steps for fabrication of PSC

2.3.1. NiO HTL Deposition

NiO HTL solution is prepared by adding NiO
nanoparticles in isopropanol (2% wt.). Then, the solution was
spin-coated over perovskite film via a one-step deposition
technique at 2500 r.p.m. for 30 sec. After the deposition of
NiO, Ag contact was made. By following all these steps f-
doped TiO; perovskite solar cell was Synthesized, followed by
the NiO layer. The structure of the device is n-i-p.

2.4. Process of Fabrication of Device
Figure 5 shows the step of deposition of layers for the
device fabrication.

3. Characterization

The sample's X-Ray Diffraction (XRD) pattern was
obtained by diffractometer over an extensive range of 10° to
80° on a 20 scale. The CuKoa wavelength of the
monochromatic light in the XRD diffractometer is 1.54A at 40
kV at a rate of 6°/min. To assess the layers deposited,
Scanning Electron Microscopy (SEM) was employed. Under
AM 1.5 sun intensity, current-density vs voltage curve (J-V)
were measured using an instrument, Keithley 2400 source
table and a light source of 450 W (Xenon- lamp). For
Photoluminescence measurement, Perkin Elmer (model no.
LS55) was used.

4. Results and Discussion

PSC structures are displayed in Figure 6 (a), and the
energy band for the device components is displayed in Figure.
6(b). The device was successfully manufactured under the
glove box and ambient conditions. FTO was used as a
substrate and an electrode in PSCs, and Ag was pasted to
fabricate the opposite electrode. Because NiO has good hole
mobility and TiO; layers have high electron mobility, here
TiO; in pure and doped form severs the purpose Electron
Transport Layer (ETL), and NiO was deposited to make a
layer of Hole Transport Layer (HTL).

Ag

NiO

Perovskite

TiO,

FTO

@

NiO
-1.8

TiO,

—~

FTO CH,NH_PbI,

-4.7

Ag

Energy Level (eV)

-4.3
54

(b)
Fig. 6(a) Displaying the structure of the device, and (b) Energy band
diagram for the device structure.
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Fig. 7 XRD pattern of pristine TiOz and F-doped TiO>

4.1. X-Ray Diffraction (XRD) Analysis

Among the most significant for examining the sample's
crystallinity and structure is XRD. The patterns are shown for
all the samples in Figure 7, which were confirmed by
references in the literature. The crystal structure of TiO, was
confirmed with XRD and also verified with JCPDS Card no.
21-1272, and peaks were found at the angles of 24.8°, 37.3°,
and 47.6°; they match with planes (101), (004), and (200).
The peaks of each pattern fit the anatase TiO; lattice planes
[20].

Furthermore, as the doping concentration rises, certain
peaks that correspond to fluorine (101) become more
noticeable in the pattern. The average grain size, or crystallite
size, was calculated using the Scherrer formula and can be
seen in Equation (1) [21]. The equation was derived for the
ideal condition in which monodisperse powder, which is
monochromatic, infinitely narrow, and perfectly parallel cube-
shaped crystallites, was used. The Equation can be written as,

Dh = Kﬂ/(BhHCOSQ) (l)

Here, D represents crystallite size, hkl are miller indices
of the planes being investigated, K is a numerical value
considered as the crystallite-shape factor, which also depends
on crystal size, A is a symbol of wavelength here represents the
wavelength of X-ray, and B symbolizes FWHM (Full-Width
at Half-Maximum) of the X-ray diffraction peak in radians,
and @ is the Bragg angle.

This method is generally accepted to calculate the
average sizes of particles, and the size of particles ranged
between less than 35 nm. The result is summarized in Table 1.
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It proves that the fluorine doping modifies TiO; particle size
marginally.

Table 1. The crystal size for different doping concentrations

Doping (%) | Crystal Size/Grain Size (nm)
0 29.43
2 31.74
4 30.89
6 31.22
8 31.86
10 28.29

4.2. Surface Morphology

The physical structure of the prepared devices was
analyzed with Scanning Electron Microscopy (SEM). Figures
8 and 9 display the SEM images of prepared devices,
respectively, at various levels of magnification. SEM images
show that at higher magnifications, one can observe miscible
surface morphology characterized by a compact structure with
few pinholes and layer separation, which are also
demonstrated in Figure 8 (a-d) and Figure 9 (a-b).

Here, Figure 8 (a) confirms the layer deposition for the
device and (b and c show the thickness of layers). In Figure 9
(a and b), NiO has formed a cluster. This can be due to
moisture, and also NiO tends to form clusters due to its high
surface area energy [22].
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EHT = 20.00 KV Signal A= SE2 System Vacuum = 1.86e-0.6 mbar ERR 100 nm EHT =20.00 kV Signal A = SE2 System Vacuum = 1.86e-0.6 mbar =
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EHT =20.00 kV Signal A = SE2 System Vacuum = 1.86e-0.6 mbar

H WD =8.3mm Mag = 25.00 KX Gun Vacuum = 1.726:0.9 mbar H WD =8.3 mm Mag = 25.00 KX Gun Vacuum = 1.72e-0.9 mbar

EHT =20.00 kV/ Signal A = SE2 System Vacuum = 1.86e-0.6 mbar .
ZEISS

Fig. 8 SEM images of (a) n-i-p (TiOz/perovskite/NiO), (b) Width of perovskite layer, (c) Width of NiO layer, and
(d) Thickness of perovskite and NiO layer.

.
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H WD =9.0 mm Mag = 50.00 KX Gun Vacuum = 1.72e-0.9 mbar l
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Fig. 9 Images from SEM of NiO layer (a and b) top view of NiO layer at different magnifications.
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4.3. Power Conversion Efficiency

What effects does the fluorine doping of TiO have on the
properties of PSCs? The J-V curves (Figure 10) show that the
same technigue was employed to manufacture the mesoporous
layer and generate the PSC with various TiO, samples. All of
the PSCs were then examined under light intensities that were
similar to AML1.5. The associated parameters are given in
Table 2. It appears that the PCE calculated using an undoped
sample (0%) is 2.33%, but PCE, based on doped samples (2-
6%), is much improved. The greatest value of the PCE, which
is based on a 6% doped sample, is 5.83%. The PCE of the 8%
doped sample decreases. This may be due to an excessive
amount of fluorine. Fluorine peaks are clearly visible in the
8% doped XRD pattern (Figure 7). Consequently, excess
fluorine deposited on the surface of the TiO; grain reduces the
PCE, preventing photoelectron transmission between TiO;
grains.

Table 2. Device parameters F- doped and undoped samples

Doping 2 PCE
Concentration Jse(mAfem) | Voo(V) | FF (%)
0 19.97 0.96 0.31 2.33
2 20.56 0.96 0.36 3.29
4 20.96 0.98 0.39 5.22
6 23.27 1.02 0.42 5.83
8 21.76 0.98 0.28 2.12
20
= 15
>
g 10
3 .
0 v T T ) ) = J
0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)

Fig. 10 Voltage Vs current density (V Vs J-V) for perovskite solar cell

The Photoluminescence (PL) was performed on a number
of TiO/perovskite/NiO films to confirm that fluorine doping
improves TiO; electron transport and propels the PCE's boost.
The outcomes are displayed in Figure 11. The prominent peak
is seen in all PL spectra at approximately 335 nm, which
agrees with previous investigations [23]. The order of the peak
intensity is 6%> 8% > 0%, according to the J-V result above,
demonstrating the effectiveness of photo-generated electrons
and their extraction and transport.
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5. Conclusion

According to an X-ray analysis, TiO exhibits crystalline
domains. The dielectric constant increases with rising
temperature and decreases with increasing frequency at low
frequencies; at high frequencies, there is a strong
frequency/temperature correlation. It seems that AC
conductivity increases with frequency and decreases with
temperature. On the basis of this study, it can be concluded
that a limited amount of F doping can increase the PCE as the
unadulterated samples showed a PCE of about 2.33%, and 6%
samples showed a PCE of 5.83%, further increment in doping
resulted into decrease in PCE, this can also be verified by
XRD and PL results. So many researchers have done the same.

5.1. Novelty of work

The device fabrication was carried out without using a
compact layer of TiO,, as it is not essential for achieving better
Power Conversion Efficiency (PCE) and helps to reduce costs
[24]. Instead of organic compounds like spiro-OMeTAD or
PTAA, NiO (an inorganic compound) was used as the HTL
due to its reduced cost of materials, improved stability and
increased carrier mobility. Organic HTLs often suffer from
raised material expenses, inadequate stability and insufficient
carrier mobility, significantly limiting their real-world uses
[25]. Although the device demonstrated slightly lower
efficiency with these materials, it remained both sustainable
and highly cost-effective. This (FTO/TiO, /CH3NHsPbl;
/NiO) device architecture has not been tried by any research
group in our information.

5.2. Future scope

Different doping materials and concentrations can do
ETL (TiO2) modifications. Some more inorganic compounds
can be tried as HTL for sustainable and cost-effective PSCs.
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