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Abstract

Fossil fuels contribute to air pollution and drive climate change. Transitioning to solar energy offers a cleaner
alternative. Perovskite solar cells are a promising advancement, potentially exceeding silicon cell efficiencies with
simpler, cost-effective manufacturing. This research demonstrates the feasibility of electricity generation using a
solution-processed perovskite solar cell under low light in the room building. The fabricated cell achieved an
open-circuit voltage of 1.49V and a short-circuit current density of 5.15 mA/cm?. A maximum power conversion
efficiency of 18.67% was obtained under only around 10% of actual one sun light intensity. Such a high obtained
efficiency of solar cell fabricated using inexpensive materials under low light intensity has become our current
work novelty. These results highlight the potential of cost-effective perovskite solar cells for indoor and ambient
light energy harvesting, supporting a shift towards sustainable energy solutions.
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1.0 Introduction

The increasing reliance on fossil fuels for power generation has brought about significant environmental, health,
and social concerns, necessitating cleaner and more sustainable energy sources. Burning fossil fuels causes global
climate change, air and water pollution, land degradation, and disease, as emphasized by several studies [1,2,3].
The Intergovernmental Panel on Climate Change (IPCC) has emphasized the importance of the immediate
reduction in greenhouse gas emissions to reverse the impacts of climate change [4]. Further, the hazardous
chemicals released from fossil fuel-powered power plants, such as sulfur dioxide (S0,) and nitrogen oxides
(NOy), are dangerous health risks, particularly for sensitive populations [5]. The limited supply of fossil fuels also
raises concerns of resource depletion and environmental degradation, and therefore the need for alternative
sources of energy [6].

Solar energy offers a strong alternative with a clean, renewable source of power and the ability to reduce
greenhouse gas emissions significantly and improve air quality [7]. Compared to traditional fossil fuel power
generation, solar power systems have no toxic emissions during operation and require minimal water use, thereby
decongesting water resources [8]. The flexibility of solar energy systems facilitates installation on various types
of land, minimizing habitat loss and land degradation. Solar power has the capability to create economic benefits
and enhance energy security, particularly in regions with high solar radiation [9].

Even though there are advantages of solar energy, traditional silicon solar cells are highly effective outdoor
and not indoors. This is a serious limitation in harnessing solar energy in urban areas where natural light is
typically lacking. In response to this challenge, the objective of this study is to demonstrate the feasibility of
generating electricity with a cost-effective solution-processed perovskite solar cell under illumination by room
building light. This work stands out for its originality in using solution-processed perovskite solar cells for low-
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light applications. The key materials applied in this work include a perovskite precursor and nickel (II)
phthalocyanine-tetrasulfonic acid tetrasodium salt (NiTsPc), which would enhance energy conversion efficiency
under low light conditions. The incorporation of NiTsPc as a sensitizer enhances light absorption, making the
cells innovative and highly applicable for indoor environments.

The emergence of perovskite materials in solar cells technology is a great milestone in the quest for
efficient and affordable renewable energy sources [10]. The ability of perovskite solar cells, processed through
solution processing techniques, to be very promising in high power conversion efficiencies has been of great
interest [11]. The present study revolves around increasing the efficiency, stability, and scalability of perovskite
solar cells, with emerging technologies such as tandem solar cells and flexible substrates unlocking diverse
applications [12,13]. With scientists exploring non-toxic and abundant materials for perovskite fabrication, the
potential for clean solar energy solutions rises [14]. The work hopes to advance this emerging research field by
exploring the performance of perovskite solar cells in indoor illumination, hence opening the potential application
areas of solar energy technology for cities. These cells can power IoT devices, sensors, and other low-energy
electronics, offering a sustainable alternative to batteries.

2.0 Materials

2.1 Fluorine-doped tin oxide (FTO) glass

In the current study, a perovskite solar cell was fabricated with a highly selected set of materials, with
each material assigned a specific function in enhancing the general efficiency of the solar cell. The most
dominant substrate material used in the production of the solar cell is fluorine-doped tin oxide (FTO)
glass. This material is specifically utilized as a highly conducting and transparent substrate, allowing
light through while ensuring proper electrical conductivity [15]. The FTO serves a vital function in
allowing the electrons from the photoactive layers to be moved to the outside circuit, thus ensuring
efficient energy conversion.

2.2 Titanium dioxide (Ti0,)

The second critical component is titanium dioxide (T'i0,), which serves as the electron transport layer
in the solar cell device. Ti0, is described as a wide bandgap semiconductor that is noted for its efficient
uptake of ultraviolet light and for its ability to promote the transport of electrons that are generated from
the dye upon light absorption [16]. Ti0, is normally used in porous film form, thus providing a large
surface area that is favorable for the adsorption of the sensitizing dye, NiTsPc. This structure greatly
enhances the overall efficiency of the solar cell by maximizing the interaction between the
semiconductor and the dye.

2.3 Nickel (II) phthalocyanine-tetrasulfonic acid tetrasodium salt (NiTsPc)

The light absorption material in this solar cell fabricated is nickel (II) phthalocyanine-tetrasulfonic acid
tetrasodium salt (NiTsPc). The blue dye is pivotal in light absorption, thus allowing the production of
excited electrons when the solar cell is illuminated by visible light. The excited electrons then travel
through the TiO, film, hence initiating the charge separation. The absorption spectrum for NiTsPc
exhibits a very strong resemblance with the solar spectrum, thus allowing efficient light harvesting and
energy conversion that is vital in ensuring maximum solar cell efficiency [17].

2.4 Iodine

Iodine is incorporated in the operating mechanism in the form of a redox mediator in the electrolyte
medium. The major function is the regeneration process after the dye has been injected with electrons
in the TiO, film. The iodine species, in particular in the 13- form, serve as charge transporters in the
cell, ensuring the continuity of the electronic current and enhancing the solar cell efficiency in the
process [18]. Regenerative process is essential for the extended use of the solar cell.

2.4 Perovskite precursor ink
The perovskite precursor ink that was applied in the current study was purchased from Ossila and is
specially designed for processing in ambient condition. The perovskite ink is made from a combination
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of methyl ammonium iodide (MAI) and lead chloride (PbCl,) dissolved in dimethyl formamiaé (DMF).
When heated, this ink is converted to a methylammonium lead halide perovskite, eventually forming

methylammonium lead iodide with little chlorine, with the chemical formula CH3NH3Pbl3-xClx. This
perovskite material is commonly used in the construction and design of solar cells and can be utilized
in both standard and inverted configurations [19]. The ink exhibits the ability to attain power conversion
efficiency (PCE) values that surpass 13%, making it a very important material in thin film organic solar
cell production.

2.5 Carbon conductive paste

Aside from the above-stated function, conductive carbon paste is also utilized as a counter electrode in
solar cell design [20]. The material provides a conductive interface that favors the extraction of electrons
from the outside circuit. The addition of carbon paste helps greatly in charge collection efficiency and
is also vital in ensuring the stability and durability of the solar cell. Carbon paste ensures the efficient
operation of the solar cell by limiting resistive losses, thus making it a vital component in the overall
design.

3.0 Methodology

The production process of the perovskite solar cell commences with the precise measurement of 1.5
grams of titanium dioxide (T'i0,), which serves as the electron transport layer in the solar cell. To
prepare an appropriate paste for application, Ti0, is combined with 1 ml of polyethylene glycol (PEG)
and 1 ml of ethanol with 99.99 in a ceramic vessel. The inclusion of PEG functions as a binder,
enhancing the adhesion of TiO, particles to the substrate while also providing mechanical stability to
the film. Ethanol is incorporated as a solvent to dissolve the TiO, and PEG mixture, resulting in a
uniform consistency that is ready for direct application onto the substrate.

Upon complete dissolution of the mixture through extensive agitation, the resulting solution is
then deposited onto the conducting surface of fluorine-doped tin oxide (FTO) glass by means of doctor
blade technique. This process enables a controlled and uniform deposition of the Ti0, mixture over
about half of the FTO glass surface area. The coated FTO glass (Fig. 1) is subsequently heated at a
temperature of 200°C by using hot plate for a period of 10 minutes in order to enhance the formation
of a strong Ti0O, layer while removing solvent residue. After thermal treatment, the glass is allowed to
cool down to room temperature, which in effect solidifies the TiO, layer and readies it for further
processing.

Fig. 1: TiO, particles coated on FTO glass.

The dye solution was prepared by mixing 1 ml of deionized (D.I) water and 10 mg of nickel (II)
phthalocyanine-tetrasulfonic acid tetrasodium salt (NiTsPc). In this process, the dye serves as a
sensitizer in the solar cell, while the use of D.I. water ensures removal of any contaminants that may
interfere with the solar cell's efficiency. The pre-coated fluorine-doped tin oxide (FTO) glass, which
has been pre-coated with titanium dioxide (T'i0,), is treated with the mixture of NiTsPc and D.I. water
for a longer period, that is, overnight. The longer immersion in the solution enhances maximum
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Fig. 2: (a) FTO coated glass with TiOz layer immersed in NiTsPc oveigt; (b) bottom view of the substrate
with TiO2 and NiTsPc.

After long immersion, the FTO glass is removed from the solution, and the uncoated areas of the
glass are carefully purified in order to remove any possible hindrance from the operational effectiveness
of the solar cell. The glass is then annealed at 90°C for 20 minutes (Fig. 3) until it is fully dry, allowing

the dye to adhere onto the TiO, layer.

Fig. 3: Annealing process of the coated FTO glass at 90°C.

In preparation for the counter electrode, another clean piece of FTO glass is applied with carbon
paste to its conductive surface, covering about half of the area (2.5 x 2.0 cm). This carbon paste serves
as the conductive layer that will facilitate electron collection. The FTO glass with carbon paste is then
heated at 100°C for 10 minutes until dry (Fig. 4), ensuring a solid and conductive layer.

I
.....

Fig. 4: The FTO glass with carbon aste is then heated at 100°C.

After the successful preparation of the electrode, 1.6l iodine are carefully deposited onto the
Ti0, surface by using micropipette. The purpose of this iodine is that it acts as a redox mediator in the
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solar cell, allowing for the regeneration of the dye after it has been injected with electrons in the TiO,
film. 0.8ul of perovskite solution was then deposited onto the same Ti0O, surface using micropipette,
thus allowing the iodine and perovskite interaction that forms a functional charge-separation enhancing
layer.

The final phase of the assembly process involves the attachment of the carbon paste-treated FTO
glass onto the surfaces of Ti0,, iodine, and perovskite such that the latter layers face each other (Fig.
5). This particular positioning enables efficient charge transfer between the layers. To analyze the
functional efficacy of the perovskite solar cell, the assembled device is connected to a source-measure
unit, which tests both the efficiency and general function of the solar cell under low light intensity of
about 10-12 mW/cm? (input power, Pi,) to imitate indoor light range or ambient light conditions. This
systematic approach ensures that all elements in the perovskite solar cell are carefully crafted and
optimized for maximum efficiency, leading to a holistic improvement in the device.

(2) (b)

TiO2/lodine/NiTsPc/Perovskite

Fig. 5: (a) the attachment ot surtaces ot 1102, iodine, and perovskite onto carbon paste-coated FTO glass; (b)

drawing of the layer structure.

4.0 Results and Discussion

Fig. 6 shows the current density (Js) against a voltage (V) curve. From this curve, the two main
parameters can be directly extracted: the short-circuit current density (Js.), defined as the current density
at 0 V, and the open-circuit voltage (V.c), defined as the voltage at 0 current density. Maximum J is
found to be 5.15 mA/cm?, while maximum V. is 1.49 V. Besides, the general appearance of this curve
gives a qualitative idea of the fill factor (FF) that describes how efficiently the cell delivers maximum
power. A more rectangular shape corresponds to a bigger FF, while the observed linear slope correlates
to a lower FF, which, according to the FF formula (Eq. 1), amounts to 0.29. The lower value (< 0.80)
implies that the cell is not working at the maximum efficient state due to internal resistances and other
losses [21].

Jsc (mA/cm?)

0 0.5 1 15
Voltage (V)

Fig. 6: Current density (Jsc) versus voltage (V).

FF — ]maxXVmax (1)
]SCXVOC

To quantify the solar cell's performance, we calculate the power conversion efficiency (PCE), which is
given by Eq. 2:
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Where V. is the open-circuit voltage, J. is the short circuit current density, FF is the fill factor, and
P;, is the incident solar power (mW/cm?).

Fig. 7 presents the power density versus voltage curve derived from Fig. 7. To calculate the power
at a specific point on the J-V curve, one multiplies the current density and voltage values. Subsequently,
this power value is plotted against the corresponding voltage to generate the power curve. The
maximum power point (MPP), which represents the highest electrical power output from the cell,
corresponds to the peak of this curve. The voltage at this peak is defined as the maximum power point
voltage (Vmax), While the power value at this peak is designated as the maximum power (Pmax). In this
case, Vmax 1s 0.8 V, and the power output reaches approximately 2.25 mW/cm? The power curve
visually demonstrates how the power output from the solar cell varies with voltage, emphasizing the
significance of operating the solar cell at the MPP to achieve optimal performance.

0 0.5 1 1.5
Voltage (V)

Fig. 7: Power density (P) versus voltage (V).

The analyzed perovskite solar cell has a power conversion efficiency of 18.67% after considering
low light intensity applied on the cell (10 - 12 mW/cm?, instead of 100 mW/cm? or 1 Sun). This
efficiency, however, does provide evidence of its capacity to convert light into electricity [22]. The
efficiency of a perovskite cell is very much dependent on the specific perovskite materials, the
fabrication methods, and the environmental conditions under which it is tested. Some of the important
parameters for evaluation of the cell performance are undeniably the short-circuit current density (Js)
of 5.15 mA/cm? and an open-circuit voltage (Vo) of 1.49 V. A high V. values indicate that the device
is well capable of allowing charge separations, thus it is able to generate a relatively high potential
difference. Its Jsc value is an indication of its ability to produce current in case no external resistance
applies.

However, a critical aspect of this cell's performance lies in its fill factor (FF), which is 0.29.
The fill factor is a measure of the "squareness" of the current-voltage (I-V) curve and is indicative of
the efficiency with which the cell can deliver power. A low fill factor (FF), as observed in this study,
indicates that the cell's I-V curve deviates significantly from the ideal rectangular shape, suggesting the
presence of losses within the device. Several factors can contribute to a low FF. High series resistance
within the cell can hinder current flow, while low shunt resistance may result in current leakage, both
of which lead to a diminished FF [23]. Additionally, recombination losses, where charge carriers
recombine before contributing to the current, can further impact the fill factor. Issues at the interfaces
between the various layers of the perovskite cell structure can also negatively affect the FF. The I-V
curve presented in the data visually supports the observation of a low FF, exhibiting a relatively linear
slope instead of the sharp "knee" and rectangular shape characteristic of an ideal cell.
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The Power-Voltage curve is a crucial tool in understanding the maximum power point (MPP) of
a solar cell. It shows how the power output varies with the voltage across the cell, emphasizing the
importance of operating the cell at the MPP for maximum performance. The I-V curve, with a general
linear trend, provides insights into non-idealities of the cell. It shows that the slope of the I-V curve
correlates to the cell's resistance, with higher slopes implying lower resistance. To increase the low fill
factor in a perovskite cell, improvements in conductivity, shunt resistance, and recombination losses
are needed. Additionally, optimizing interfaces between cell layers is also necessary.

5.0 Conclusion

This research has successfully demonstrates the capability of generating energy from a solution-
processed perovskite solar cell under ambient light circumstances. The device showed promising
performance, with an open-circuit voltage of 1.49 V and a short-circuit current density of 5.15 mA/cm?.
Furthermore, a power conversion efficiency of 18.67% was achieved after considering low light
intensity applied on the cell (10 - 12 mW/cm2) which is only approximately 10% of actual 1 Sun light
intensity. These findings indicate that solution-processed perovskite solar cells may generate electricity
under ambient illumination, indicating their potential for use in indoor energy harvesting and
contributing to the development of sustainable energy solutions. While additional optimisation is
required, the findings provide a solid foundation for the usage of perovskite solar cells in low-light
situations, broadening their application beyond traditional outdoor solar energy generation.
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