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ABSTRACT

EFFECT OF ORGANIC LUMINESCENCE MATERIALS
CARBON-BASED PEROVSKITE SOLAR CELL
EFFICIENCY

Tejas Sharma

Integrating organic long persistent luminescence (OLPL) materials into carbon-
based hole-transport free perovskite solar cells (C-PSCs) offers a favorable route to
improving the performance and efficiency of next-generation photovoltaic cells.
The majority of luminous materials in the market today are derived from an
inorganic compound that needs extremely high processing temperatures and rare
elements like dysprosium and europium. These materials are known as inorganic
long-persistent luminescence (ILPL) materials. In the same way, OLPL materials,
which are also known for their capacity to continue emitting light even after
excitation stops, have special benefits for extending solar harvesting and optimizing
energy conversion processes. PSCs have advanced significantly in the last few
years, but there are still certain problems that prevent PSCs from being
commercialized such as sensitivity to heat, light, and moisture, which cause
instability and eventually reduce their performance. C-PSCs use carbon materials
that can function as hole-transport layers (HTL) as well as extraction layers, helping

to lower HTL not only lower production costs and improve the device's stability.



The goal of this work was to develop LPL-based C-PSC by employing carbon paste
as a counter electrode. Furthermore, in this work, the use of blended OLPL
materials of N,N,N’, N'-tetramethylbenzidine (TMB), and 2,8- bis
(diphenylphosphoryl) dibenzo [b,d] thiophene (PPT) in PSCs was also investigated.
Using the melt-casting process, several samples with various ratios of TMB and
PPT were prepared. PSCs were prepared where the compact and mesoporous
solutions of the electron transport layer (ETL) were deposited on FTO substrate.
Then light absorber layer of perovskite was applied over the ETL layer, followed
by carbon electrode layer. A simple approach was adopted in which an active layer
of LPL material was externally coupled to the C-PSCs, achieving the champion
efficiency of 7.65% with ILPL at ambient conditions. Besides optimizing the PSCs
device, the emission decay rate, overall performance, and the dynamics of charge
kinetics were studied. Among the various samples of LPL, cell-3 (TMB: PPT 7:3)
has the longest lifetime and the highest photon counts, suggesting the lower rate of
electron decay. A successful evaluation was conducted on the all-day C-PSC with
organic and ILPL materials. The C-PSC device was tested upto 1680 hours.
Unfortunately, coupling the PSC sample with the OLPL layer did not exhibit
positive effects. However, the results demonstrate that PSCs can be fabricated under
ambient conditions, although further improvement is required in the configuration

of PSC with LPL.

Keywords: Perovskite Solar cells, Organic luminescence materials,

photoluminescence, power conversion efficiency,
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CHAPTER-1

INTRODUCTION

1.1 General Introduction

The world now relies on exhaustible fossil fuels to provide around 85% of
its energy needs, which impacts both the environment and human health. Moreover,
by 2050, it is expected that the world's energy consumption will have doubled
(Nazeeruddin, 2016). Several factors contribute to this increase, including
population growth, economic development, urbanization and rises in energy needs
in emerging economies (Osobajo et al., 2020). As a result, it becomes urgently
necessary to boost renewable energy sources including solar, wind, and water
energy. In recent years, the world has been paying more and more attention to solar
energy because of its abundance, affordability, and environmentally friendly nature;
this has led to the fast advancement of solar cells (SCs). Based on the materials and
technology, SCs are categorized into three different generations in which a wide
range of SCs including silicon-SCs, thin film SCs, cadmium telluride (CdTe-SCs),
organic SCs, dye-sensitized solar cells (DSSCs), and PSCs have been developed.
Third-generation SCs have power conversion efficiencies (PCE) that are
comparable to those of conventional silicon-based SCs but they also have less
weight, more flexibility, and lower manufacturing costs. However, it faces

challenges related to stability and long-term durability which



limits their applications (Tang et al., 2017 ; J.D. et al., 2022). Therefore, researchers
are searching for novel, inexpensive, and environmentally friendly light-absorbing
materials for SCs, and a new class of third-generation SCs named PSCs was

developed which provides an alternative to silicon solar cells.

In 1839, Gustav Rose found the first perovskite, he discovered the perovskite
compound of calcium titanate (CaTiO3), which has a three-dimensional octahedral
crystal structure. Due to its adaptability, the perovskite structure has found
extensive use in numerous applications, which includes batteries, fuel cells and
more recently, photovoltaics. Later, the term "perovskite" is widely used to refer to
compounds having the structure ABX3, where A is an organic or inorganic group,
B is a metal and X is a non-metal, typically oxygen and halogen. Over the past
decade, PSCs have seen remarkable progress with efficiencies increasing from 3.8%
to 28.1%. With their remarkable improvements in efficiency and cost-
effectiveness, currently, PSCs are one of the most promising renewable energy
technologies (Snaith, 2013 ; Yang et al.,2017). The remarkable optoelectronic
features of halide PSCs including their ambipolar carrier diffusion capabilities,
variable bandgap, long carrier diffusion length, and excellent polycrystalline
mineralization at low temperatures, have attracted a lot of research attention.
Because of all these benefits, PSCs have achieved the PCE of 28.1% (Liu et al.,
2023) Despite having a high efficiency of solar-to-electric conversion, PSCs still
have issues such as sensitive to moisture, light, and heat which results in lower

performance and instability due to expose in certain environmental conditions



throughout fabrication and storage procedures (Azmi et al.,2018). Generally, there
are 5 main components in PSCs: a perovskite light-absorbing layer, an electron
transporting layer (ETL), a hole transporting layer (HTL), cathode electrodes, and
anode electrodes as shown in Figure 1.1. The bottom electrode is usually coated
with conductive oxide either indium tin oxide (ITO) or fluorine-doped tin oxide
(FTO). The ETL is a metal oxide semiconductor made of zinc oxide (ZnO) titanium
dioxide (Ti0Oy), or tin dioxide (SnOz) (Azmi et al., 2018 ; Chen et al.,2018).
Poly[bis(4- phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), copper thiocyanate
(CuSCN), 2,2',7,7"-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’- spirobifluorene
(spiro- OMeTAD) are frequent HTL materials. For the top electrode, metallic
electrodes made of gold (Au), silver (Ag), and aluminum (Al) are being employed
using thermal evaporation or hot-pressing methods (Assi et al., 2021; Zhao et al.,

2019).

Top-contact
HTL

Perovskite

ETL

Figure 1.1 Components of PSC

Methylammonium lead iodide (MAI), which is well-known for having good
optoelectronic properties, is the most investigated perovskite material that is

frequently studied in the field of SC research where methylammonium (MA) serves
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as the organic cation. The direct bandgap, intense light absorption, and extended
carrier diffusion lengths are the main optical and electrical properties of MAI
perovskite. Because of these properties, it is perfectly suited for solar applications.
The perovskite films of MAI can be created by spin coating and inkjet printing which
provide affordable and scalable manufacturing procedures. Moreover, the band gap
of perovskite can be tuned by changing the concentration of halogen element
present in the perovskite structure (Lee et al., 2018). Additionally, MAI perovskite
can be used in tandem SC design, where many layers of various materials are stacked
to improve the overall PCE. The development of extremely effective tandem or
tandem-PSCs is made possible by the compatibility of MAI perovskite with other
photovoltaic materials (Bett et al., 2020). Despite that, there are several difficulties
linked with MAPbIz-based PSCs, mainly regarding their enduring stability and
durability. The primary cause of PSC instability is the degradation of both the
electrode materials and the perovskite semiconductor, and the interfaces.
Researchers have explored alternative materials, such as formamidinium lead iodide
FAPDI3, has a longer charge diffusion length and a lower band gap at room
temperature (Qiao et al., 2022 ; Salim et al., 2021). Several studies have suggested
partially substituting smaller MA or Cs cations for bigger FA cations in FAPbI; to
stabilize the perovskite phase (Quanyao et al.,2023; Dehingia et al., 2022 ; Yietal.,

2016).

An alternative strategy to improve the functionality or performance of PSCs in certain
aspects is to incorporate long persistent luminescence (LPL) materials in SCs. After being
subjected to light, a material may exhibit the light for an extended period of time, this

4



phenomenon is known as long persistent luminescence. LPL phenomenon is exhibited by
certain materials in which they can emit light for an extended period after being exposed to
light or other forms of energy (Li et al., 2016). There are two main types of LPL materials:
OLPL and ILPL. OLPL materials are typically composed of conjugated polymers, which are
long chains of molecules containing alternating single and double bonds. When these
polymers are excited by light, they emit light as the electrons in the double bonds relax back
to their ground state (Alam et al., 2022). On the other hand, ILPL materials, consist of
transition metal complexes, which are molecules containing a transition metal ion
surrounded by ligands. When these complexes are excited by light, the electrons in the
transition metal ion relax back to their ground state, resulting in light emission
(Vaidyanathan, 2023). LPL materials have numerous applications including displays,
surveillance and security, medical diagnostics, sensors, and photovoltaic cells (Kumar Soni
& Pratap Singh, 2020 ; Eeckhout et al., 2010 ; Liu et al., 2021). In addition to their unique
ability to emit long-lasting light after excitation and their lattice structure that slowly releases
trapped energy, LPL materials could enhance SC performance under low light conditions.
Nowadays, optical research makes considerable use of ILPL materials based on strontium

aluminum oxide (SrAl2O3) doped with Eu, Dy (Matsuzawa et al., 1996).

In this study, the effects of OLPL namely 3,3',5,5'- Tetramethylbenzidine (TMB)
and 2,8-Bis(diphenyl-phosphoryl) dibenzo[b,d] thiophene (PPT), on PSCs were investigated
using two different approaches for LPL integration. The first method connects LPL
externally through a tiny glass substrate, while the second modifies the ETL to include LPL.
A one-step spin-coating approach employing the vacuum-assisted solution procedure
(VASP) was used to deposit the perovskite films lacking an HTL-free material in their

structure. This configuration is known as HTL-free PSCs (X. Li et al., 2016).



1.2 Problem Statement

Research on PSC has shown tremendous potential and development for the
advancement of renewable energy technology. However, there are still certain
problems that prevent PSCs from being commercialized i.e. the interaction of
perovskite is unstable when exposed to moisture, oxygen, and changes in
temperature throughout the manufacturing. Additionally, the significant energy
consumption associated with the fabrication of charge-transport layer (such as
P3HT, PTAA and spiro-OMeTAD) and noble metal counter electrodes (i.e., Ag and
Au). The manufacturing procedures for these CTL and electrodes deposition makes
them unfavorable for wide-scale production (Pradid et al., 2021; Babu et al.,2020).
Humidity is one of the main causes of the degradation of perovskites, and this is
due to the hygroscopic nature of amine, which presents in MAPbI;. Therefore,
various methods have been approached to overcome the stability. The strategies
involve modifying the perovskite lattice structure to enhance its resistance to
moisture. Another approach is doping in the charge-transporting layers (HTL &
ETL), and passivation by using various materials (polymers, quantum dots) (Duan
et al., 2019). Also, alternative materials can be employed as counter electrodes in
PSCs to overcome these problems, including Al, Cu, ITO, PEDOT: PSS, carbon,
and carbon derivatives (Y. Xu et al., 2022). Carbon-based materials have several
advantages because of their remarkable thermal and electrical conductivity,

electrochemical stability, water resistance, and hydrophobic nature. They possess a



work function of 5.0 eV, similar to Au (5.1 eV) and Ag (4.6eV) (Y. Xu et al., 2022).
To address the material cost issue, this study was planned to develop hole transport
material-free PSC using carbon paste as a counter electrode. Furthermore, the

integration of LPL in PSC was studied.

Alternatively, LPL materials present in the market are based on the
inorganic system of strontium aluminum oxide (SrAl,O4) doped with europium and
dysprosium and emit for more than ten hours. However, the fabrication of this
system necessitates the use of rare elements and temperatures above 1,000°C (P. Li
et al., 2022). Additionally, OLPL has not been studied extensively in which the
optical characteristics have not been investigated thoroughly, although they
possess the same properties as inorganic LPL. An LPL material has several
advantages for SCs. LPL can store energy and release it slowly when exposed to
light as luminescence over time. By using this characteristic, effective sunlight
harvesting duration may be extended beyond the hours of daylight (Chiatti et al.,
2021). To provide a constant power source, the stored energy can be

progressively released at night or in low light. Conventional perovskite materials

would not be able to effectively employ diffuse or low-intensity sunlight, whereas
persistent luminescence materials can capture and store the sunlight. Moreover,
the exceptional chemical and thermal stability of some LPL materials can enhance
the stability of PSCs (Saliba et al., 2016 ; L. Zhang et al., 2022). Therefore, this
work demonstrates the novel approach to increase the light conversion of PSCs
with the employment of blended OLPL materials. Furthermore, the synergistic

effect of LPL and light can improve the photoelectric outcome of SCs containing
7



LPL by manipulating the energy gap between charge- transfer and excited states
of the materials. This may help to extend light absorption and charge generation by
resolving the narrow absorption range as a result enhancement in devices overall

efficiency.

1.3 Aim & Objective

This study aims to optimize the blended organic long persistent
luminescence (LPL) materials to be integrated in carbon-based HTM-free PSC. The

objectives of this work are as follows:

i.  Toinvestigate the emission decay rate of the blended organic long persistent
luminescence (OLPL) materials (i.e., TMB and PPT) for the application in
PSCs

ii.  To assess the performance of carbon-based hole transport layer-free PSCs

with the incorporation of blended OLPL materials.

ii.  To evaluate the effect of blended OLPL materials to the charge kinetic of

carbon-based hole transport layer-free PSCs

1.4 Novelty of Study

Most of the recent work on PSCs has been dominated by absorber material
methylammonium iodide. Despite that, this material has its disadvantages such as
stability issues that it degrades rapidly in ambient air. Mixed cations based on

FAMAPDI; exhibit more stability compared to MAPbI3 because of larger size of the
8



FA" cation contributes to a more stable crystal structure. Secondly, the high energy
consumption of expensive hole-transport layers and fabrication of noble metal
counter electrodes make them unfavorable for wide-scale production. Therefore, in
this work, a series of HTM-Free PSCs (FAo4MA.6Pbls) has been prepared in which
carbon paste has been employed as a counter-electrode. Moreover, as explained
above, this LPL material can illuminate in the dark. Unfortunately, research on
OLPL materials and their applications in SCs, especially in emerging PV
technologies such as perovskites, remains limited. This work aims to fill up this gap
by focusing on the unique properties of OLPL materials and their incorporation into
the structure of SCs, observing their effect on the performance of PSCs.
Additionally, this work also focuses on exploring the unique properties of these
LPL materials through various characterization techniques, including
photoluminescence, time-resolved photoluminescence, and UV-VIS absorbance

analysis.

1.5 Dissertation Outline

This dissertation paper contains 5 chapters. Chapter 1 briefly introduces the
background of perovskite, a general introduction to PSCs, and their current device
operational instability issues caused by humidity, and an overview of organic and
ILPL. Chapter 2 provides the literature review that is relevant to this work, namely
various kind of HTL, their approach, and outcomes. Photovoltaic cells with inorganic
long persistent luminescence material (ILPL) and their afterglow. Chapter 3 discusses

the methodology of the experiments and workflow i.e experimental procedure of

9



blended LPL, synthesis of FAMAPDbI3, and synthesis of c-TiO>/m- TiO in the PSCs
assembly. Chapter 4 discusses the findings of ILPL, performance testing PSCs with
or without LPL, and lastly the stability analysis throughout the period. Chapter 5

provides the conclusion and future recommendations of this research.
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CHAPTER-2

LITERATURE REVIEW

2.1 Introduction

Over the past few years, PSCs are the most promising next-generation solar
technologies due to their remarkable advancements. Generally, there are 5 main
components in PSCs: perovskite light-absorbing layer, an electron transporting
layer (ETL), a hole transporting layer (HTL), cathode electrode, and anode
electrode as described in section 1.1. Further, PSCs are categorized as regular n-i-
p and inverted p-i-n structure, based on which transport material (ETL/HTL) on the

perovskite's surface initially comes into contact with light.

The n-i-p configuration contains mainly three layers: ETL, perovskite layer,
and HTL. The n-i-p configuration has three layers: the ETL also called as n-layer,
the intrinsic perovskite layer, and the HTL. Typically, the n-layer is composed of
titanium dioxide (Ti02), a material that efficiently collects and transports electrons
to the bottom contact. A light-absorbing layer of perovskite is deposited between
the ETL and HTL and generates electrons and hole pairs when excited by light.
Lastly, the HTL, which is generally made from materials like spiro-MeOTAD,
collects and transports holes to the top contact as shown in Figure 2.1 (a) (Yan et

al., 2024). In contrast, in the p-i-n configuration, the layers are positioned in reverse
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order, with the hole transport layer first, followed by the light-absorbing perovskite
layer, and finally, the electron transport layer as shown in Figure 2.1 (b). In
comparison to the mesoscopic n-i-p structure, p-i-n configuration shows higher
open-circuit voltages and current densities. The density-voltage hysteresis of planar
n-i-p PSCs is amajor drawback. Furthermore, the p-i-n configuration can reduce the
hysteresis in the current-voltage characteristics of PSCs, resulting in more stable and

reliable device performance (Caprioglio et al., 2019).

At present, spiro-MeOTAD is the most widely used HTL despite its inherent
shortcomings i.e poor conductivity, hygroscopic nature, and mismatched energy
alignment (Suresh & Chandra, 2021). The most important it is expensive in nature
which overall affects the cost of PSC. Therefore, a carbon- based HTL free PSC is
proposed to avoid the use of expensive spiro-MeOTAD. Apart from its favourable

electrical qualities, carbon possesses the ability to operateas an electrocatalyst.

(a) n-i-p mesoscopic (b) n-i-p planar (c) p-i-n planar

—_—
ETL

HTL HTL

.,x\Lx AL

HTL
Transparent cathode Transparent cathode Transparent anode
Glass Glass Glass

oot o0 00

Figure 2.1 Schematic of (a) n-i-p mesoporous (b) n-i-p planar (¢) p-i-n

planar (Yan et al., 2024)



2.2 Carbon-based HTM-Free PSCs

Carbon-based PSCs (C-PSCs) free from HTL have attracted a lot of
attention because of their exceptional stability and easier fabrication procedure.
However, the absence of hole transport is significantly limited by the inadequate
contact between the carbon electrode and the perovskite layer in planar-structured
HTL-free C-PSCs, which directly hinders the fill factor from getting its highest
value of the carbon-based PSCs. In a work by Zhang et al., (2020), to enhance the
interface between the perovskite and carbon, they created a pressure-assisted
technique that included modulating the applied pressure as shown in Figure 2.2 (a).
The hot-pressing process increased the performance from 5.1% (normal) to 6.9%
(HTM-free PSCs). Overall, the HTM-free PSCs derived from the hot-pressing
method presented in their study show excellent promising opportunities to improve

the efficiency of C-PSCs.
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Figure 2.2 (a) Hot pressing of planar n-i-p PSCs (b) J—V characterization of the

PSCs (Zhang et al., 2022)
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FTO/Ti02/ZrO2/C mesoporous scaffold constructed HTM-free C-PSCs
were initially processed at 500 °C as reported by Han et al., (2013). Their studies

reveal at the TiO2/perovskite/carbon interfaces, the mesoporous structure facilitates
effective charge transfer, resulting in a PCE of 6.64%. In recent years, continuous
attempts have been made by researchers which resulted the efficiency of this type
of mesoporous C-PSC device to exceed 17 % (Du et al., 2022 ; Chen et al., 2021).
Recently, an alternate planar structured HTL-free PSCs with low-temperature
processing of Sn02 (150 °C) as the ETL has emerged (Chen & Yang, 2019). Despite
that, the lack of a mesoporous scaffold in SnO»-based C-PSCs results in a lack of
charge transfer at the interfaces between SnOy/perovskite (Yang et al., 2021).
Consequently, for the high-efficiency planar structured HTL-free C-PSCs, a boost

up of interfacial charge transport is very essential.

Compared to conventional hole transport materials, carbon-based materials
like carbon nanotubes (Habisreutinger & Blackburn, 2021), carbon quantum dots
(Tang et al., 2021), and graphene (Acik & Darling, 2016), are frequently more
affordable in PSCs, which result in cost reduction of PSCs fabrication. Carbon-
based hole transport-free designs often involve simplified device fabrication and
processing methods, resulting in better stability, and potentially reducing
degradation of perovskites (Li et al., 2014 ; Li et al., 2014) formed a network of
carbon nanotubes and deposited it on a CH3NH3Pbl3 substrate using chemical vapor
deposition technique but the drawback is that it needs high temperatures of 1150°C

to prepare the carbon nanotube network.
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In the context of this drawback, (Zhou et al., 2004) reported the fabrication
of entirely solution-processable low-cost TiO2/CH3NH3PbIs/C heterojunction SC
based on a low-temperature-processed carbon electrode as shown in Figure 2.3(a).
The C-electrodes were deposited by the doctor-blade technique. The entire device
demonstrated high stability up to 2500 hours with a PCE of around 6.9% (Figure
2.3(b)) without any encapsulation. Additionally, it was noted that there was less

charge recombination at the interface between the carbon and perovskite phases.

(a) Low-temperature (b)
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carbon electrode
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Figure 2.3 (a) Schematic architectures of C-PSCs (b) PCE vs time without

encapsulation (Zhou et al., 2014)

2.3 Different Studies of Electron Transport layers

2.3.1 Tin Oxide (SnOy)

In PSCs, electron transport layers (ETLs) facilitate electron transport

efficiently during sunlight absorption. Its primary function is to extract electrons
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from the perovskite layer, transport them to the electrode (typically the cathode),
and prevent their recombination with holes. A well-designed ETL enhances overall
device performance, efficiency, and stability. There are various types of ETL
available such as TiO2, SnO2, ZnO and [6,6]-phenyl C61 butyric acid methyl ester
(PCBM). In planar structures, conventional ETLs like TiO» are not very effective in
extracting charge from the interface. They require very high temperature, typically

around 500 °C for annealing. The high-temperature annealing removes defects

within the TiOz layer, resulting in a more uniform and defect-free interface between
the perovskite layer and ETL (Kim et al., 2017). However, TiO2-based devices
experience significant degradation when exposed under UV light. In comparison,
SnO; exhibits a higher chemical stability, especially when subjected to UV light.
Additionally, SnO- has a higher electron mobility which leads to more efficient
charge transport and extraction. The enhanced mobility makes the device more

stable and performs better (Uddin & Y1, 2022).

Ke et al., (2012), first described the sol-gel approach in which a low-
temperature solution-processed technique for depositing a thin SnOz layer as an
ETL in planar heterojunction PSCs. (Jiang et al.,2016) reported a highly effective
ETL with a PCE of over 20% where solution-processed SnO> film was used.
Despite the excellent advantages of SnO: films, it exhibits defects or trap states,
resulting in non-radiative recombination of charge carriers and a decrease in the
overall performance of the device. In a work by of (Ma et al.,2015 ; Dong et al.,

2015), a nanocrystalline SnO> as ETL was employed in PSCs (S-PSC) and
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performance was compared with TiO2-based PSCs (T-PSC). Their device exhibited
a higher short-circuit current density but lower open-circuit voltage and lower fill
factor than conventional TiO,-PSCs. Consequently, the PCE of S-PSC was superior
to T-PSC. The devices exhibited a comparatively low fill factor (FF) and open-

circuit voltage (Voc).

2.3.2  Zinc Oxide (ZnO)

ZnO is a semiconductor that shows a promising agent as an ETL because
ofits large band gap and better electron mobility compared to TiO», and it can be
easily deposited on a conducting substrate without high-temperature annealing (Qiu
et al., 2022). In a study by Mahmud et al.,(2017), the best PCE was 8.77% when
ZnO was deposited as ETL and processed for 60 minutes at 140 °C, which explained
that ZnO is the suitable material for ETL. However, in some of the studies it was
found that organic/inorganic perovskite film can degrade into Pbl, when directly
deposited on the ZnO layer, leading to the appearance of a yellow color. A similar
phenomenon was found by (W. Huang et al., 2021), found that MAPbI; films
decomposed into a yellow-colored (Figure 2.4 (a)) byproduct when MAPbI; was
employed over the ZnO layer. As a result, the efficiency of PSCs was very low due
to their moisture-sensitive nature. Although, ZnO has demonstrated the ability to
operate as an ETL even at low processing temperatures. Because of its tendency to

react with MAPDI3, it should be used with caution in PSCs.
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Figure 2.4 (a) Degradation of Perovskite Film (b) Stable Perovskite Film (W.

Huang et al., 2021)

2.3.3 Titanium dioxide (TiO2)

TiO2 is well renowned for being stable and works well with perovskite
materials due to its strong chemical stability, high transparency, and favorable
bandgap to perovskites. An annealing temperature of greater than 400 °C is
necessary for conventional mesoporous TiO: structure in order to obtain suitable
crystallization (Malevu et al., 2019). It was found that annealing at high temperature
significantly improves the surface smoothness, density of grain boundaries, and
carrier mobility of TiO; film as a result of enhancement in PCE (Xue et al., 2023).
According to (Li et al., 2020) a hydrothermal method was used to grow an array of
anatase-phase TiO2 nanorods on a conductive substrate, resulting in a 15.3%

efficiency in PSCs.
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There are currently numerous ways to fabricate compact (c-Ti0;) that have
been proposed in the early literature, including atomic layer deposition (Di
Giacomo et al., 2015), spray pyrolysis (Saliba et al., 2016), electrochemical
deposition (Kavan et al., 2014), and spin-coating (Im et al., 2014). Specifically,
spin-coating is extensively utilized in PSCs because of its affordability, simple
deposition, and convenience. Nowadays, the optimization of the compact layer
continues to get a lot of interest by researchers. In a work by Shahiduzzaman et al.,
(2020), low- temperature TiO> was deposited as ETL via spin coating technique in
their traditional planar PSC. They prepared the C-TiO solution by mixing
hydrochloric acid added isopropanol in TTIP precursor and annealed at 150 °C for
45 min. Because of its low annealing temperature, the ETL of TiO; suffered from

high trap states, which led to low PCE.

—~
Q)
So—
-
o
~

cToz  MTo2  Pblz /\
‘ eee®
i ' | ®®®
— u = . — -
FTO ? ? ?
substrate 000
OOOU

Figure 2.5 (a) Deposition of ¢-TiO2/m-TiO2 (b) Energy level diagram of PSCs

with TiO2 (Shahiduzzaman et al., 2020)

Further, in a work by (Shahiduzzaman et al., 2020), TTIP and HCL diluted
in ethanol were spin-coated at 3000 rpm for 30 s and annealed at 500 °C for 30 mins
to deposit the compact TiO> layer. Similarly, mesoporous-TiO, (m-TiO) film, the

solution of the diluted TiO; paste was spin-coated at 5000 rpm for 30 seconds,
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followed by heating at 500 °C again for 30 mins as shown in Figure 2.5(a). Their

findings showed that employing high temperatures to anneal TiO2 as an ETL

produced the best PCE of 8.81%.

234 ETL Comparison

As explained above, among the various electron transport layers used in
PSCs TiO; is particularly suitable for various reasons. Primarily, TiO> shows
excellent chemical stability, providing long-term durability and reliability for PSCs.
Moreover, TiO; has a band alignment that is well suited to the perovskite absorption
layer, which makes electron extraction easier and reduces the chance of charge
recombination. This ideal band alignment maximizes the collection of
photogenerated charge carriers, which improves the overall efficiency of the device
(Etacheri et al., 2015). In contrast to Ti0O», alternative ETL materials such as SnO>
and ZnO present certain disadvantages that limit their widespread adoption, leading
to non-radiative recombination of charge carriers (Hoang Huy & Bark, 2023).
Similarly, ZnO is hydrophobic in nature, due to this the interface between
perovskite and ETL may be hindered and can affect the overall performance.
Therefore, ZnO is not compatible with certain processing techniques or substrates
commonly used in PSCs fabrication (Azmi et al., 2018 ; Zeng et al., 2020). Lastly,
TiOz is still the material of choice for the electrothermal junction (ETL) in PSCs
because of its stability, band alignment, and electron mobility. However, research is

ongoing to address the drawbacks of other materials,
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such as SnO and ZnO, and to increase the number of options that can be used to

improve device performance and stability.

24 Mechanism of organic luminescence

Figure 2.6 shows the working mechanism of OLPL phenomenon, when light
strikes, LPL molecule gets excited from its ground state (So) to its excited state (S1)
and can move into a singlet or triplet state. It emits light right away in the singlet
state as fluorescence. The triplet state emits light more slowly, and this delayed
emission is called phosphorescence. Non-radiative decay may also occur. An
excited molecule may occasionally interact with a surrounding molecule rather than
immediately generating light. A charge-transfer state is produced by this
interaction, in which electrons travel between molecules. After that, the charged
molecules split apart to create states known as charge-separated states. In charge-
transfer states, electrons move from the donor molecules HOMO to the acceptor
molecules' HOMO during photo-excitation. After that, charge-separated states are
formed when the acceptor radical anions disperse to separate the donor radical
cations from the acceptor radical anions. There is a 25% singlet exciplex to a 75%
triplet exciplex ratio produced by charge recombination of the TMB radical cations
and PPT radical anions. In exciplex systems, reverse intersystem crossing (ISC) by
thermal activation is made possible by a small energy difference between the lowest

singlet excited state (S1) and the lowest triplet excited state (T1). This small energy

21



means light is produced, and it can last for a long time, giving us organic long

persistent luminescence (Shanker et al., 2015)
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Figure 2.6 (a) Molecule excitation (b) Stages of charge carriers (Kabe
and Adachi, 2017b)

2.5 LPLinSCs

Long-persistent luminescence (LPL) or long-persistent phosphors (LPP)
materials can capture and store energy during periods of abundant light and
gradually emit it later. This characteristic enhances the overall energy collection
capacity and reliability of the energy storage photovoltaic module. Therefore, some
research has concentrated on incorporating LPL materials into SCs to utilize the
stored persistent luminescence to continue producing power during the night. In a
work reported by Riaz et al., (2022), they developed all-weather solar cells using
graphitic carbon nitride nanotubes and green-emitting LPL material (Figure 2.7
QDSC device structure with LPP). The PCE in sunlight was 18.5% in that quantum
dot SC which is regarded as good. Unfortunately, in low light conditions, no

noticeable power outputs were detected. However, this investigation demonstrated
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that the PV devices' daylight performance was enhanced by the addition of

ILPL materials.

Figure 2.7 Quantum Dot SC with LPP (Riaz et al., 2022)

Similarly, in a work by (Deng et al., 2020), a bifunctional structured layer
made of LPL SrAl,O4:Eu,Dy, and CdSe quantum dot-sensitized TiO, was employed
as shown in Figure 2.8. The LPL materials were used in their study as a layer integrated
into the cell, where the layer was coated over a transparent nanostructure TiO; layer that
had been sensitized with CdSe quantum dots. According to the results, the cell's
performance was boosted by 48% as compared to when the LPL materials weren't
used. Under dark conditions, the device was able to generate electricity at a low
efficiency of 0.04% because of the afterglow effect of the LPL. Despite its poor
performance in the dark, the integration of LPL enhanced the device's performance
during the daytime (Deng et al., 2020). They found a similar observation when they

applied several kinds of LPL in CdS/CdSe quantum dot-sensitized SCs (QDSSCs).
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A 24% improvement in PCE was noted for devices that had more LPL. These

devices can even operate in the dark with a small period of illumination.

Photoanode
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Figure 2.8 Schematic diagram of the bifunctional structured of LPL and

CdSe quantum dot-sensitized SC (Deng et al., 2020)

In a work by S. Huang et al. (2021), CaAISiNs:Eu** (CASN) and Y,0s3:Eu**
(YO) phosphors were mixed with ethyl vinyl-acetate (EVA) to form luminescence
films shown in Figure 2.9 which are used to improve crystalline silicon solar cells by
converting the photons with the wavelength. These films are used to enhance
crystalline silicon solar cells by converting photons at specific wavelengths. Their
findings demonstrate that shows that the conversion efficiency of the solar cells

increased from 19.61% to 20.00%.
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Figure 2.9 SC with CASN and YO phosphors (S. Huang et al., 2021)

Conclusion from the literature review

As described in the previous sections, it can be concluded that not all SCs are
capable of achieving high efficiency. To boost their efficiency, scientists and
engineers are looking at novel materials and manufacturing processes. The most
challenging problem in PSCs is to address the poor performance due to the rapid
degradation that occurs once it comes in contact with moisture. Moreover, it is well-
known, that SCs work only when there is a sufficient amount of sunlight present,
which is not available when and where it’s needed at night. Consequently, energy
storage technologies such as batteries and pumped hydro storage are needed as
backups to provide a continuous and reliable supply of electricity. This issue can be
resolved by using LPL materials in SCs, which allow for emission in the dark
(Sibinski, 2023). Persistent luminescent materials have the ability to retain energy
after being excited by a light source, which allows them to release light gradually.
This method can enhance the cells' functionality and efficiency, particularly in low-

light conditions. Unfortunately, the uses of LPL materials in SC devices are quite
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restricted as compared to other well-established SC technologies such as silicon or
PSCs. Consequently, it is important to investigate the compatibility of LPL materials
with perovskite materials used in SCs and to make sure that the integration of LPL
materials does not compromise the stability or performance of the SC. Therefore,
based on the previously reported studies with other types of SCs, LPL materials can
be also integrated with PSC as shown in Figure 2.10. The detailed optical studies and

feasibility of such integration have been demonstrated in this work.

coupled with,

Figure 2.10 Proposed Schematic of PSCs with LPL
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CHAPTER-3

METHODOLOGY

3.1 Raw Material

The material required for the fabrication of PSC are listed in Table 3.1

below. All materials were used as received except for FTO glasses, where cutting

and cleaning were performed.

Table 3.1 List of raw materials

Material Role Brand

3,3',5,5"-Tetramethylbenzidine Organic Sigma-Aldrich
Luminescent

2,8 Bis(diphenylphosphoryl)dibenzo[b,d]thiophene | Organic Sigma-Aldrich
Luminescent

Conductive FTO glass Photoanode Greatcell Solar

Titanium isopropoxide

Electron transport

layer

Sigma-Aldrich

Mesoporous Titanium(IV) Oxide Paste

Interface for

Greatcell Solar

perovskite
Isopropanol, Ethanol Solvents Merck Millipore
2 M Hydrochloric acid Doping Element Merck Millipore
Formamidinium lodide Organic Cation Sigma-Aldrich
Lead(II) iodide Metal, halogen Sigma-Aldrich
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Methylamonium Iodide Organic Cation Sigma-Aldrich
Dimethyl sulfoxide (DMSO) Solvent Sigma-Aldrich
Dimethylformamide (DMF) Additive Merck Millipore
Carbon paste Counter electrode Dycotec
Materials

3.2 [Etching and cleaning of FTO glass

The FTO glass was cut into the size of 18 mmx14 mm. The high temperature
PVC tape was stuck at the edge of the glass on the conducting plane of FTO. Then
Zn powder was spread on the glass, and then diluted hydrochloric acid (2M) was
dropped onto the Zn powder to FTO layer where it is not protected by the
conductive tape. The zinc powder reacts with the FTO layer, particularly the tin (Sn)
component, forming soluble zinc tin compounds (such as ZnCl.) through a redox reaction.
This reaction helps in removing tin from the FTO surface. As a result, the surface becomes
cleaner and more conducive for the subsequent deposition (Triana, Kusumandari and
Suryana, 2016). Similarly, HCI reacts with the FTO surface, particularly the tin oxide
component, to dissolve and remove any surface contaminants, oxides, or residual organic
materials. HCI further cleans the FTO surface, dissolving contaminants and oxides, and
preparing it for subsequent deposition processes (Haghighi et al., 2023). The purpose of
etching is to remove the oxide layer on the surface of the substrate and make the
surface smoother, thereby improving the adhesion and quality of the film deposition

over it. After etching, clean the Zn powder with a cotton swab, then the high-
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temperature tape was taken off. The etched FTO substrate was ultrasonicated in
deionized water, decon90 detergent, and rinse the substrates (3-4 times) followed
by distilled water and isopropanol for 20 min. Then the FTO substrates were heated
at 150 °C for 10 min. Finally, the FTO substrate was treated in UV-Ozone cleaner
for 20 min. The etched FTO glass surface is meant to be further cleaned and
activated by using a UV ozone cleaner. UV ozone cleaners generate both UV light
and ozone (O3), which together remove any remaining contaminants from the FTO

substrates.

3.3 Preparation of LPL

In the active phase, two OLPL samples were used namely N,N,N’,N’-
tetramethylbenzidine (TMB) and 2,8
bis(diphenylphosphoryl)dibenzo[b,d]thiophene (PPT) which were mixed in various
ratios as shown in Table 3.2. The TMB has high luminescence efficiency (Dong et al.,
2021). PPT is another organic luminescent material chosen for its excellent stability
under an inert atmosphere (Jeong and Lee, 2011). The TMB functions as an electron-
donating molecule and the PPT functions as an electron-accepting molecule to
create the prolonged charge-separated state. The blend was then subjected to a
melting process at 220 °C on a quartz substrate, and subsequently, epoxy
encapsulation was applied to shield it from moisture. Once the material melted, it
was immediately treated under UV lamp to examine the self-illumination as shown
in Figure 3.1.

Initially, two organic compounds—TMB and PPT—were selected for the

preparation of long persistent luminescence (LPL) materials. When PPT was
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handled, it became apparent that it was extremely sensitive to moisture and stuck
to glass vial tubes quickly, making it challenging to transfer the exact quantity
required. Consequently, in order to resolve this problem, the weighing procedure
was carried out in an inert argon environment inside a glovebox. The PPT powder
was precisely weighed in various ratios in this controlled atmosphere, and it can be
transferred onto microscopic glass slides without disturbing the risk of moisture
interference. This process made sure that our samples were consistently measured
precisely. For accuracy purposes, other heating and characterization procedures

were carried out at room temperature to obtain consistent results.

UV- treatment
process illumination

Figure 3.1 Picture of LPL material (a) UV treatment under UV Lamp (b)

Self- illumination
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Table 3.2 Composition of TMB and PPT for cell-1 to 5

S. No Sample Ratio | Mass of Mass of | Total
TMB PPT mass
(mg) (mg) (mg)
- Pure TMB 1:0 50 0 50
- Pure PPT 0:1 0 50 50
Cell-1 TMB + PPT | 1:1 50 50 100
Cell-2 TMB + PPT | 3:2 60 40 100
Cell-3 TMB + PPT | 7:3 70 30 100
Cell-4 TMB + PPT | 4:1 80 20 100
Cell-5 TMB + PPT | 9:1 90 10 100

3.4 Preparation of compact TiO, solution

In order to make compact TiO», Initially, 369 pl of titanium isopropoxide
(TTIP) was diluted with 2.53 ml of isopropanol. On the other hand, 2M HCI
solution (35ul) with 2.53 ml of isopropanol was mixed together to achieve the
concentration of 0.026 M. Lastly, while dynamically stirring, the acid-containing
solution (2M HCI) was gradually mixed with the titanium precursor solution. Then,
the entire solution was then completely filtered using a 0.25 m PTFE filter (Qin et
al.,, 2017). It is anticipated that the resulting TiO> layer would have a uniform,
smooth surface, which is essential for reducing defects and promoting effective
electron transport. The smooth and dense structure of this compact TiO2 layer
serves as an electron-selective contact, preventing electron recombination at the
interface. Its compact nature is essential for creating an effective barrier, thereby

enhancing the overall efficiency of PSCs (Wang et al., 2014).

31



3.5 Preparation of mesoporous TiO, solution

To obtain a mesoporous TiO> layer, TiO; paste was diluted in ethanol with

a ratio of 1:3.5 (wt%) and spin-coated on an FTO substrate under the same

conditions as the blocking layer, and annealed at 250°C for 10 minutes and 450°C
for 30 minutes (Pospisil et al., 2020) as shown in Figure 3.2(b). This procedure
produces a high-porosity layer that gives the perovskite material a broad surface
area, promoting effective electron transport and lowering recombination losses.
Similarly, it is also anticipated that the mesoporous TiO2 layer would have a high
porosity, which offers a large surface area for perovskite absorption as well as
effective electron transport. These features are essential for optimizing the SC's

efficiency and performance.

3.6 Preparation of Perovskite Precursor

In order to prepare perovskite FAo4MAo.6Pbls precursor solution, 0.4 M of
formamidinium iodide (FAI), 0.6 M of Methylammonium iodide, and 1 M of lead
1odide (Pbl,) were dissolved in 600 pl of dimethylformamide (DMF) and 71 pl of
dimethyl sulfoxide (DMSO). The precursor powders were weighted inside an argon
glovebox to avoid contamination the stock Pbl>, FAI and MAI chemicals with
outside air and moisture (Figure 3.2). The weighted powder was then transferred
outside and quickly dissolved in the prepared solvents in order to reduce contact

with the moisture and oxygen in the surrounding air. The solution was well stirred
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with a magnetic stirrer for 15 to 20 minutes at room temperature, or until a
translucent yellowish color appeared. In a study by (Duan et al., 2018) has
validated that the FAo4MAoePbl3 composition leads to perovskite films with
superior morphological and electronic properties. As a result, the concentrations of
FAI MALI, and lead iodide Pbl> were selected after a thorough literature study. The
solvents dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) were chosen
because of their high boiling point and capacity to efficiently dissolve perovskite
precursors. By allowing enough time for crystal development during the annealing
process, high boiling point solvents like DMF and DMSO aid in the formation of a
homogeneous perovskite coating. In addition, 2% DMSO was added to the
precursor solution in order to fully convert Pbl, into the perovskite structure
(ABX3). This addition aids in achieving better film morphology and improved
device performance by ensuring complete crystallization and minimizing defects.
This whole process was performed under dark to prevent light interaction. Lastly,
the entire precursor solution was filtered by using 0.25 um PTFE syringe filter to
remove any undissolved impurities and to obtain a fully transparent perovskite

precursor.
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Figure 3.2: Representation of FAI, MAI and Pbl: weighed inside an argon

glovebox

3.7 Assembly of PSCs

The schematic fabrication procedure of PSC is shown in Figure 3.3. In order
to form a c-Ti10: layer on the FTO substrate, the first step was to spin-coat a 50 pL
of prepared TiO> solution (section 3.4) on the FTO substrate at 3000 rpm for 30
seconds and then anneal it at 450 °C for 30 minutes as shown in Figure 3.4(a). In
order to avoid direct contact between the perovskite layer and the FTO substrate,
the c-TiO2 layer functions as a blocking layer. In the same manner, the m-TiO: layer
was covered with a mesoporous TiO2 layer by spin-coating a diluted TiO: paste
solution for 30 seconds at 5000 rpm (Figure 3.4 (b)). Again, TiO>-coated FTO glass
was kept for annealing at 250 °C for 10 minutes, followed by 450 °C for 30 minutes
in order to achieve the formation of a stable and well-ordered crystal structure
(Parashar & Kaul, 2021). This m-TiO> layer offers a high surface area resulting in

increase the interface area for charge separation and improved electron transport.
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For the absorption layer, 60 puL of perovskite solution containing double
cation perovskite precursor (FAo4MAoePbls) was spin-coated over the
mesoporous-TiO> (m-TiO) oxide layer. Subsequently, followed single-step spin-
coating method at room ambient conditions, with 1000 rpm for 18 s, then 4000 rpm
for 18 s (Figure 3.4 c¢). To produce uniform and smooth surfaces, thin layer
formation in both the TiO> and perovskite films depends on the spin-coating rates.
In order to minimize defects and ensure consistent device performance, uniform
films are essential. Therefore, a lower spin-coating speed (1000 RPM) allows the
precursor solution to spread evenly. In the next step, a higher spin-coating speed
(4000 RMP) helps to maintain the minimum thickness.

Additionally, the substrate was placed in a chamber attached to a vacuum
pumping device in order to undergo the vacuum-flash solution processing (VASP)
treatment, which was utilized as an anti-solvent approach to get a reflective and
shiny surface for the perovskite layer. The substrate was then removed from the
chamber after returning to normal atmospheric pressure and quickly placed on ahot
plate at 120 ° C for 10 minutes in an ambient environment for annealing (Chen et al.,
2019). This annealing temperature and duration are selected in order to ensure
proper crystallization of the perovskite film. A proper annealing process ensures
complete evaporation of the solvent and enhances crystallinity, which is crucial for
effective charge transfer and high performance. The function of this obtained
perovskite layer is to absorb the light. Following, the carbon black paste was applied
directly to the perovskite layer using a doctor blade as the counter electrode, and it
was cured for ten minutes at 120°C. The final schematic structure of the PCS sample

is shown in Figure 3.4 (d). The role of this carbon electrode is to collects the holes
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that the perovskite layer generates once it interacts with the light.

Figure 3.3 Step-by-step fabrication process for PSCs: (a) Ozone cleaning of
FTO glass with light, (b) Deposition of c-TiO: layer, (¢) Deposition of m-TiO:
layer, (d) Deposition of FAo.4MAo.cPbls layer (e) VASP treatment, and (f)

Deposition of Carbon layer via Doctor’s blade method

The durability and performance of PSCs can be greatly impacted by surface
imperfections, pinholes, and non-uniformities at the interfaces. In the perovskite
layer, these problems are frequent. In this work, an anti-solvent method called
VASP treatment was used to overcome this difficulty. By using this method, the
perovskite layer's surface was made uniformly reflective, which enhanced the SC’s

overall performance.
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Figure 3.4 Different stages of PSC samples: (a) Coating of c-TiO2 (b) Coating
of m-TiO2 (c) Pure Perovskite Film (d) Perovskite Samples covered with

carbon electrode

3.8 Assembly of PSCs with LPL (L-PSCs)

In order to fabricate the L-PSCs, a novel approach has been adopted in
which an active layer of LPL was externally coupled to the C-PSCs. The LPL layer
was configured in two configurations: top-facing (Figure 3.5a) or bottom-facing

(Figure 3.5b), positioned over the light source.

This approach made it possible to examine the effects of 2 different

orientations of LPL layer on the general effectiveness and performance of the L-
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PSCs. The objective was to maximize the SC efficiency and optimize light
absorption. Later, the outcomes reveal that the LPL with the bottom facing has
negligible performance. Therefore, the approach with top-facing L-PSC was chosen

for all measurements.

Top facing Down facing
LPL LPL

Figure 3.5 (a) PSC with top facing LPL (b) PSC with bottom LPL

3.9 Characterization

The UV-VIS (Ultraviolet-Visible) spectrum was performed ranging from
200-800 nm with a UV-VIS spectrophotometer (Varian, model no- EL07063063) to
analyze the absorption of light by any material.

The XRD (X-ray diffraction) characterization was performed using X-ray
diffractometer (model Shimadzu XRD-6000) to analyze the phase identity of
perovskite and LPL. A detailed study of the surface morphology of perovskite film
was observed under scanning electron microscopy (SEM) (Hitachi, model no-
S3500) and field emission scanning electron microscopy (FESEM) (Hitachi,
model no S5000N). Similarly, high-resolution transmission electron microscopy

(HRTEM) was carried out to observe the fringe spacing of the perovskite structure.
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The SC performance was evaluated through J-V characteristics with an solar
simulator (using Keithley 2400 -electrometer conducted under xenon lamp
illumination of 100 mW m2) and electrochemical impedance measurement using
potentiostat (Model Zive SP1) with frequency scanning range from 100kHz to 0.1

Hz). The efficiency of the SCs were calculated using the following equation:

n= (JSCVOCFF)/Pin (31)

where JSC is the photocurrent density at a short- circuit, Voc is the open-circuit

voltage and FF is the fill factor. Pi, represents the light intensity.
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CHAPTER-4

RESULTS & DISCUSSION

4.1 Introduction

Integration of LPL materials into PSCs offers a good opportunity to enhance
their functionality and performance. The aim of this work was to investigate how
OLPL materials affect the charge kinetics and efficiency of carbon based, HTL free
PSC. The preparation of OLPL materials was the first step in the study, and then
several techniques were used to conduct a thorough characterization. i.e UV- VIS
analysis, photoluminescence spectroscopy, and time-resolved photoluminescence
(TRPL) spectroscopy. Important details on the stability and optical characteristics

of the OLPL materials were analyzed from these characterizations.

The LPL materials were incorporated into C-PSC once they were optimized.
The perovskite material was thoroughly characterized using XRD, HRTEM,
FESEM and SEM before OLPL integration. The performance of the PSC with and
without LPL was then assessed via current-voltage (I-V) analysis. Finally, using

EIS, the charge kinetics of the C-PSCs with OLPL and ILPL were examined.
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4.2 Optical properties of LPL

Ultra-violet visible (UV-VIS) spectroscopy is used to study the optical
absorption intensity of the material (with various ratios) which helps in identifying
the optimized composition of OLPL (TMB and PPT) absorption edges and their
respective band gaps. This range was selected because it covers both the ultraviolet
(200-400 nm) and visible (400-800 nm) regions. Absorbance spectra in the UV
and VIS regions of the electromagnetic spectrum provide vital information about
a material's capacity to absorb light. According to this obtained data, the
absorbance of the blend of TMB and PPT with a combined UV-Vis spectrum
ranging from 200 nm to 800 nm has been analyzed. The absorbance spectrum is
plotted for 7 cases with different ratios of TMB and PPT, whereas cell-1 to cell-5

are the blends of TMB and PPT with varying ratios as shown in Figure 4.1.
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<
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Figure 4.1 UV VIS spectra of LPP with different ratios of TMB and PPT.
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It is clear from Figure 4.1 that, at a wavelength of 350 nm, cell-3 TMB:
PPT (7:3) exhibits the highest absorption. The intensity of absorption rises with
an increase in TMB concentration. The peak of cell-3 shows that its maximum
absorption of light occurs at 350 nm. Also, certain chemical or electronic
transformations taking place inside the material are indicated by this peak
absorbance. The absorption at 350 nm is also seen in (Figure 4.1) pure TMB and PPT
samples because of their short m-conjugation. At 394 nm and 346 nm, TMB and
PPT both exhibited their peak fluorescence, respectively. In order to achieve long-
lived charge-separated states, this work used the strong electron-donating
chemical TMB, which contains a very stable radical cation (Doki et al.,2024). An
increase in temperature will cause TMB oxidation, which will change the maximum
absorbance. Without recombining to lose energy, the photo-generated radical cations
and anions must accumulate in the blend. The bandgap of blended LPL (cell-3)
using Tauc’s method lies in between 3.06 = 3.50, and then based on the highest
absorbance intensity, cell-3 comes out to be optimized composition and its
corresponding Tauc’s plot is shown in Figure 4.2 with a band gap of 3.17 (eV) as,
which is calculated by using the equation:

Eg = 1240/ Aonset (4.1)
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Figure 4.2 Tauc’s plot for cell-3

Choosing a material to integrate into PSCs requires consideration of its band
gap when compared to the absorbing layer on the perovskite. To optimize the SC's
overall performance, the band gap of the additional material should match the
perovskite layer's band gap. By absorbing light in a different region of the solar
spectrum, it should be able to increase the total amount of sunlight absorbed and
maximize efficiency (Teixeira et al., 2022). The Tauc’s equation may be used to

estimate the band gap in the following manner:
ahv= A(hv — Eg)n 4.2)

where v is the incoming photon frequency, A is the proportionality constant, h is the
plank's constant, a is the absorbance coefficient, and Eg is the optical band edge.

For the direct band transition, the value of (n) is %%.
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4.3 Optical Properties of Perovskite

Like OLPL, the absorption spectrum obtained from UV-VIS spectroscopy
shows how much light the perovskite material absorbs at different wavelengths. A
material's band gap with the perovskite's absorbing layer must be taken into account
when selecting it for integration into PSCs. The band gap of the inserted material
must coincide with the band gap of the perovskite layer in order to maximize the

overall performance of the SC.

—— FA MA, Pbl;

25F

Abs.

0.0 ] ] ]
400 500 600 700 800
Wavelength (nm)

Figure 4.3 The UV-VIS absorption spectra of Perovskite
The UV-VIS absorption spectra of the perovskite film are displayed in Figure
4.3. The Longer wavelengths showed a decrease in intensity, which indicated the

existence of induced states that cause the recombination processes occurring in the

material (Wu et al., 2022).
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Figure 4.4 Tauc’s plot for Perovskite
The literature has extensively shown that MAFAPDI3 has a narrower bandgap

(1.48 =1.50 eV) than MAPbDI3. Consequently, the band gap can be adjusted by
mixing FA" with them to generate the mix-cation FA¢4MAg¢Pbl; (Gao et al.,
2020). The bandgap of FAo4MAePbls perovskite using Tauc’s method was 1.9

(eV) (Figure 4.4) which means it absorbs photons with a slightly higher energy

compared to perovskites with a smaller band gap.

4.4 Photoluminescence (PL) Spectroscopy

The PL (photoluminescence) analysis was carried out using a
spectrofluorometer (model- FS5) to study the emission intensity of any material.

Moreover, this technique provides insights into the recombination processes of
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charge carriers occurring in the material. The excitation wavelength was set to be
at 350 nm. The excitation wavelength of 350 nm corresponds to the energy required
to excite electrons from the ground state to higher energy states in many organic

luminescent materials (Kabe and Adachi, 2017).
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Figure 4.5 PL spectra of OLPL with various ratio of TMB and PPT

Analyzing the unique PL characteristics of the TMB-PPT combination is
crucial because these characteristics, such as emission intensities and wavelengths,
may be affected by a number of variables, including the surrounding environment,
the concentrations of TMB and PPT, and the interactions between the two materials.
The electronic transitions occurring in PPT and TMB when combined and
stimulated at 350 nm resulted in clearly visible PL spectra. Organic Compound

TMB, is well renowned for its robust electron-donating capabilities. The molecule
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can efficiently transfer charges due to its structure (Figure 4.6(a)), which facilitates
the effective charge transport inside the substance. TMB absorbs photons at 350 nm
and prompts electrons within its molecules to transition to higher energy levels. In

the presence of light, these excited electrons can release energy upon recombination.

HsC CHs
-

Figure 4.6 Structure of (a) TMB (b) PPT (Dong et al., 2021)

In the same way, PPT experiences electronic changes upon photon
absorption at 350 nm. The Excitation of electrons can lead to their holes resulting
in the emission of light (Nishimura et al., 2020). Consequently, the resultant spectra
of cell-1 to cell-5, pure TMB, and pure PPT show maximum peaks that correspond
to the emission from TMB and PPT between 530 and 570 nm, except for cell-2 as
shown in Figure 4.5. The strong electron-donating qualities of TMB are responsible
for its superior PL emission in pure form when compared to PPT. Small amounts of
TMB radical cations, which should be absorbed in longer wavelength regions,

maybe the cause of this prolonged absorption.
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Figure 4.7 Deconvolution of the photoluminescence for cell-3

For a better understanding of this behavior, Gaussian fitting with replicas,
of which the three Gaussian adjustments simulating each luminescence spectrum in
the cumulative curve were applied. The deconvolution spectra from the optimized
sample (cell-3) with their respective adjustments are shown insight of Figure 4.7.
There was a significant rise in PPT concentration. At the same time, there has been
evidence of red, yellow, and blue emission, and the emission spectra have slightly

changed from 548 nm to 568 nm.

4.5 Time-resolved photoluminescence (TRPL) spectroscopy

The photon count and lifespan of the organic luminescent compounds were
determined using TRPL spectroscopy. A decay curve was produced as a function

of time by recording the emission of the material over time using a pulsed laser as
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the excitation source. The lifetime (1) of charge carriers can be determined by using
the exponential decay function of the photoluminescence intensity:

Short Lifetime: Short lifetime shows that charge carriers are recombining
quickly, which may be the result of material flaws or non-radiative recombination
processes.

Long Lifetime: A long lifetime indicates that an electron in the excited state
stays there for a longer period, resulting in slower recombination between the
charge carriers. Generally, a slower recombination rate indicates fewer defects.
Optoelectronic devices, such as SCs, tend to have longer lifetimes because their
efficiency improves as their lifetime increases.

Decay of Photon Count: The lifetime of the excited state is found by
measuring the rate at which the photon count drops with time. If more than one
process is present, the decay may frequently be fitted with one or more exponential
functions to extract distinct recombination durations (Chulid-Jordan and Juarez-
Perez, 2022)

In this work, the emission decay dynamics of OLPL material were
investigated using TRPL spectroscopy. After PPT and TMB were blended, TRPL
spectra were recorded, which are crucial for comprehending the recombination and
carrier dynamics inside the material. The lifespan and photon count of each sample
are shown in Figure 4.8. Based on the findings, every sample shows nearly the same
pattern. Among the luminescence blend samples, cell-3 exhibits the highest photon
counts and longest lifespan, suggesting the slowest rate of electron decay. When

compared to the pure PPT sample, Cell-3's lifetime analysis reveals a longer
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lifetime. As a result, among the blend luminescence samples, the rate of photon
emission has accelerated from cell 3, indicating the material's concentration of
radiative recombination centers and radiative recombination efficiency (Xing et al.,
2017). With the exception of cell-1 and cell-2, all of the cells had extended carrier
lifetimes because of the rise in recombination rates brought upon by blended

luminescence's trap states.
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Figure 4.8 TRPL spectra of LPL (TMB-PPT)

Using the following triple-exponential equation, the samples' lifespan data were

evaluated:
R(t) — Ble (-t/‘[l) + Bze (-t/ ’I.'2) + B3e(-t/ ’I.'3) (4.3)

Here B1, B2 and B3 represents the amplitude constituent of the first, second

and third decay exponents, respectively. The decay curve is made up of two slower
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components, 12 and 13, and one quick component, T1. Pure PPT has an average

luminous lifetime of 4.226 ns.
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Figure 4.9 Fitting of TRPL of LPL (cell-3)

As in the cases of cell-1 and cell-2, where a larger ratio of PPT to TMB i1s
blended, the corresponding lifespan values are 2.133 ns and 2.110 ns. With 7.197
ns, Cell-3 has the longest lifespan value (t1 = 0.674 ns, 12 = 2.527 ns, 13 = 9.997
ns). Longer lifespans appear to be sustained by a higher ratio of TMB in the mix
blend, as seen by cells 4 and 5, which had lifetime values of 6.020 and 6.592 ns.
Since the observed lifespan is short, which is at 7 ns, OLPL blends are expected to
have short-lived or negligible luminescence effects, which conflicts with the
properties of LPL materials. However, as Table 4.1 demonstrates, all of the cells,
with the exception of cells 1 and 2, had extended carrier lifetimes because of a rise

in recombination rates brought on by the trap states found in LPL blend.
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Remarkably, this investigation did not examine the impact of excitation power.

Additionally, the samples' applicability was only verified at room temperature.

Table 4.1. Charge Lifetime extracted from the TRPL spectra of LPL

T1 T2 T3 B1 B2 B3 T1°2 272 T3*2 Life

time v
(ns)

Pure | 0313 | 2.279 6.795 0.007 | 0.002 | 0.001 | 0.098 5.194 46.174 4.226

PPT

Cell- | 0.615 | 2.506 10.686 | 0.002 | 0.002 | O 0.378 6.280 114.197 | 2.133

1

Cell- | 0487 | 2435 10.531 | 0.002 | 0.002 | O 0.237 5.929 110.906 | 2.110

2

Cell- | 0.674 2.526 9.996 0.001 0.002 | 0.001 0.454 6.385 99.932 7.196

Cell- | 0.390 2.227 8.518 0.002 | 0.002 | 0.001 0.152 4.961 72.568 6.019

Cell- | 0.344 2.172 9.883 0.002 | 0.002 | 0.001 0.118 4.719 97.675 6.592
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4.6 XRD (X-Ray Diffraction) of LPL

XRD technique was used to analyze the specific phase of the LPL layer and
to recognize whether the prepared material is compatible with the existing
perovskite structure. Figure 4.10 depicts the XRD patterns of the blended LPL
(TMB-PPT) ofratio (7:3) as well as individual LPL in its pure state. The strong broad
diffraction pattern of the pure PPT (Figure 4.10a) compound, centered at 16.97°,
suggests that the PPT compound lacks the crystal lattice and that the molecular
or atomic arrangements are more disorientated whereas the pure TMB and the
mixture of blended TMB-PPT have fully crystalline nature (Figure 4.10 b & ¢)
which shows two peaks at 13.10° and 23.43°. The crystalline phase of blended LPL
affects in longer lifetime of charges, allows for a higher chance of charge
extraction, and contributes to higher device efficiencies which is further verified by

I-V characteristics.
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Figure 4.10 XRD pattern of (a) Pure PPT (b) Pure TMB (c) blend TMB-PPT (7:3)
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4.7 XRD of Perovskite

To determine the crystal structure and phase purity of the perovskites,
XRD analysis was employed. In addition to providing information about the lattice
structure, this technique ensures that the synthesized material will have the desired
crystalline phase, which is necessary for high-efficiency SCs. Therefore, Figure
4.11 shows the XRD pattern of FA¢4MAo¢Pbls perovskite film and the matching
JCPDS: 01-0731752. The peak observed in the JCPDS database corresponds to
Pbl,. The database did not include any peaks that corresponded to
methylammonium lead iodide or formamidinium iodide. Peaks corresponding to
formamidinium iodide and methylammonium lead iodide were not identified in the
database. The lattice planes that correspond to the diffraction peaks for 26 values
of 14.06°, 26.54°, and 28.26° are (003), (013), and (014), respectively. In the
perovskite film, the diffraction peak at 14.06° exhibits a preferred orientation with
a higher intensity, where 0.4 M of FA is incorporated into the M Ao ¢Pbls perovskite
film causing the diffraction intensity to become much stronger, suggesting higher
crystallinity which causes the expanding the lattice parameters of FAo4 MA.¢Pbls.
Since FA ions are larger than MA ions, the lattice size is increased with FA
incorporation, according to Bragg's equation (2d sinf = n)) (Magsood et al., 2020).
This was evident that perovskites have a tetragonal structure in their crystal

structure, as confirmed by these peaks.
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Figure 4.11 XRD pattern of Perovskite FA¢4MA.cPbl;

4.8 SEM (Scanning electron microscopy)

The surface morphology and microstructure of the perovskite films were
examined using SEM. SEM offers high-resolution pictures that show the surface
roughness, size, and pinholes. The performance of the SCs is directly affected by both
the uniformity and the identification of defects in the perovskite layer, which may be
achieved with the use of this characterization technique. The perovskite films of
FA0.4MA.6Pbl; are seen in the top-view of SEM as shown in Figure 4.12. The size of
perovskite particle was found to be significantly altered by the ratio of FA". Figure
4.12(a) shows the clear formation of perovskite with proper uniform crystal packing,
and no pinhole has been found. Furthermore, compared to MAPbI3, which has already

been extensively studied in the literature, the FAo4MAo6Pbls perovskite film shows
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better cubic particle form and a more distinct grain boundary (Chen et al., 2018). As
the FA" ratio rises, the FA04MAo.6Pbls perovskite film's size increases. The FAPbI3
perovskite film has the biggest grains among the FAo4MAoePblz perovskite films
specifically when the MA™ is replaced by the FA" ion. This is because the FA™ gives
the FA0.4MA.6Pbl; perovskite film a more compacted surface and greater grain size.
On the other hand, Figure 4.12(b) was an image obtained from the coated sample with
inadequate coverage whereas the FAo4MA.6Pbl; perovskite film is observed to have
a uniform crystal layer. This results in a more compact surface and bigger grain
size because the FA" contribution in the FA4MA¢Pbl; perovskite film is somewhat

higher (Yang et al., 2019).

- :
UTAR-SEM 5.00kV'6.9mm x10.0k- SE

Figure 4.12 SEM of Perovskite at magnification (a) 10 pm (b) 50 pm
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4.9 Field Emission Scanning Electron Microscopy (FESEM)
Analysis

The detailed surface investigation was conducted using FESEM, which has a
greater resolution than normal SEM in which a tungsten filament is used as an
electron source. The size of pinholes and grain boundaries inside the perovskite films
may be better understood by using FESEM, which makes it possible to observe finer
morphological details and nano-scale characteristics. Unlike SEM, a field emission
electron source is used in FESEM. This source usually consists of a field emitter or
a sharp metal tip that enables the creation of electrons through a process called field
emission. In both cases, Figure 4.13 (a) and (b) respectively there is structure
composed of large grains. The homogeneous, pinhole-free perovskite film shown in
Figure 4.13 (a) and (b) was obtained by incorporating FA cations into pristine
MAPDI3 (FAo4sMAosPbl3) (Magsood et al., 2020). A grain size of 0.226 pm is
associated with its closely packed structure. In contrast, Figure 4.13 (¢) and (d)
demonstrate the presence of pinholes with the average size of 0.712 pum in the
perovskite film, together with several grain boundaries, which promotes
nonradiative recombination and reduces the PSCs' efficiency. Due to this large size
of pinholes, the uniformity of the perovskite layer has been significantly through
charge extraction. High pinhole density can lead to non-uniform light absorption
or emission across the device area (Zhu et al., 2021). This occurrence of pinholes is
due to the prolonged exposure of the perovskite samples to the open environment
over an extended period. Consequently, a gradual degradation of the samples has

been observed. It is noteworthy that the perovskite samples reported in this work were
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not subjected to any form of encapsulation (Tafazoli et al., 2018; Wang et al., 2017).

Figure 4.13 FESEM images of top view of Perovskite

4.10 High-Resolution Transmission Electron Microscopy (HRTEM)
Analysis
Unlike SEM or FESEM, HRTEM provides unique insights into the
characteristics of the material. With the use of HRTEM, imaging at the atomic scale
is made possible, yielding comprehensive details on atomic configurations, lattice
structures, and crystal structural defects. Through electron diffraction patterns,
HRTEM also offers comprehensive crystallographic information that enables the

identification of various phases and fringe distances. This information includes the
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shape and composition of various layers and their interfaces.

Therefore, Figures 4.14(a) and (b) depict the original FAMAPbDI; in its
crystalline phase, which displays a tetragonal crystal structure, before
degradation. The HRTEM images of a FAMAPDI; film (Figure 4.10 (a), inset of
Figure 4.14 (a)) show interplanar distances of 0.18 nm, which is corresponding to
the (211) plane of the cubic perovskite structure. In contrast, the addition of FA™
(0.4 M of FA"/0.6 Mof MA") results in the creation of 5-100 nm-sized nanoscopic
spherical 3D crystals as depicted in Figure 4.13(c) and (d). The alternation affects the
morphology of the perovskite, consequently of FA™ / 0.6 M of MA™), consequently
impacting the performance of PSCs. The perovskite crystal influences various
photovoltaic parameters, such as charge carrier mobility, recombination losses, and
stability. These factors contribute to enhanced power conversion efficiencies
(PCEs) in mixed cation PSC devices, making them favorable for I-V analysis (Lee

et al., 2012; Pathak et al., 2015).
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Figure 4.14 HRTEM of Perovskite

4.11 Photovoltaic parameters of PSCs (J-V) curve

The performance of PSCs was determined through J-V analysis under
standardized test (STG) conditions using a solar simulator. The PSC's active area

2

in this experiment was 0.16 cm”. The measurements were made with an

illumination condition of 0.73 suns, or 7.3 mW/cm?. By keeping this parameter,

consistent and reproducible testing can be achieved, allowing for the accurate
measurement of PCE, short-circuit current (Js), open-circuit voltage (Voc), and fill

factor (FF).
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Figure 4.15 J-V curve of PSCs coupled with OLPL/ILPL measured

with solar simulator under xenon lamp

The PSC devices are fabricated using three distinct materials each having
their photocurrent density—voltage properties are displayed in Table 4.2 and Figure
4.15. The findings showed that certain individual materials had a major impact on

the overall power conversation efficiency (PCE). The P6 device with OLPL has the
lowest photovoltaic performance, with a (Vo) 0£0.221 V, a (FF) 0f24.80, a (Js¢) of

25.05 mA/cm?, and a PCE of 1.06%. This shows that OLPL has a negligible impact
on the device. This observation is consistent with the TRPL analysis's short charge
lifetime (section 4.5). Charge recombination that happens quickly when
photoexcited in the OLPL layer may be the cause of poor self-illumination upon
light soaking. Additionally, the effect of using polyvinyl alcohol (PVA) as an HTL,

deposited as a thin layer over the perovskite layer, followed by a carbon electrode,
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has been examined. Unfortunately, the outcome reveals the device (P7) has the
second lowest performance, with a (Vo) 0f0.370 V, a (FF) 0f 24.80, a (Jsc) of 8.36

mA/cm?, and a PCE of 1.20%. This poor performance is caused by the high internal
resistance at the contact between the polymer electrolyte PVA and the perovskite

(Rahul et al., 2016). In contrast, the device P3 with ILPL (based on strontium)
shows a champion efficiency of 7.65%, with a (Voc) 0of 0.537 V, a (FF) 0f 28.97,
a (Jsc) of 34.40 mA/cm?. Even though the assembly with the OLPL layer performed

poorly in the dark, there is still an opportunity for development since better LPL
layer encapsulation might result in longer charge lifetimes and longer periods of

self-illumination.
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Table 4.2 Photovoltaic measurement of PSC samples with OLPL and ILPL,

with polymer electrolyte

S.No | Composition Voc (V) Js¢ (mA.cm?)| FF N (%)
P1 FA0aMAoePbls | 0.461+0.08 | 31.83+5.72 27.45+ 5.76+ 0.04
2.80
P2 FAosMAo.cPbls | 0.355+0.03 | 27.38+ 1.12 24.63+ 3.25+0.65
0.26
P3 ILPL- 0.537+0.01 | 34.40+0.20 28.97+ 7.65+ 0.20
FA¢4MA,.cPbl; 0.13
P4 FAosMAo.cPbls | 0.550+0.02 | 21.77+ 0.40 26.53+ 4.12+0.52
1.37
P5 FAosMAo.cPbls | 0.437+0.12 | 12.44+1.07 27.03+ 2.20+0.10
0.74
pP6 OLPL- 0.221+0.07 | 25.05+0.07 24.80+ 1.06+ 0.47
FAo4sMA,.cPbl; 0.52
P7 FA¢4sMA.6Pbl3 | 0.370+ 0.02 8.36+ 0.09 26.24+ 1.20+ 0.01
PVA 0.34

4.12 Stability Study

PSCs may experience several degradation processes over time that lower
their performance and efficiency. Therefore, to study the lifetime and reliability of
PSCs, stability testing is crucial. These measurements have been performed under
the same STG condition as described in section 4.15. Moisture is the primary factor
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contributing to the degradation of PSC, hence device stability under ambient
environment is crucial for the development of PSCs. The carbon layer has the ability
to function as a barrier, preventing water molecules from entering into the perovskite
layer. This investigation examined the stability of the device made in room ambient
conditions without any encapsulation. The devices underwent weekly testing for a
total duration of 1800 hours. The detailed characteristics for all fabricated devices
are shown in Figure 4.16. The devices fabricated without using polymer electrolyte
show a significantly slower rate of degradation than those fabricated using polymer
electrolyte. This might be because the interfaces inside the SC are more stable in the
absence of PVA, allowing the various PSCs layers to function together more
effectively and without breaking down (Wang et al., 2018). Throughout the duration
of the test, the device experienced an 89.9% decrease in its power conversion
efficiency (PCE) from the initial point to the end. During the period between 500 to
800 hours, the PCE consistently maintained a stable trend, fluctuating between
5.01% and 5.50%. This observed stability can be attributed to the photo-chemical
stability even after exposure to light. Additionally, the whole device fabrication and
testing of PSCs have been performed at room-temperature which indicates good
thermal stability. The highly hydrophobic nature of carbon indicating a robust
performance during this period. However, a notable deviation in the trend occurred
at 1176 hours, marked by a sudden drop in PCE to 3.31%. Despite this decline, the
PCE resumed a constant trend from 1176 to 1512 hours, once again demonstrating
the chemically stable and highly hydrophobic nature of carbon as a contributing

factor to the observed behavior.
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Figure 4.16 Stability measurements of device exposed in ambient

atmosphere without encapsulation tested under xenon lamp illumination

4.13 Electrochemical Impedance Spectroscopy (EIS)

In order to comprehend the interfacial charge-transfer characteristics at the
interface between the charge transport layer and the perovskite film, EIS was utilized
to examine the dynamic response of PSC samples. Figure 4.17 - 4.19 displays the
Nyquist plots that were obtained with a light source where two samples were
analyzed namely: ILPL-based PSC, and PSC with OLPL at a bias voltage of 0.6 V,
the frequency range was scanned from 100 Hz to 10 Hz. The selected frequency
range covers a broad variety of dynamic processes. Therefore, high frequencies (100

Hz) can explore quick processes like charge transfer resistance and capacitance at
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the interfaces, at the same time lower frequencies (10 Hz) can offer information on
slower processes like ion migration and recombination (Lazanas and Prodromidis,
2023). The inset within all the graphs illustrates the equivalent electronic circuit for
the carbon-perovskite interface. Figure 4.17 - 4.19 shows the simulated and
experimental Nyquist plot results of OLPL-based PVSC, ILPL-based PVSC, and
planar PSCs to study the kinetic behavior of the devices. The EIS spectra for all
devices concerning their configuration were measured experimentally as well as with
simulation. The simulated results and experimental data agreed well with their

respective configuration of the device. A useful aspect of simulating EIS spectra is
that it is possible to predict parameters like series resistance (Rs) and polarization
resistance (Rp) by extra plotting the experimental data. The measurements were then

fitted with an equivalent circuit consisting of two parallel combinations of resistors

and capacitors (C1|[R2) and (C2|IR3) as indicated by Figure 4.18 and Figure 4.19.
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Figure 4.17 Nyquist plot of PSC with OLPL
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Figure 4.17 shows the obvious high-frequency semicircle ranging from 46 to
64 Q is revealing the polarization resistance as the effect of coupling between the
perovskite and OLPL. It has a large high-frequency arc, which is explained by the
recombination resistance and geometric capacitance. The series resistance (Rs)
serves as the starting point for the Nyquist plot's real part (ReZr). The individual
circuit values and their corresponding series and charge transfer resistance values are
shown in Table 4.3. The series resistance of the PSC incorporating OLPL material
registers at 47 Q. It is immediately evident that there are inductive loops, constant
phase elements (CPE1), and arcs of intermediate frequency with negative impedance.
It is possible that the dynamic nature of perovskites can contribute to negative
impedance, as they can exhibit ion migration and polarization effects (Calado et al.,

2016 ; Moia et al., 2023).

500
®  Fitted with circuit model
® Simulated + Fitted circuit model
400 L —R1 Cc1 C2
A2
§ 300
S
= R, =293 Q =R, C,=511x10°F
N -
S 200F R,=350 C,=1.83x10""F
! R,=123 Q
100
0 . . /-\
0 100 200 300 400 500
ReZ, (Ohm)

Figure 4.18 Nyquist plot of PSC with ILPL
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Figure 4.18 portrays a high-frequency semicircle ranging from 0 to 500 Q
revealing the polarization resistance (Rp) as the effect of coupling between the

perovskite and ILPL with a series resistance 290 Q.
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Figure 4.19 Nyquist plot of Planar PSC

Similarly, Figure 4.19 displays the Nyquist plot fitted equivalent circuit for
PVSC having a configuration as FTO/c-TiO2/m-TiO2/Perovskite/carbon,
respectively. Based on the relatively series resistance of 68.45 Q, appears to have
very few shunting paths, which is advantageous for reducing leakage currents and
enhancing overall device efficiency (Breitenstein et al., 2008). At the same time, the
calculated (Rp) value of 153 Q indicates the resistance to charge flow within the

device (Hauff and Klotz, 2022 ; Kirui et al., 2021). Additionally, it was observed that
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carbon-based PVSC exhibits a higher Voc as that compared to other cells. This
higher Voc value suggests that carbon films could function as efficient passivation
layers, lowering charge carrier recombination at interfaces or inside the perovskite

layer (Almora et al., 2024).

Table 4.3 EIS Relevant Circuit values for C-PSCs

Device CPE Ci (8} Rp Rs=Ri R Rs3 Charge
1)) 1)) Q) Q) ((9) (D) lifetime
(sec)
OLPL- 2.96x% 1.33x 0 59 46.95 20.45 3347 2.71x%
PSC 10 10° 10
ILPL- 0 5.11x 1.83x 453 293 35 123 1.78%
PSC 10° 107 103
Planar 0 6.94x% 6.12% 153 68.45 61.57 23 3.76x
PSC 108 107 106

As described in Table 4.3, the widely-known characteristic, electron lifetime
or charge lifetime as shown in Table 2, determines the average amount of time an
electron stays in the material's conduction band before recombining with a hole or
being removed as photocurrent. In the case of OLPL-based PSC, the relatively short
electron lifetime (t = 2.71x10™* sec) suggests a higher rate of electron-hole
recombination. Additionally, the equivalent circuit shows in Figure 4.17 consisting
of constant phase element (CPE) which is used to model imperfect capacitive
behavior of electrical system. Therefore, equivalent capacitance of a CPE in a
parallel R-CPE circuit has been calculated by the equation 4.4.

C =R (w0 QVe (4.4)

Where R is the resistance associated parallelly with the CPE, a is number of CPEs,
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Q is the numerical value of CPE. In general, organic materials exhibit modest charge
carrier mobilities and may experience reduced charge lifetimes due to trap-mediated
recombination. Even though it is externally connected, the OLPL can influence the
charge mobility in the PSC (Morab et al., 2023). Thus, the (t = 2.71x10™* sec)
measured charge duration implies that the OLPL affects the kinetics of charge
transport and recombination, leading to a shorter charge lifetime (Wen et al., 2016).
This is also likely to be the cause of the low efficiency (1.06%) of PSC based on
OLPL. In comparison to the OLPL, the ILPL, which is also externally coupled with
PSC, offers superior charge transport characteristics. It also has fewer trap states.
The calculated charge lifetime of (t = 1.78x1073 sec) shows that, in comparison to
the OLPL, the ILPL considerably extends the charge lifetime by enhancing charge
transport and lowering recombination rates inside the PSC structure. On the other
hand, in the absence of any externally coupled LPL, the value of (t = 3.76 x107¢ sec)
indicates a substantially reduced charge lifetime. A substantially reduced charge
lifetime and fast charge carrier recombination might result from ineffective charge

extraction in the absence of an LPL (Hsieh et al., 2020).

71



CHAPTER-5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusion

In conclusion, analysis of the emission decay rate of blended organic long
persistent luminescence (LPL) materials shows similar pattern for photon counts
with blended LPL cells. In the mixed luminescence blend samples, cell-3 = 7:3)
displays the highest photon counts and longest lifetime, indicating the lowest rate
of electron decay. Thus, cell-3 emits more photons than the mix luminescence blend
samples, demonstrating better recombination effectiveness in the material. This
indicates that cell-3 is more efficient at recombination, which can improve the SC's
total efficiency by reducing energy losses from non-radiative processes. This
increase in recombination efficacy raises the possibility of higher efficiencies for
PSCs with LPL materials that are optimized. In order to enhance photon emission
and reduce electron decay, future development efforts can concentrate on
optimizing the ratios of LPL materials, which will result in SCs with higher
efficiency. The performances of C-PSC with blended OLPL and ILPL materials
have been successfully assessed. The fabricated PSC device was stable up to 1680
hours. Compared to the control sample, the device with OLPL shows a decrement
in efficiency of 1.75 %. Although there is a huge drop in efficiency, this result
implies that more optimization on the luminescent layer is required. This decrease

in device efficiency is ascribed to the luminescence layer's light-blocking and light-
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absorbing properties, which lower the quantity of photons that can reach the

perovskite layer.

Furthermore, this work also compares the PCE of PSC with polymer
electrolyte. The PCE of the PSC structure FTO/TiO2/Perovskite/C was found to be
5.76 %. The samples underwent a thorough analysis that included UV-VIS, XRD,
SEM, and TRPL. Additionally, there is no discernible increase in power
conversion for PSCs coupled with OLPL, comparative to ILPL which achieved
the champion efficiency of 7.65%. Due to this significant difference in band gaps
between the perovskite layer and the LPL material (> 2.0 eV), the PCE of the PSC is
significantly affected. The photovoltaic performance of PSCs confirms that this may
result in charge transfer issues, hindering the efficient extraction of photogenerated
carriers from the additional material to the perovskite layer. It is not completely ruled
out that the structure of the SC might be partially shorted. For this reason,
optimization of configuration is necessary. The findings demonstrated that PSC
fabricated under room ambient conditions and its performance can be improved by
employing different techniques, such as HTL-free structure and VASP technique.
Lastly, the band gap of the perovskite may be efficiently controlled by combining
different ion species. According to the shown stability, PSCs' lifetime may be greatly
increased by including luminescent material. As a result, PSCs may become more
prepared for the market which may draw investment and commercial interest.
Moreover, PSCs with optimized luminescence materials have the potential to achieve
great efficiency and stability, making them formidable competitors in the solar

industry. More work is needed to improve the transport properties of the absorber
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layer and the carbon/perovskite interface to lower the devices' series resistance.

According to the EIS measurement, the observed charge duration of (t =
2.71x10% sec) suggests that the OLPL influences the charge transport and
recombination kinetics, resulting in a reduced charge lifetime. Based on OLPL, this
is also probably the reason behind PSC's low efficiency (1.06%). Moreover, the
externally coupled LPLs may not behave as direct passivation layers for the
perovskite material, but they can still affect charge lifetime by influencing charge
transport characteristics inside the SC structure. With a charge lifetime of
1.78x107* seconds, the ILPL outperforms the OLPL in terms of charge transport
and lowers recombination rates inside the structure of the PSC resulting in a
substantially longer charge lifetime and a higher PCE. Conversely, in the case when
there is no externally connected LPL, the value of (t = 3.76x10°° sec) denotes a
significantly shorter charge lifetime. Ineffective charge extraction in the absence of
an LPL may lead to a much shorter charge lifetime and rapid charge carrier
recombination.

Improvements in PSC technology have the potential to greatly increase SC’s
efficiency, especially when luminescent materials are used. Higher efficiency
makes solar energy more competitive with conventional energy sources since more
electricity can be produced from the same amount of sunlight. In addition, the
lifetime of PSCs can be increased by enhancing their stability by the use of
luminescent materials. This results in lower maintenance costs and increases the
long-term durability of solar power panels by reducing the need for regular

replacements. PSC developments also help to progress material science and make
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it possible to develop lightweight SCs that may be used for a range of purposes,
including building-integrated photovoltaics and portable electronics. Its
commercialization and large-scale manufacturing can boost employment and
economic growth, particularly in areas that make significant infrastructure

investments in renewable energy.

5.2 Future Recommendation

It is crucial to note that problems like material compatibility, integration
techniques, and long-term performance validation require continuing study. The
area is dynamic, and further developments might be made in the future to improve
PSCs stability, which is essential to their widespread use. Improved encapsulation
techniques and the development of advanced barrier layers can effectively shield
perovskite materials from external factors such as moisture and oxygen. Optimizing
the interfaces between polymer electrolyte and the perovskite, ETL and
perovskite/HTL, can mitigate the degradation pathways. Luminescent layers can be
incorporated into tandem designs to enhance light management, optimize energy
transfer between layers, and contribute to the overall stability of the device. In order
to enhance photon emission and reduce electron decay, future development efforts
can concentrate on optimizing the ratios of LPL materials, which will result in SCs
with higher efficiency. Polymers like polyvinylpyrrolidone (PVP), poly (methyl
methacrylate) (PMMA) and polyvinylidene fluoride (PVDF) should be explored as
additives or coatings to stabilize the perovskite layer, which can improve the

resistance of perovskite films to moisture, enhance crystallinity, and reduce defects,
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leading to enhanced stability and reduced degradation over time. Future studies
should concentrate on balancing stability and efficiency by optimizing the
concentration and composition of luminescence materials. Investigating various
organic luminescence materials and their blends can lead to breakthroughs in the

pursuit of increased efficiency.
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