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Abstract

Abstract

Quantum Dots (QDs) with Luminescent Downshifting (LDS) properties have been investigated
for the efficiency enhancement of solar cells. In this thesis, in-house synthesised Phenylacetylene-
capped Silicon quantum dots (PA SiQDs) and commercially acquired CsPbl; perovskite quantum
dots (PQDs) have been applied as LDS coatings on 39 mm x 39 mm polycrystalline Silicon solar
cells (pc-Si), by direct Drop Casting (DC) and a novel coating method named Liquid Ethylene-
Vinyl Acetate (LEVA).

The PA SiQDs coated solar cells presented an average increase in the short circuit current (lsc) of
0.75% and 1.06% for DC depositions of 0.15 and 0.01 mg, respectively. The increase was further
enhanced by full thermal encapsulation of the samples leading to overall improved performance
of about 3.4% in terms of Isc when compared to the performance of full thermally-encapsulated

reference samples.

The CsPbl; PQDs coated solar cells (via LEVA) presented an average increase of 0.93% in the Isc

for depositions of 0.01 mg, with a maximum of 1.55%.

Reflectance measurements revealed that PA SiQDs coatings achieved reductions of 75.7% in
specular reflectance and 43.1% in diffuse reflectance between 350-450 nm. Whereas CsPbl; PQDs
presented reductions of 58.2% in diffuse reflectance and 9.2% in specular reflectance between
350-400 nm, and 64.5% in diffuse reflectance between 400-930 nm. Changes in reflectance were

confirmed as a product of LDS that further aided in the electrical enhancements (Isc).

Using SCAPS-1D, a model validated experimental results by simulating the LDS effect through
modifying the solar radiation spectrum (AM1.5G). PA SiQDs and CsPbl; PQDs both showed lIsc
increases of 1.15% and 1.76%, respectively, both corresponding to 0.01 mg LDS experimental

coating.

The observed systematic increase in the Isc is a promising indicator for the use of PA SiQDs and

CsPbl; PQDs as LDS material to improve the power conversion efficiency of pc-Si solar cells.
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1 « Introduction
1.1. Background and motivation

The world's demand for energy is continually on the rise, driven by several significant factors such
as the exponential growth in population and advancements in faster automated manufacturing.
Simultaneously, there is a growing global awareness of the need for alternative, cleaner, and more
sustainable energy sources, leading to a shift towards greener resources, including renewable and
nuclear energy. Solar energy technologies, in particular, have gained increasing reliability and
popularity, positioning Photovoltaics (PVs) as the fastest-growing renewable energy source.

As depicted in Figure 1.1 below, the average annual growth rate of solar photovoltaics surged to
36% between 1990 and 2019, and 37.5% between 2000 and 2020 [1]. This growth rate far exceeds
the 22.6% and 19.1% increase observed in wind energy, for the same intervals respectively, which

is the second-largest contributor to renewable energy expansion.
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Figure 1.1 Average annual growth rates of world's renewable energy supplies: 2 intervals [1].

Following that up, the Compound Annual Growth Rate (CAGR) for PVs between 2010 and 2021
was 30% [2], this corresponds to an increase in cumulative installed solar PV capacity from 40.3
GWp in 2010 and up to 945 GWp at the end of 2021 [2], [3], with 37% of this peak capacity
installed in China, followed by 22% in Europe.
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Global LCOEs from newly commissioned, utility-scale renewable power
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Figure 1.2 Global LCOEs from newly commissioned, utility-scale renewable power generation technologies, 2010-2022

[4].

According to the International Renewable Energy Agency (IRENA), the solar PV has experienced
the steepest cost reduction since 2010 compared to any other renewable power generation
technologies. This is quantified by a decrease in the Levelized Cost Of Electricity (LCOE) from
0.445 USD/kWh in 2010 to just 0.049 USD/kWh in 2022, an 89% reduction; the steepest decrease
compared to any other utility-scale renewable power technology. This can be similarly seen on
concentrating solar power electrical technologies too. Although solar PV’s global LCOE was the
highest in 2010 at 0.445 USD/kWh, it dropped steeply down to 0.049 USD/kWh in 2022 which is
now cheaper than Offshore wind evaluated at 0.081 USD/kWh.

The substantial reduction in LCOE over the years is driven by declines in module prices, declines
production costs, and reductions in capital and operative costs, where prices fell by 90% from
2009 to 2022 [4]. According to Fraunhofer ISE (2023) [2], as the PV module production doubles,
the price went down by 25%, true for the last 41 years.

Silicon-based PV technologies accounted for 95% of the total commercial solar panels production
in 2021, with 84% share going to monocrystalline Silicon (mono-Si) solar modules. This
massively increased from 24% in 2015 where polycrystalline Silicon (pc-Si) solar modules

dominated with more than 70% market share at the time [2].
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Although pc-Si solar modules started dominating the market in the early 2000s, its production
guantities have significantly declined starting from 2017. The increased interest in mono-Si solar
cells was driven by several factors, one of which efficiency and the decreasing cost of
manufacturing. Mono-Si solar cells’ structure and performance tend to be more consistent at
generating higher efficiencies when compared to pc-Si solar cells due to its continuous and
uniform single-crystalline structure. Therefore, manufacturers are expected to deviate towards
mono-Si solar cells especially when its productions techniques are evolving to be easier and more

cost-effective. This was a major reason in its comeback and production market domination.

Efficiencies of single-junction commercial Silicon solar cells improves as technology improves
and production costs decrease. As of 2023, the Power Conversion Efficiencies (PCE) recorded for
the best well-known Silicon solar cells PV technologies are 26.8% for mono-Si [5], [6] and 24.4%
for pc-Si wafer-based technologies [6], [7] as seen in Figure 1.3. Even though mono-Si solar cell
efficiencies have been historically in the lead, pc-Si solar cells are showing promising
improvements. As mentioned previously, mono-Si solar PV cells possess higher efficiencies due
to the physical nature of the cells. They are usually manufactured using Czochralski (C.Z.) growth
process where Silicon ingots are grown into high-purity uniform crystals; the solar cells are made

up of one piece of Silicon crystals hence the “mono” terminology.
Mono-Si & pc-Si solar cell efficiencies (2018-2023); single-junction.
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Figure 1.3 Mono-Si & pc-Si solar cell efficiencies (2018-2023); single-junction. Measured under the global AM1.5
spectrum (1000 W/m2 at 25°C (IEC 60904-3: 2008 or ASTM G-173-03 global) [2, 5-15].
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On the other hand, pc-Si solar cells can be manufactured using several less complicated means,
such as, Directional Solidification (DS), casting, and other more specialised techniques [16]. The
nature of these techniques is relatively more accessible when compared to the Czochralski (C.Z.)
growth process, hence the domination of poly-Si solar cells in the early 2000s. Nonetheless, this
results in lower cell performance and high variability in the quality of the manufactured cells that
can reach up to 20%. This is due to the ability of these methods to tolerate lower quality starting
material, accompanied by higher production yields which presents variability and poorer control

over outcome [17].

Solar cell efficiencies are continuously updated with new generation solar cells reaching improved
efficiencies [18]. However, there is a constant effort in exploring solutions for improving further
the efficiency of the mature technology of crystalline Silicon cells. Crystalline Silicon solar cells,
mono-Si, and pc-Si exhibit high External Quantum Efficiency (EQE) in the visible/near-infrared
(Vis-NIR) region (430-1000 nm) of the incident solar radiation [14], [19]. Their spectral response
peaks between 850 and 950 nm at >95%, while it is reduced between 20-55% in the range of 300-
500 nm [20], [21], [22] as shown in Figure 1.4. With the largest portion of spectral irradiance
ranging between 300-700 nm (at sea level AML1.5), it is bound to lose more than half of the
incident 1000 W/m2; for reference, the usable fraction of the solar spectrum by Si solar cells
amounts to less than half at 468 W/m? [23].
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Figure 1.4 Relative spectral response for pc-Si solar cells against normalised AM1.5 Global spectrum (IEC 60904)
[21], [22].
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Advanced solutions including the use of additives such as luminophores, and solar converters,
such as dyes, Luminescent Downshifting (LDS), and upshifting devices have been proposed,
including the application of Quantum Dots (QDs), and luminescent solar concentrators, to better

match the spectral response of pc-Si solar cells to that of the solar spectrum [24], [25], [26].

LDS involves the conversion of one high-energy photon into a lower-energy one where the
spectral response of the solar cell is higher and can be more efficiently absorbed by the solar cell.
LDS is considered a subcategory of the quantum process called Down-Conversion (DCon).

The first attempt in exploring the use of DCon to split a high-energy UV photon into two visible
light photons was carried out by Dexter in 1957 [27]. DCon can be achieved by the use of host
materials (lattices or ions) to achieve quantum efficiencies (QE) bigger than unity [28], as
discussed, demonstrated, and modelled by researchers in the literature [29], [30], [31], [32], [33].

The difference between DCon and LDS is the QE achieved by either process; in LDS, a high-
energy photon is cut down to a singular low-energy photon and losses due to thermalisation [34],
and thus QE below unity.

One of the earliest uses of LDS materials to improve solar cells was performed by Hovel et al. in
1979 [35], where plastic fluorescent materials were implemented for cells with sharp cut-offs in
spectral response, and ruby for cells with more gradual cut-offs; efficiency improvements were
measured at 0.5-2%. Several different approaches have been used to introduce LDS material to
solar cells, with the general trend being adding a transparent host layer that houses the LDS
materials on top of the cells. The most used materials were polymethylmethacrylate (PMMA),
clear glass, and ideal plastics. These hosted LDS materials such as organic dyes, QDs, and

organometallic complexes [36], [37].

This has been used on c-Si cells [24], [34], [37], CdTe [38], GaAs [39], InGaP[40], CIGS [41],
DSSC [42], OPV [43], PSC [24]. QDs used for the purposes of PCE improvements can include a
variety of commonly used QDs for biological and chemical uses, such as: SiQDs, CQDs, CdS,
CdSe, CdTe, CulnS;, CuS, PbS, PbSe, CdSe/ZnS, ZnS, InP, InAs, Ag:S, Bi,Ss, Sh,Ss,
CulnS,/ZnS, [28], [39], [40], [44], [45], [46]. Deposition techniques varied and were dependent
on the host material. Simple techniques consisted of Spin Coating (SC) [47], [48], Drop Casting
(DC) [49], inkjet printing [50], plasma-enhanced chemical vapour deposition (PECVD)[51], [52],
and spin-on-glass (SOG) [53]. An in-depth investigation is carried out in Chapter 2, the Literature

Review.

As this thesis investigates the utilisation of the LDS phenomenon to enhance the electrical

performance of pc-Si solar cells, it is essential to define relevant parameters.
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In accordance with the IEC 61215 and the IEC 61853 standards (IEC: International
Electrotechnical Commission), the Short Circuit Current (Isc) is the current that flows through a
solar cell or module when it is short-circuited, meaning that the current is at its maximum value.
While the Open Circuit Voltage (Voc) is the voltage across a solar cell or module when it is open-
circuited, meaning that the voltage is at its maximum value. And subsequently, the Maximum
Power Point (Pm or MPP) is, as the name states, the maximum power output of a solar cell or when
it is operating under specific conditions. It is the product of the voltage (V) and current () at the

point where the power output is the highest, and can be used to calculate the PCE.

Following that up, another significant parameter is the Short Circuit Current Density (Jsc),
calculated as the flow of current per unit area under short-circuit conditions. This parameter is
particularly important as it normalises the current to the surface area of each cell, allowing for a
standardised comparison regardless of size. Hence, it is very useful when simulating electrical

enhancements in solar cells.

Moreover, the External Quantum Efficiency (EQE) of a solar cell calculates how efficiently a cell
converts incident photons into excited electrons across a spectrum of different wavelengths. By
plotting this parameter across the solar radiation spectrum, one can deduce the spectral response
of the solar cell technology. Understanding this parameter bases the use of the SCHOTT BG42
bandpass filter in this thesis, where it was used to assess the performance of pc-Si solar cells at its

specific operating range from 300-700 nm.

The Photoluminescence Quantum Yield (PLQY) of a semiconductor material quantifies the
efficiency of light emission. It is defined by the ratio of the number of photons emitted to the
number of photons absorbed. This metric is pivotal in assessing the radiative recombination
efficiency of luminescent downshifting (LDS) materials. High PLQY values indicate a material's
potential effectiveness in enhancing the performance of solar cells by efficiently converting

higher-energy photons to wavelengths more optimally absorbed by the solar cell.

The overall efficiency of a solar cell is denoted as the PCE and is the ratio of electrical power
output to the power of incident sunlight, evaluated under standard test conditions that specify light
intensity, temperature, and air mass. It incorporates various individual metrics, including lsc, Voc,
Jsc, and fill factor (FF), to give a comprehensive assessment of the solar cell's capability to convert

sunlight into electrical power.

Finally, these parameters are essential for characterising the LDS phenomenon presented by the
QDs and for characterising the electrical enhancements observed in the solar cells. For example,

LDS increases the number of favourable photons, thereby enhancing the electrical performance of
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pc-Si solar cells by boosting the number of charge carriers and, consequently, the Isc. Further

elaboration on this will be provided in Chapter 3, the Methodology.
1.2.  Research Aim and Objectives

This doctoral research is characterised by its focused investigation on the direct implementation
of LDS Silicon QDs (SiQDs) and Perovskite QDs (PQDs) on pc-Si solar cells as optical planar

LDS enhancement devices.

The research methodology is designed to comprehensively investigate QDs in terms of size,
structure, chemical composition, surface functionalization, and photoluminescent (PL) properties.
This involves both direct chemical synthesis and the acquisition of LDS materials with specified
characteristics.

Pc-Si solar cell samples undergo extensive characterisation at various stages of the investigation.
At each stage, characterisation includes I-V characterisation, surface reflectance and morphology
assessments, and fluorescence microscopy. The process begins with bare cells, progresses through

the coating with LDS QDs, and culminates in encapsulation and simulated validation.

Electrical enhancements are evaluated using parameters such as Isc, Voc, and Pw. Graphical
plotting is utilised to visualise and investigate the full 1-V characteristic profile for each cell at

each stage.

Challenges emerge in the direct coating of pc-Si solar cell surfaces with LDS QDs. Experimental
factors and variables such as concentration, purity, spread, thickness, host material, environmental
degradation, encapsulation, and optical enhancements are systematically altered or controlled.

This is to ensure optimal electrical enhancement is achieved as a result of the LDS effect.

Therefore, the overall aim of this doctoral study is the controlled implementation, engineering,
and optimisation of the optical LDS phenomenon presented by SiQDs and PQDs to maximise
the efficiency enhancement this phenomenon can bring to pc-Si solar cells. With consideration

to the commercialisation and longevity.

The following key objectives were established to achieve the outlined aim, and ensure optimum

results:
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1. Tocharacterise and identify the attributes of the LDS phenomenon of the SiQDs and
PQDs.

The objective involves characterizing LDS QDs prior to their application on pc-Si solar cells. This
characterization incorporates assessing the PL profile, chemical composition, morphology,
structure and size of the QDs, particularly focusing on their LDS properties.

Concurrently, the pc-Si solar cells are subjected to extensive testing to quantify their electrical and
morphological characteristics, aiming to maximise the benefits derived from depositing the LDS
QDs.

This dual approach of understanding both the properties of the LDS QDs and the solar cells is
crucial for optimising the resultant optical and electrical enhancements. In cases where
Phenylacetylene-capped Silicon QDs (PA SiQDs) are synthesized in-house, rigorous
characterization and testing are conducted to ensure maximal purity and PL. Similarly, for
purchased Caesium-Lead-lodide (CsPbls) PQDs, comprehensive characterisation and testing are
imperative to confirm the purity and properties of these samples.

The specific choice of these QDs arises from gaps in the literature when assessing them for LDS
applications. PA SiQDs have been reported for thermal diffusivity applications [54], but there is
no specific focus on their potential for LDS applications, such as enhancing pc-Si solar cells.
Additionally, the PA capping functionalization group adds resilience to environmental degradation
caused by oxidation and thermal application, which is common in commercial manufacturing
settings, which makes them ideal to investigate as LDS devices when considering upscaled

commercial application.

On the contrary, CsPbls PQDs are well-reported for their outstanding LDS photoluminescent
profile. However, they are highly unstable and prone to instantaneous degradation by oxidation
and thermal exposure. Therefore, they have not been used in external LDS applications for
enhancing pc-Si solar cells but rather in tandem architectures [55]. Investigating both of these LDS
qguantum dots in the context of electrically enhancing pc-Si solar cells through external

applications presents novel endeavours.

2. To maximise the electrical enhancements resulting from the optical LDS

phenomenon.

Maximising the optical benefits of the LDS effect, as exhibited by QDs, is directly correlated with
the electrical enhancements observed in LDS-coated pc-Si solar cells. The research strategy

allocates significant time throughout the study period to comprehensively understand and refine
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the coating and deposition techniques of LDS QDs. The unique ‘inverted pyramids' surface
morphology of the pc-Si solar cells [56] presents a notable challenge for achieving uniform
depositions. However, devising an effective deposition methodology can exploit this morphology
to maximize the LDS optical benefits, thereby enhancing the overall optics of the cells. Distinct
methodologies were adopted for SiQDs and PQDs, with the variations and specifics to be
extensively discussed in Chapters 4 and 5, respectively. Beyond deposition techniques, this study
also delves into encapsulation strategies, intra-cell optical processes, potential commercial

applications, and degradation aspects of LDS QDs on solar cells.
3. To generate reproducible results.

The established methodology provides detailed, sequential experimental procedures for consistent
replication of LDS coated solar cell samples, allowing precise backtracking for adjustments, or
troubleshooting. Its design ensures ease of reproduction and accessibility when published. The
strict protocol incorporates established techniques, such as the DC method [49], innovatively
adapted into the novel LEVA (Liquid EVA: Liquid Ethylene-Vinyl Acetate) coating method,
which is introduced in Chapters 3 and 5, that serves as an example of reproducibility and

convenience.

Moreover, by actively choosing to focus on pc-Si solar cells, this investigation aims to narrow the
performance gap between these cells and their closest, better-performing competitor: mono-Si
solar cells. Additionally, this focus allows for higher accessibility to the reproducible methodology

due to the fact that pc-Si solar cells are more readily available in the market at a lower price point.
4. To numerically validate the results with modelling and simulation.

An adaptable simulation method is employed to utilise characteristic and experimental data of
LDS QDs, generating a simulated model that demonstrates LDS electrical enhancements on c-Si
solar cells. Aligning simulated and experimental results authenticates the experimental

methodology, confirms the LDS effect, and strengthens the outcomes of this doctoral research.
1.3.  Thesis Structure

This thesis comprises 8 comprehensive key chapters that delve into the focused investigation
conducted during the doctoral research, which centres on the direct implementation of LDS PA
SiQDs and CsPbl; PQDs on pc-Si solar cells as optical planar LDS enhancement devices. The
chapters are structured in a chronological sequence, with three primary categories: PA SiQDs,
CsPbl; PQDs, and Simulation.
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Chapter 1 sets the stage by revealing the motivation, aims, and objectives of the research.
Subsequently, Chapter 2 conducts a thorough review of the literature, providing insight into the
working principles of LDS and its application in solar cell enhancement. It explains the
mechanisms behind LDS, the transformation of nanoparticles into LDS QDs via quantum
confinement effects, surface engineering of QDs through chemical addition of ligands, and the
protective role of these ligands in QD preservation. The chapter delves into optical interactions
within deposited LDS layers and presents reported outcomes of utilising LDS SiQDs and PQDs
for enhancing pc-Si solar cells. Moreover, it outlines the synthesis processes of SiQDs and PQDs,
shedding light on how fabrication methods influence QD size, PL properties, defects, and shelf
life.

Chapter 3 outlines the research methodology, experimental procedures, and the instrumentation
employed, providing an in-depth understanding of their functionalities. Additionally, it introduces
an innovative coating method known as LEVA, designed to enhance the LDS effect delivered by
CsPbls; PQDs in pc-Si solar cells.

Chapter 4 and Chapter 5 represent the technical heart of the thesis, presenting experimental
results derived from the integration of PA SiQDs and CsPbl; PQDs onto pc-Si solar cells,
respectively, with Chapter 4 delving further into the synthesis of PA SiQDs. Both chapters
employ conventional assessment methods, including liquid sample characterisation and solid (pc-
Si) sample characterisation through techniques like standardised |-V characterisation, among
others. While Chapter 4 follows a traditional approach involving direct DC and thermal
encapsulation, Chapter 5 employs the novel coating method (LEVA) that optimizes LDS
enhancements by extending the active a-phase CsPbl; PQDs characterized by vibrant PL

properties.

Chapter 6 introduces results generated through a simulation model that modifies the AM1.5G
solar irradiance based on PL measurements obtained from PA SiQDs and CsPbl; PQDs using

SCAPS-1D software. These simulated outcomes serve to validate the experimental results.

Chapter 7 consolidates and discusses the findings from the preceding technical chapters,
providing a comprehensive overview. Finally, Chapter 8 serves as the conclusion, laying the
groundwork for future recommendations and endeavours based on the key discoveries presented

throughout the thesis.
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2 « Literature Review

This chapter comprehensively reviews the literature relevant to the use of LDS QDs and related
materials for enhancing the efficiency of solar cell technologies. It specifically focuses on c-Si
solar cells, SiQDs, and PQDs.

The review encompasses various aspects including the LDS quantum phenomenon and its working
principle, the Quantum Confinement effect in QDs, surface functionalization and capping, LDS
application methods and the associated optical processes, reported electrical outcomes and the
current State of the Art. Additionally, the chapter delves into the synthesis and fabrication
processes of SiQDs and PQDs.

2.1. Luminescent Downshifting (LDS)

2.1.1. LDS, working principle.

As previously introduced, LDS is a form of DCon that converts high-energy photons into lower-
energy ones where the spectral response of the solar cell is higher and can be more efficiently

absorbed by the solar cell.

DCon is the umbrella term for the conversion of high-energy photons into lower-energy photons
through an exciton (electron-hole duo), where the number of converted low energy photons is
higher than that of the absorbed photon. This is caused by a combination of LDS and Quantum
Cutting (QC), and the continuation of one other photoluminescent quantum process, Upconversion
(UC). Quantum cutting is when one high-energy photon is always cut down (converted) into two
lower-energy photons. While upconversion is when two lower-energy photons, either absorbed or

resulted from LDS and QC, are absorbed, and remitted as one high-energy photon.

Some researchers consider DCon to be LDS [24], while other define LDS as a photoluminescent
process that goes under the DCon umbrella as explained above [57], for instance, Jestin et al.
(2022) [58] referred to LDS as a DCon process that occurs with an EQE below 100%. The latter
umbrella definition was used to base the understanding of LDS in this doctoral research, to draw
the difference between LDS and QC. This is illustrated in Figure 2.1.
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Figure 2.1 Simple electron energy level diagram showcasing the difference between the photoluminescent quantum

processes of Luminescent Downshifting (LDS) and Quantum Cutting (QC) [24].

The major difference between LDS and QC is the number of down-converted photons re-emitted,
and the wavelengths of these lower-energy photons. In LDS, when a higher-energy photon knocks
an electron out of ground state, the electron undergoes non-radiative relaxation processes where a
portion of that energy is lost non-radiatively as heat as it relaxes down to ground state. The rest of
the energy is radiatively remitted as a lower-energy photon. While for QC, as an electron relaxes,
it loses the absorbed energy in two or more lower-energy photons with low-to-none of that energy

lost to non-radiative relaxation processes, i.e., heat.
2.1.2. Quantum Confinement effect

Photoluminescent materials, such as dyes, nanoparticles and QDs, can be engineered to perform
accurate LDS or QC process where the emitted photons are always within a desired range of
wavelengths [59], [60], [61].

It is well constructed in the literature that the PL of nanoparticles is directly dependant on their
size [62], [63].

The Quantum Confinement [64] effect is notably significant when the size of a nanoparticle
becomes smaller than the exciton Bohr radius of its bulk counterpart [65], [66], [67], [68], hence
the term Quantum Dots (QDs). An Exciton is defined as an electron-hole pair [69] and is created
by the electron’s absorption of energy form an external source, such as a photon. The physical
separation between electron and hole in an electron-hole pair is the exciton Bohr radius. For

semiconductor, the exciton Bohr radius describes the distance at which an electron can freely roam
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from its nucleus as a charge carrier in the bulk of that semiconductor [70], this is also partially
represented by the bandgap energy. As a nanoparticle’s size falls below the exciton Bohr radius,
the exciton gets three-dimensionally confined to a discrete radius, therefore becoming a QD of a
specific bandgap. The smaller the QD gets, the stronger quantum confinement affects the crystal,
this is reasoned by the increased forced proximity of the electron to its paired hole. This increases
the electrostatic Coulomb force which is naturally an inverse square law where the attraction force
between two oppositely charged particles dramatically increase as the distance drops [69] as
shown in equation 2-1 and Figure 2.2 [71], [72], [73].

lq192|

F=k—0

(2-1)

Coulomb's law of static attraction, k is Coulomb’s constant, q; is first point charge, g, is second

point charge, r is the distance between both charges.

Confined
exciton radius

Bulk material s original
exciton Bohr radius

Figure 2.2 Confined exciton radius in a QD resulting from Quantum Confinement [72].

As demonstrated in Figure 2.3 [74-78], as the exciton gets confined in space due to quantum
confinement, the electrostatic Coulomb force of attraction increases, which leads to the increase

in bandgap energy.

Therefore, an increase in the bandgap is inevitable. These further reasons how smaller QDs possess

a significantly larger bandgap than its bigger QD peers made from the same material.
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Figure 2.3 Simple illustration of Quantum Confinement effect: effects of reducing a nanoparticle’s size below its bulk

material’s exciton Bohr radius. [12].

Ekimov et al. (1985) [79] have found that Quantum Confinement effects is significant for Silicon
nanoparticles smaller than 10 nm in diameter Therefore, as the QDs is synthesised to sizes below
10 nm, the exciton becomes confined in a discrete bandgap. Moreover, Schuppler et al. (1995)
[60] have reported an existing but weaker correlation between the quantum confinement effect and
PL for particles bigger than 8 nm, where maximum relative PL has been noticed for smaller
particles sized at 1 nm and 1.6 nm; measured at 1.85 eV and 1.7 eV respectively. Measurements
done by Van Buuren et al. (1998) [80] have shown a maximum direct correlation between size
and PL for SiQDs of sizes up to 4 nm. Furthermore, Takagahara et al. (1992) [74] have provided
convincing evidence on the quantum confinement effect as evidence of conversion of the indirect
bandgaps in Si and Ge (Germanium) bulk semiconductors to discrete, more direct, and bigger

bandgaps in 1-3 nm Si and Ge QDs responsible for PL at room temperature.

The reason behind the strong and evident quantum confinement happening for SiQDs below 5 nm
is the fact the exciton Bohr radius of Silicon is ~5 nm [81], [82]. However, if the size of a
nanoparticle falls on the upper range if its exciton Bohr radius, quantum confinement is still

observed and can be relatively strong as, therefore is classified as a QD [75].

Hence, the size of a QD is the main means of controlling the bandgap energy which engineers the
photoluminescent properties [83]. By determining size, the desired absorption and emission
wavelengths can also be determined. For instance, Kim et al. (2006) [84] have reported the
reduction of SiQDs from 4.9 to 2.9 nm in size, thus increasing the bandgap from 1.73 eV to 2.77
eV. This corresponded in the shift of emission PL emission wavelength from ~720 nm down to
460 nm.

Engineering the size holds a key role in deciding the bandgap of the QDs used to enhance pc-Si

solar cells by their LDS capability. For pc-Si solar cells with significantly higher solar response

33



Chapter 2 - Literature Review

presented at the NIR region, 650-950 nm [20], [21], [22], it is expected that the size of
unfunctionalized or pure SiQDs used for this purpose is below 8 nm based on a PL of ~1.37 eV or
905 nm [60].

However, as the quantum confinement effect is only significant on QDs of pure cores, i.e., Si, Ge,
C and graphene, and so on. Researchers have also reported the use of external chemical ligands
which directly attach to the core shell of the QD. The combination of quantum confinement and
ligands extends the customisability of the PL properties.

With the focus of this doctoral thesis on PA SiQDs and CsPbl; PQDs, it is essential mentioning
that the exciton Bohr radius of CsPbl; PQDs is reported at 6-7 nm [85], [86], [87], [88].

The following subsection will uncover that for QDs with relatively more complicated structures,
such as that of the CsPbls PQDs, surface and core functionalisation serve a significant role in
preserving and altering the physical and PL properties of QDs [86].

2.1.3. Capping ligands and surface functionalisation: bandgap alterations and degradation

prevention

Attaching chemical groups to the core of a QD adds extra depth to its bandgap in a way quantum
confinement effect cannot. As the size of a nanoparticle drops near or below its bulk material’s
exciton Bohr radius, quantum confinement proves a direct correlation between the size reduction
and the increase in the bandgap. However, this is limited to the type of core element used. Even
though the engineering the size can control the PL properties, limitations can apply. Limitations
such as fabrication methods, core material, and degradation can limit the precision of the desired

size of a QD, hence ligands can be used to overcome these obstacles.

By adding chemical groups as ligands to these QD cores, also known as surface functionalisation,
extra electron surface states and defects that function as bridges between existing bandgaps are
introduced, illustrated in Figure 2.4. These additional quantum surface states allow the surface
electrons to travel between states of specific bandgaps (characteristic to the ligand surface group),
thus reemitting photon of specific engineered wavelengths, and enhances the radiative
recombination process responsible for emission by elongating its lifetime [68]. In the world of
nanoparticles, surface functionalisation serves as means of enhancing biocompatibility of
nanoparticles and QDs with living organisms [89]. Nevertheless, it is also useful in specifically
engineering the physical and PL properties of QDs, and further protect them for oxidising [90],

[91] and environmental degradation [92].
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Combining the quantum confinement effect with chemical ligands increases the discreteness of
these bandgaps by forcing distinct excitation and emission pathways, also known as exciton

recombination routes, in place.
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Figure 2.4 Alternative exciton recombination route: one use of chemical surface functionalisation ligands. [93]

For instance, PA SiQDs perform differently to the non-functionalised SiQDs. This was
demonstrated by Angi et al. (2016) [94] where the LDS emission of PA functionalised SiQDs, of
3 nm, was observed at 735 nm, with absorption normalised at 300nm. Similarly, Zhou et al. (2015)
[93] reported a 70 nm red-shift in LDS emission of 5 nm SiQDs caused by Type-2 surface
functionalisation by using MeOTPA. Emission peaked at 749 nm, while to their original sample
of decyl-passivated SiQDs peaked at 679 nm. For reference, SiQDs of similar size are expected to
perform LDS emission between 400-500 nm [95].

However, adding the same chemical group on a 6 nm sized SiQDs was reported to produce
different results. Ashby et al. (2013, 2014, 2015) [54], [96], [97] reported changes in thermal
diffusivity on SiQDs by the addition of PA functionalisation group, with focus on thermal

applications, such as batteries. These larger SiQDs showed LDS emission peak at 495 nm.

While surface functionalising of QDs is focused on changing the optical properties, it provides
protection against oxidation and degradation. Most common means of degradation for QDs differ
from one species to the other. For instance, an SiQD core’s outer surface tend to fully oxidise
within 3 minutes [91]. For CsPb-Halide PQDs, stability at temperatures equal to room temperature

or higher has always been a characteristic challenge.

These issues have been successfully solved using specific chemical ligands for surface passivation.
Hydrogen termination and Hydrosilylation reactions have been reported as two of the most
common chemical processes used for protecting SiQDs by surface functionalization [98]. There is
a plenty and numerous methods that can achieve hydrogen-terminated SiQDs, such as, Silane gas
plasma synthesis (SiHa) [84, 99-103], electrochemical etching [104-107], and husk recycling [108]
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to name a few. While hydrosilylation reactions, the chemical addition of Silicon hydride (Si-H)
[109], tend to be less common for the processing or synthesising of SiQDs, it can be achieved
through several methods, such as thermally induced hydrosilylation reactions [50], [110], catalytic

hydrosilylation [111], [112], and microwave-assisted hydrosilylation reaction [113-118].

While hydrosilylation preserves SiQDs from oxidation it also enhances dispersion in solvents,
especially organic solvents [119-121].

As for CsPbl; PQDs, oleic acid and oleylamine capping have been the most common chemical
surface functionalisation groups used to stabilise these QDs at room temperature and relatively
higher [122]. However, density functional theory (DFT) studies have proved these conventional
capping ligands contribute to the long-term instability of CsPbls PQDs, and were replaced by:
lecithin capping ligands [123], thiol capping ligand [124], carboxylic acid and benzylamine
capping ligand [125], a novel Sodium Dodecyl Sulphate ligand that enhanced stability and PL
properties too [126], a novel oleic-acid only capping that excluded oleylamine [127], a mid-
processing treatment (LARP method) [128], and purification method using methyl acetate
(MeOAC) [129], [130]. These methods that utilised improved capping ligand and enhanced
synthesis procedures extended shelf life from a few days up to 6 months in shelf storage.

2.1.4. LDS QDs and Silicon solar cells enhancement

As previously mentioned, the earliest uses of LDS materials to improve several types of solar cells
was performed by Hovel et al. in 1979 [25], [35], [36], where plastic fluorescent materials were
implemented for cells with sharp cut-offs in spectral response, and ruby for cells with more gradual

cut-offs; efficiency improvements were measured at 0.5-2%.

Crystalline Silicon solar cells, mono-Si, and pc-Si exhibit high EQEs in the Vis-NIR region (430—
1000 nm) of the incident solar radiation [14], [19]. Their spectral response peaks between 850 and
950 nm at >95%, while it is reduced between 20-55% in the range of 300-500 nm [20-22]. With
the largest portion of spectral irradiance ranging between 300-700 nm (at sea level AM1.5), it is
bound to lose more than half of the incident 2000 W/m?; for reference, the usable fraction of the

solar spectrum by Si solar cells amounts to less than half at 468 W/m? [23].

Therefore, the employment of the right LDS material to enhance pc-Si solar cells (specifically)
will ideally absorb photons in the UV-blue region, 300-500 nm, and boost in the visible/near-
infrared (NIR) region, 850-950 nm, where the pc-Si solar cells exhibit the highest solar spectral
response [21], [24], [36], [37], [111], [131].
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LDS layers not only compensate for direct optical losses, like variations in spectral response at
different wavelengths, but also mitigate other optical loss mechanisms affecting electrical
performance. These include recombination losses, increased surface reflectance, and heightened
non-radiative recombination due to absorption by the Anti-Reflection Coating (ARC) [36], [132].
One way of achieving this is by avoiding non-radiative exciton recombination processes [24],
[133] such as Auger [134] and Shockley—Read—-Hall [135] recombination.

However, since the LDS layers are externally added onto solar cells, they inflict no physical or
chemical changes to the architecture of the solar cells, therefore the maximum the electrical
enhancement is capped by the PLQY of the LDS luminophore with a maximum of 100%. Thus,
the maximum PCE of any LDS-enhanced cell cannot pass its physical limit; that is the Shockley-
Queisser limit of 33.7% for single-junction solar cell operating under AM1.5 solar irradiance [24],
[136].

To measure the effectiveness of LDS layers in enhancing the electrical performance of solar cells,
researchers focused on measuring the Isc, as it directly correlates to the enhancements presented
by the LDS layer.

Simply put, the photocurrent generation in a solar cell is intrinsically linked to the incident light's
intensity, as it governs the number of electron-hole pairs created within the cell. The absorption of
photons by the solar cell initiates the process of charge carrier generation. In the case of pc-Si solar
cells, they exhibit heightened sensitivity to photons within the Vis-NIR region of the
electromagnetic spectrum. Consequently, a larger quantity of photons in this range is absorbed,
leading to an increased generation of electron-hole pairs, and subsequently a higher magnitude of

generated photocurrent.

LDS QDs have collected significant attention as potential enhancements for photovoltaic cells,
serving as an alternative to other luminophores like organic dyes and rare-earth complexes/ions.
Their wide availability for applications in fields like biochemistry and bioimaging [68], [104] has
made them accessible for various purposes. While the specific applications may vary, LDS QDs
provide precise tuning of PL characteristics which makes them attractive optical enhancement

devices for a variety of solar cell types.

With such tunability, LDS QDs have been used on multiple solar cell technologies for the purpose
of PCE improvements. Some of these solar technologies were crystalline-Si (c-Si) cells [24], [34],
[37], CdTe [38], [131], [137], [138], GaAs [39], InGaP [40], CIGS [41], [139], DSSC [42], OPV
[43], PSC [24], [140], and Perovskite solar cells (PSC) [141].
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The literature investigated the use of a wide variety of readily available QDs for solar cell PCE
improvements which are commonly used for biological and chemical applications. These QDs
were either acquired or synthesised specifically for such investigations and used on numerous solar

cell technologies and structures as discussed in the next paragraph.

Beginning with SiQDs, these LDS QDs have demonstrated a PCE increase of 0.4% [53], and
12.4% [142], [143], 4.2% [144] in c-Si, and 1.06% [145], 3-10% [49], 2-3.7% [47], [50] in pc-Si.
Subsequently, CQDs achieved a 12% increase in OPV [146]. In contrast, CdS QDs recorded a
33% increase in c-Si [147], 21.52% in GaAs [148], and 1.7% in CdTe [149]. CdO QDs exhibited
a 14% increase on mono-Si [150], while CdSe/ZnS QDs achieved 2.87% in GaAs [151].
Furthermore, CdSe/ZnS QDs displayed a 24.65% increase in GaAs [39], 5% on DSSC [42],
followed by 3.58% [152] and 5.5% [153] in c-Si solar cells. Continuing, ZnSe QDs showcased a
4.21% increase in PSC [154], and CulnS,/ZnS QDs achieved 3.95% [155], 2.1% [156], and 10.5%
[44] in c-Si. Lastly, various Caesium-Lead-Halide (CsPbX3) PQDs achieved diverse results, with
CsPbCls:Mn?* recording a 6.2% increase in pc-Si [157] and 3.34% in PSC with the CsPbCls:Mn
variant. CsPbBr; achieved 14.06% in GaAs and 4.5% in CIGS [158], while MAPbBTr; achieved
1% in pc-Si [26].

It is apparent that the electrical increases in PCE presented by QDs varies widely based on the
type of the solar cell technology used, exact properties of the QDs used, and the exact experimental

approach utilised by researchers.

With the focus on c-Si solar cells, a variety of novel, improved, and common LDS materials were
used and proposed for the purpose of PCE improvement, such as: QDs, dyes, and rare-earth
complexes like lanthanides [24], [36], [37].

Some examples of QDs [142] utilised for this purpose are SiQDs [49, 51, 53, 144, 145, 159-164],
PQDs such as CsPbXs (X=ClI, or Br, or I) [25], [26], [129], [157], [165], [166], ZnO [167], [168],
ZnS [169], ZnSe/ZnS Ag [170], CQDs and CdTe [171], [172], CdSe [173], [174], and CdSe/CdS
[175].

The list continues for with dyes and organic dyes like LUMOGEN [176], [177], and lanthanides
like Eu®*[29, 38, 133, 178-186].

It should be recognised that pioneering research in solar cell enhancement initially focused on
dyes and lanthanides; however, QDs have presented substantial advancements. These include
exceptional tunability, an elevated Stokes shift that diminishes reabsorption losses, broad
absorption bands that extend into the UV spectrum (facilitating a wider range of excitation

wavelengths), and an emission peak characterised by a symmetric Gaussian profile [187], [188],
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[189], and high quantum efficiencies [190]. Although dyes are more cost-effective and lanthanides
exhibit greater thermal stability, the remarkable tunability of QDs with respect to their PL
characteristics, coupled with the potential for thermal stabilisation through chemical routes, has

rendered them a highly valuable and increasingly popular alternative in LDS applications.

The outlined results in this subsection include diverse experimental scenarios, including ideal
ones. It's crucial to explore how host materials enhance the optical properties of certain LDS
materials and luminophores when externally applied to various solar cell technologies, especially
considering the full encapsulation of commercially available solar panels. Understanding the role
of host materials in enhancing the optical processes of an LDS layer holds significant importance
in the experimental work presented in this thesis. This significance is emphasised as the research
covers two hosting methods: thermal encapsulation in Chapter 4 and the innovative LEVA coating
method in Chapter 5.

This discussion is detailed in subsection 2.1.5.
2.1.5. LDS applications methods and optical coupling

It was apparent in the literature that using the right host material and deposition technique is
essential to harvest the optimum optical benefit an LDS layer can offer. This is due to the

additional optical processes these layers offer.

As Figure 2.5 shows, and assuming the wavelength of incident photon is within the absorption

range of the LDS device (QDs), the numbered optical processes are as follows [36], [191]:
1. Incident photon to be absorbed and remitted by LDS.
And assuming isotropic reemission from the QDs:

Direct LDS emission into the cell.

Total internal reflection at air-layer surface interface.

Reabsorption of LDS photon by another QD.

A consecutive remission by the second/next QD.

An escaping LDS photon, not internally reflected, through top escape cone.
An escaping LDS photon through the sides of the LDS layer.

Fully transmitted photons that are not absorbed by LDS QDs, any wavelength.

© ®©® N o g~ w D

Fully or partially reflected photons, reflected by host material. Can be perpendicular or

angled.

39



Chapter 2 - Literature Review

(o]
cone 0
Air ‘ \

LDS
Layer

PV Cell

Figure 2.5 LDS layer optical processes on the top of a solar cell. [36], [191]

Processes numbered 2, 3, 4, 5, are perfect examples of light trapping properties LDS layers can
introduce to solar cells [192]. These processes are expected to occur within quintessentially
thermally encapsulated solar cells [193]. However, unlike encapsulation, these processes are
generated by the LDS quantum process making QDs useful in light trapping [194-196] as well

spectral conversion.

These processes mark the main means by which LDS enhances solar cells in addition to enhancing
the spectral response of these cells by DCon. In fact, encapsulating or hosting LDS materials onto
solar cells comes in pairs when considering LDS materials, where researchers have reported the
use of host material to be an effective tool in maximising the extraction of electrical benefits from
LDS layers. In addition to safeguarding LDS materials from environmental degradation, host
layers optimise optical for incident solar radiation (by optimising refractive indices) and reduces
optical losses due to scattering as seen in process number 3, which in turned enhances the EQE as
reported by Gonzéalez-Diaz et al. (2020) [197] and Ho et al. (2022) [180]. However, Klampaftis et
al. 2009 [36] emphasised that adding an LDS layer can also create additional optical interactions
that introduces loss mechanism if gains do not compensate for such losses. This occurs if the
parasitic absorption from the material is bigger than offered gains, or LDS emission is lower than
unity of LQE for the LDS layer (which influenced by PLQY of QDs and other losses), or an
overlap of LDS absorption and emission bands which can cause reabsorption losses as portrayed
by process number 4 [198], or LDS re-emitted photons escaping out of the layer as shown by
processes number 6 and 7 due to isotropic emission [199] where losses occurring through these
two processes have been estimated at ~12.5% at air interference with materials of 1.5 refractive

index [35], [36], [200], and finally an increase of external reflection that overpower beneficial
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internal reflection. Therefore, it is important to produce LDS layers that do not possesses these
disadvantageous properties in order to gain enhanced optical coupling and electrical

improvements.

Numerous numbers of different host materials have been investigated to introduce LDS material
to solar cells, with the general trend being the use of transparent polymers that are capable of
housing the LDS materials and optically boosting the LDS phenomenon. Some of the most regular
materials were polymethylmethacrylate (PMMA) [34], [138], [149], [169], [201], [202], glass
[53], SOG [53], and ideal plastics; PVA [179] and EVA [192].

Some of these materials were temporary and used to only deposit the LDS material onto the cell
through direct methods like SC and DC, after which they evaporate. Some of these materials are
paint thinners and solvents, such as Toluene, Alcohol, and Dichloromethane (DCM) [145], [203],
[204].

Deposition techniques varied and were dependent on the host material and type of deposited layer
ranging from simple external layering to active layer addition to solar cells. However, all these
methods are based on simple techniques such as of SC [47], [48], [205], DC [49], [206], inkjet
printing [50], [207], chemical vapour deposition (CVD) and physical vapour deposition (PVD)
[208], plasma-enhanced chemical vapour deposition (PECVD) [51], [52], and spin-on-glass [53],
and vacuum lamination [184] or direct application [197], [209] of externally prepared LDS-

embedded polymers and plastics.

Following that up, LDS layer thickness is an important parameter for controlling the optical
processes for optimum optical coupling as it dictates the optical pathways for incident solar
photons. Thickness itself is not the sole factor, as the concentration of LDS material and type of
host material are interconnected factors in determining what the optimal thickness should be. For
optimal results, host layers need to minimise parasitic and loss mechanisms and optimise the LDS
phenomenon, light trapping properties and the overall optical coupling. For externally applied
SiQDs LDS layers on c¢-Si solar cells, the reported literature goes through various thicknesses
starting from several nanometres [49], [210] to tens [50] and hundreds [47], [53], [144], [162] of
nanometres. In their review, Flores-Pacheco et al. (2020) [142] deducted PMMA-based LDS
layers achieved best electrical enhancements at 100 nm. As for PQDs applied to c-Si solar cells,
thicknesses averaged at higher values from hundreds of nanometres [211] and up to several microns

[26] and even a hundred micron [212].
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Ideally, optimum thickness can be estimated based on ideal layer interactions, however the
reported literature has shown a repeated theme in using “trial and error” approaches in varying the

thicknesses to find the optimum, both experimentally [49], [142] and via simulation [213].
2.1.6. Reported Electrical Results: SiQDs & PQDs on c-Si solar cells.

Given the central focus of this doctoral research on SiQDs and PQDs, this and the upcoming
subsections will be dedicated to exploring the relevant research concerning these materials and

their applications in enhancing crystalline Si solar cells by LDS.

Furthermore, this subsection focuses on reported results obtained by the direct application of
SiQDs and PQDs on c-Si solar cells only, through methods like SC, DC, and host materials (like
PMMA or EVA). While subsection 2.1.4 looked into other types of LDS luminophores and
materials that were applied to several solar cell technologies, this focused subsection delves into
reported research on planned material groups for the PhD project; SiQDs and PQDs.

Starting with SiQDs, Table 2.1 display reported increases in the Isc (or Jsc) and PCE of c-Si solar

cells resulting from the addition or deposition of SiQDs on the surface of these cells.
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Table 2.1 Overview of SiQDs used on c-Si solar cells and enhancements achieved by previous studies.

SiQDs
Average PCE LDS
Cell Size Aexc | Aem ig;{?r(\:e Jsc (%) | Isc (%0) (%) layer Ref
Type QDs (nm) | (nm) methog Increase | Increase 0 Thickness '
(nm) Increase (hm)
3.7
Mono- (fresh)
. ~3 325 660 SC - ~2.3 ~1.4 (11 ~120
Si [47]
41
days)
pc-Si | ~3[47] | 370 | 773 [ Inkjet - - 2 27-74 [50]
300 0.4
M| 64 |00, | 680 | SSHN R [53]
500 '
(model)
328, a0
pC-Si S o VT T : 4 3% -8 [49]
2.85 630 ~5 7.5-135
mono- DC with
si 2.5 405 | ~800 SiOx - 15 ~2 400 [214]
MmNl 2g0 | - | DYl sc . . 12 | 50300 | [162]
M| 26 |<475| 525 | SC 14.7 . 12.4 - [143]
mono- 320- | 445- Gel-
Si 4.9 400 | 495 glass - 6.48 4.2 250 [144]
a-Si 2.85 365 628 SC - 11.42 - 2-7 [210]
DC DC: DC: This
& 1.06 0.47 Thesis
pc-Si 6 415 | 495 Thermal - TEZ?;E&I-I 'I;;:a(;ggl ~2 &
Encap. 11.86 | 1143 [145]

Pi et al. (2011, 2012) reported electrical increases of ~2.3% and ~2% in the Isc of mono-Si solar
cells by SC [47] and of pc-Si solar cells by inkjet technologies [50], or ~3.7% and ~2% in PCE
respectively. ~3 nm SiQDs were used in both cases, with emission peak ranging from 660-773
nm. They have concluded that electrical improvements are caused by both LDS and reduction in
reflectance in the of ranges of 300-400 nm and 640-1100 nm which maximises at 370 nm and can
reach ~33% reduction. It is worth noting that they have reported a decrease in the electrical
improvements 11 days after exposure to air due to oxidation of SiQDs, APCE dropped from 3.7%
to 1.4%.

Moreover, Svréek et al. (2004) [53] have reported the use of silicate shells, SiO, specifically, in
the application of LDS SiQDs onto the surface of Silicon. This time, the silicate is in liquid form
and mixed with dopants, which is also known as Spin-on-Glass (SOG) in the market. They have

reported the use of liquid SOG as precursor that hosted the 6.4 nm prior to SC onto mono-Si. A
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~1.3% increase in the Isc was reported where the increase in PCE was calculated at 0.4% and
modelled at 1.2% (with 100% PLQY). The authors concluded that the electrical enhancements

reported was due to LDS (emission at 680 nm).

Stupca et al. (2007) [49] reported electrical increases of 4% and ~5% in the Isc of pc-Si solar cells
by DC of 1 nm and 2.85 nm SiQDs, or ~3% and 7.5-13.5% in PCE respectively. The optimum
layer thickness found by this report was ~8 nm, given that the SiQDs were deposited by DC using
a volatile solvent only with no use of an encapsulating material. Authors concluded that the
increase in the electrical performance of the pc-Si solar cell falls to both LDS (emission at 630
nm) and direct charge separation and therefore Schottky-like rectifying junction (between the ~8
nm SiQDs-film to front metal grid), implying chemical “doping-like” changes occurred to the
sample solar cell. Such changes are not typically associated with LDS materials in the literature

and are researched under the “Schottky junction solar cell” topic [215], [216].

Dorofeev et al. (2014) [214] reported an electrical increase of 15% in the lsc (~2% in PCE) when
LDS 2.5 nm SiQDs were deposited on mono-Si solar cells with non-LDS 12 nm SiOx (0 <x <2)
(silicate) shells. Authors concluded that the measured electrical increases resulted from LDS
(emission at 800 nm) and the antireflective properties of the 400 nm thick nanofilm deposited as
a significant drop of ~90% was estimated as the weighted average for the drop in specular
reflectance. Furthermore, by performing dark 1-V characterisation, authors confirm that the
nanofilms when applied to solar cells, can enhance performance by decreasing reverse dark
currents, presumably through the reduction of unwanted carrier tunnelling in the p-n junction. This
was possibly achieved by decreasing the density of electronic energy levels in the band gap, and

passivating defect sites of the solar cells using hydrogen atoms from the SiQDs in the films.

Correspondingly, Gribov et al. (2017) [162] have again concluded in a newer publication that the
electrical enhancements presented by SiQDs was a combination of LDS, reduced surface
reflectance (~90% as mentioned in the previous study), and passivating defect of the solar cells.
Only this time pure 2.5 nm and 10 nm LDS SiQDs were deposited by SC to generate nanofilms
of varying thickness (50-300 nm) without the non-LDS 12 nm SiOx, and a 12% increase in the
PCE was reported. Interestingly, authors mentioned that the SiQD particle size presented no

noticeable effect on the degree of uniformity of deposited films.

Furthermore, using a water-dispersible method, both Lopez-Delgado et al. (2018) [143] and Das
et al. (2022) [144] have reported the synthesis of SiQDs through the reduction of APTES by -
Sodium L-ascorbate at room temperature in less than an hour. However, this method entails the
production of the persistent by product Sodium Silicate (SS), commonly known as "water glass”.

When dry, it possesses properties of a smooth, shiny, glass-like substrate that exhibits high
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adhesion on host surfaces and can withstand temperatures up to 1100°C [217]. It slowly dries, and
slowly dissolves in water if presented to again. Both studies showcased a contrast in term of SS,
where Lopez-Delgado et al. (2018) [143] deliberately removed SS by immersing the coated solar
cell sample in diluted Hydrofluoric Acid (HF) for 120 s, while and Das et al. (2022) [144] chose
to keep it a protective and host material for the deposited SiQDs. Results noticeably varied, as SS-
free solar cell samples generated a 12.4% increase in PCE (14.7% in Jsc) [143], and SS-coated
samples generated a 4.2% increase in PCE (6.48% in lsc) [144]. For reference SiQDs size
measured at 2.6 nm (emission at 525 nm) and 4.9 nm (emission at 445-495 nm) respectively.

It is worth noting that the number of reports studying the use of LDS SiQDs on mono-Si solar
cells outnumber those on pc-Si. By intuition, this can be due to the even surface morphology
offered by mono-Si cells in comparison to pc-Si cells. Nonetheless, both types of solar cells
undergo surface texturing that introduces V-shaped grooves that boost light trapping [218], [219],
[220], [221].

Chowdhury et al. (2016) [210] have reported an 11.42% increase in the Isc of amorphous Si (a-Si)
solar cell by SC of 2.85 nm SiQDs with emission peak at 628 nm. Authors concluded that electrical
enhancements resulted from LDS, enhanced optical coupling due to overall reduction in
reflectance, and finally enhancement in charge separation by the introduction of indirect bandgaps
between the cell and the confined SiQDs.

Finally, this thesis investigated the application of 6 nm PA SiQDs with an emission peak of 495
nm. Initially, using direct DC, 0.01 mg and 0.15 mg of PA SiQDs were deposited onto the surface
of 39 mm x 39 mm pc-Si solar cells, achieving Isc increases of 1.06% and 0.75%, respectively. A
maximum increase in PCE of 0.47% was attained. However, after thermally encapsulating the pc-
Si solar cells in a commercially styled solar cell sandwich, an improved Isc increase of 11.86%
was achieved, with the maximum PCE increase rising to 11.43%. The PA SiQDs layer thickness
was estimated to be ~2 nm after DC. These improvements were attributed to the LDS effect and

enhanced optical coupling, and resulted in a publication [145].
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As for PQDs, Table 2.2 display reported increases in the Isc (or Jsc) and PCE of c-Si solar cells

resulting from the addition or deposition of PQDs on the surface of these cells.

Table 2.2 Overview of PQDs used on c-Si solar cells and enhancements achieved by previous studies.

PQDs
. LDS
Cell Average Size Aexc | Aem Surféce Jsc (%) | lsc (%) PCE layer
Type QDs (nm) coating Increase | Increase (%) Thickness Ref.
yp and type (nm) | (nm) method Increase
(nm)
mono-
. -5: 4.03 - 6.69 -
S|, || s e | e
pc-Si : 2.07 - 8.43
. 8: 405,
PeSi | oo, CluMn2* 387 | eoo DC 5.10 - 6.20 - [157]
¢-Si 1.2 - | 600 | LPD 5.17 - 5.14 250 | [211]
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It was significantly less popular to use the LDS quality of Caesium-Lead-Halide (CsPbX3) PQDs
for the external enhancements of solar cells, and specifically single junction c-Si solar cells. This
could be due to the focus on using PQDs as internal active layers within PSCs or other solar cell
technologies [222], [223], [224], [225].

Nevertheless, Meng et al. (2020) [26] have reported the electrical enhancements of 4.03% and
2.07% in the Isc of both mono-Si and pc-Si solar cells respectively, or 6.69% and 8.43% ion PCE.
This was achieved by SC of the cells using 3-5 nm MAPbBr; (MA: methylammonium) with
thickness varying between 1000 and 4000 nm (emission peak at 531 nm). Authors concluded that
enhancement resulted from LDS, and pointed out QDs with high PLQY can lead to a significant
increase of the EQE in the UV-blue region of the solar radiation, which is the expected absorption

region for LDS QDs specifically designed for solar cell enhancements.

Moreover, the specific integration of CsPblz PQDs with pc-Si solar cells is not directly evident in
the available literature. However, the use of analogous CsPbClz PQDs with Manganese doping

(CsPbCls:Mn?*) was reported a few times for the enhancement of these cells.
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Wang et al. (2018) [157] reported the use of 8 nm LDS CsPbCl;:Mn?* PQDs (emission peak at
405 and 600 nm) for electrical efficiency enhancement of pc-Si solar cells. By DC, the cells were
coated with the PQDs at different concentrations varying from 3-18 mg/ml, with no specific
mention of the layer thickness. Highest electrical enhancement was reported at 9 mg/ml with 5.1%
increase in the Isc and 6.2% in the PCE. Authors concluded that the electrical enhancements
resulted from LDS and improved optical coupling due to light trapping capabilities of the LDS
PQDs.

Following that up, Sun et al. (2020) [211] reported on the use of LDS 11.2 nm CsPbCls:Mn#*
PQDs (emission peak at 600 nm) as well where c-Si solar cells were coated using the liquid-phase
deposition (LPD) method resulting in a 250 nm thick nanofilm. The highest electrical enhancement
was reported at 5.17% for Jsc and 5.14% in terms of PCE. Authors concluded these enhancements
resulted from LDS.

Similarly, Song et al. (2022) [166] reported the use of Mn?* and Er®* co-doped 8 nm CsPbCl;
PQDs (emission peak at 600 nm). In this case samples were not directly coated, instead, different
concentrations of PQDs (0-11.8 wt %) were mixed into 0.1 mm thick EVA films that were then
dried and placed on top of c-Si solar cells. PQDs concentration of 0.9% by weight reported the
highest electrical enhancement at 3.42% in the Isc and 4.02% in PCE. Authors concluded these

enhancements resulted from LDS.

Using the doctor-blade method to coat pc-Si solar cells with 0.1 mm thick LDS ZnO/EVA, Song
et al. (2022) [212] have reported on the enhancement of these cells by embedded the encapsulant
with 4.9 nm CsPbBrs;—Cs4PbBrs joint PQDs (emission peak at ~500 nm). 3.63% and 7.93% were
reported for electrical increases in the Jsc and PCE respectively. Authors concluded that these

enhancements resulted from LDS, and due to a reduction in carrier relaxation energy loss.

Finally, this thesis investigated the application of 12 nm CsPbl; PQDs with an emission peak at
690 nm. Using a novel room-temperature coating methodology known as LEVA, 0.01 mg of the
PQDs was directly deposited onto the surface of twenty-five 39 mm x 39 mm pc-Si solar cells,
achieving a maximum increase in Isc of 1.55% and an average increase of 0.93%. A maximum
increase in PCE of 1.5% was also achieved. The PQDs were embedded in LEVA optical films
with a thickness of 240 pum, which temporarily protected the PQDs from phase-shifting
degradation, enabling reliable and stable LDS-based electrical enhancements for up to two days.

The improvements were attributed to the LDS effect and enhanced optical coupling.

This review subsection highlights that the average size of LDS QDs used for c-Si solar cell

enhancement is ~3.8 nm for SiQDs and ~7.2 nm for PQDs, with average emission peaks at ~610
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nm and ~566 nm, respectively. SiQDs were mainly deposited in open air, while PQDs employed
a mix of open-air and hosted deposition techniques. Furthermore, it can be deduced that while size
and functionalisation are key in designing the LDS effect of QDs, some variations can arise as a
result of differences in synthesis techniques and methodologies. Therefore, when selecting the
right QDs for LDS applications, it is vital to assess their LDS performance based on

characterisation results and not the chemical structure alone.

2.2. Synthesis and Fabrication of SiQDs and PQDs

This subsection reviews the reported methodologies used to synthesis SiQDs and PQDs.
2.2.1. SiQDs

Since Si nanoparticles are based off bulk Silicon, they can be manufactured physically in top-
down processes, or chemically synthesised in both top-down and bottom-up fabrication processes
[98], [226].

2.2.1.1. Physical Methods

Physical approaches are top-down nanoparticles fabrication processes that starts with reducing

bulk materials and ends with nanoparticles and QDs.

These methods tend be quicker and easier to establish compared top chemical methods as the
overall fabrication process usually follows iterative means and uses cheaper bulk starting

materials.
1. Non-Thermal Plasma

Several researchers have successfully synthesised free-standing SiQDs using plasma-based

methods: specifically, non-thermal plasma [227].

Pietal. (2011) [47] successfully demonstrated the use of non-thermal plasma to fabricate free-
standing SiQDs from Silane (SiH.). The average size of SiQDs was measured at 3nm using
X-ray Diffractometer (XRD). PL properties were measured at 325 nm for excitation, and 660
nm for emission.

Same fundamental method was utilised by several other researchers with slight differences,
for instance Liu et al. (2016) [228] hydrosilylated their free-standing SiQDs by implementing
hydrosilylation as the final step of synthesis.

Moreover, it has been reported by several researchers the successful fabrication of SiQDs by

non-thermal plasma with Silicon Tetrachloride (SiCls) as starting substance [229], [230].
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2. Laser Ablation

Laser Ablation relies on using high energy laser to sperate Silicon nanoparticles and SiQDs
directly from high purity bulk Silicon in the form of thin plates or sheets [226], [231], [232],
[233], [234], [235]. Rodio et al. (2016) [236] have produced 4nm SiQDs using laser ablation
of 99.999% Silicon (placed in a cuvette and submerged in deionised water) by a 1 MJ/pulse

laser.

Xin et al. (2017) [237] conducted a study to investigate the influence of various solvents on
the efficacy of laser ablation in the production of SiQDs. Notably, their findings highlighted
1-octyne as the most effective solvent, demonstrating superior performance in several key
aspects including size control and photoluminescent properties. Furthermore, the research
findings concluded that the utilisation of a carbon-rich solvent for the synthesis of SiQDs via
laser ablation provides enhanced control over critical factors such as size, photoluminescent

properties, QY, and size distribution.

Similarly, Zhang et al. (2018) [238] conducted a study involving the use of laser ablation to
produce SiQDs in a solvent primarily consisting of 1-octene. Notably, 1-octene shares a
similar chemical structure with 1-octyne, both having an equal number of carbon atoms.
However, a key distinction lies in the presence of a carbon triple bond in 1-octyne compared
to a carbon double bond in 1-octene. In their research, the main variable examined was the
duration of laser ablation (LAT), with 1-octene serving as the solvent throughout. Their
findings indicated that prolonged LAT resulted in smaller SiQDs, subsequently leading to a
larger bandgap. Specifically, SiQDs produced after 30 minutes of LAT exhibited an average
size of 4.23 nm, while extending the LAT to 120 minutes yielded SiQDs with an average size
of 1.42 nm.

3. Milling and Pulverising

Milling and pulverizing represent some of the most straightforward techniques for the top-
down synthesis of SiQDs, relying entirely on mechanical processes. The inaugural use of this
method was documented in a publication by Gaffet and Harmelin in 1990 [239]. They
achieved the successful fabrication of crystal-amorphous Silicon nanoparticles through ball

milling, generating SiQDs of differing sizes and exhibiting minimal metallic contamination.

Ray et al. (2009) [240] have reported a successful fabrication method for SiQDs utilising
mechanical ball milling. They employed 99.9% pure Silicon powder with an average particle

size of 20 um and subjected it to ball milling at 250 [rpm] with a ball-to-powder weight ratio
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of 10:1. This milling process was conducted for different durations, resulting in four samples
milled for 25, 50, 75, and 100 hours, respectively. Toluene was employed as a milling medium
to provide lubrication, thereby preventing, and reducing undesirable oxidation. The estimated

sizes of the SiQDs produced in this manner ranged between 4-10 nm.

One of the concerns associated with physical milling techniques is the potential for
contamination, both from metallic impurities introduced by the milling balls and organic
contaminants from the milling medium, such as Toluene . To mitigate this issue, the authors
employed an etching process on the dry product of the milled SiQDs using an acidic solution
consisting of 2:1 of H.SO4 and H,0, respectively.

However, it's important to note that milling is considered a less reliable method for fabricating
SiQDs. This approach typically offers poor size control with high levels of inaccuracy and

carries a risk of introducing both metallic and organic contaminations into the SiQDs samples.

Pulverising is another physical method that relies on the application of mechanical force to
crush and grind macro materials into smaller structures on micro and nanoscales. Like milling,
this method has its drawbacks, primarily poor size control and the potential for introducing
metallic and organic contaminants. However, researchers have devised strategies to mitigate

these issues by incorporating an additional step before pulverising by electrochemical etching.

Electrochemical etching is originally a chemical route that can be used to synthesize SiQDs.
However, Svréek et al. (2004) [53] and Valenta et al. (2005) [241] applied electrochemical
etching to porous Silicon, increasing its porosity and the likelihood of creating nano and
micro-scale pores. When pulverising electrochemically etched porous Silicon, researchers
achieved promising results with improved size control. Svréek et al. (2004) reported a median
average size of 6.4 nm, while Valenta et al. (2005) demonstrated a mean average size of 2 nm.
These findings compare favourably to an estimated average size of 2.5-3 nm based on a similar
method published by Kanemitsu et al. (1993) [242].

2.2.1.2. Chemical Methods

Chemical routes primarily employ bottom-up methods, which involve starting materials that are
molecular and atomic in nature. These materials undergo chemical treatments and reactions to
produce the desired product, typically on a micro and nano scale. However, it's worth noting that

some chemical approaches, such as electrochemical etching, are top-down methods [98], [226].

Chemical routes are among the most used methods for synthesizing nanoparticles. This popularity

can be attributed to the extensive research conducted on the biological applications of
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nanoparticles [89], [104], [190], [243], [244], [245], [246], including SiQDs. Consequently,
chemical-based methods have been well-developed and are widely documented in the existing

literature on nanoparticle synthesis.

1. Electrochemical Etching

Electrochemical etching stands out as one of the most precise methods for synthesizing SiQDs.
This technique offers exceptional control over both the size and size distribution of the SiQDs.
Furthermore, it has the capability to produce SiQDs as small as 4.6 nm [246] and even down
to 1 nm [49]. Electrochemical etching relies on utilising a Silicon wafer as an electrical
component (cathode), where a high current density is applied to create pores and generate
nanoparticles within the Si wafer.

The initial successful application of electrochemical etching to Silicon wafers was
documented by Canham in 1990 [107]. By employing chemical dissolution, they effectively
showcased the creation of a nanowire network within bulk Silicon. Their ground-breaking
utilisation of electrochemical etching for Silicon nanowires quickly prompted numerous
successful research publications on SiQDs, including works by Wolkin et al. (1999) [91],
Sweryda-Krawiec et al. (1999) [247], and Lie et al. (2002) [248], among others.

Stupca et al. (2007) [49] successfully synthesized monodisperse, free-standing SiQDs
measuring 1 nm (blue luminescent) and 2.85 nm (red luminescent) using electrochemical
etching of crystalline Silicon wafers. The etching process involved a solution of Hydrofluoric
acid (HF) and Hydrogen Peroxide (H202). They produced 1 nm SiQDs by applying a high

etching current across the substrate and 2.85nm SiQDs by using a low etching current.

When excited at 254 nm and 365 nm, the 1nm SiQDs emitted light at 328nm and 410nm,
respectively. In contrast, the 2.85nm SiQDs emitted at 630 nm for both excitation wavelengths
as the energy absorbed of 3.2-3.4 eV, exceeded the bandgap of 2.15 eV resulting in re-
emission at the same wavelength. While for the 1 nm SiQDs, the bandgap was approximately

3.6 eV which was lower than absorbed photons.

Similarly, Chen et al. (2019) [249] also employed HF and H,0O- as etchant components to etch

Silicon wafers and achieved precise fabrication of 2.5 nm SiQDs.

Moreover, Ahire et al. (2012) [246] used a 1:1 HF Ethanol solution as the etchant, and they
etched Silicon chips at a high current density of 400 [mA c¢cm] for 5 minutes, followed by
amine-termination. This process yielded amine-terminated SiQDs with an average size of 7.5

+ 1.0 nm, with emission centring at 450 nm, and a wide absorption curve below 400 nm.
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2. Reduction of Silicon Halides

By reducing Si-halides, Si nanoparticles and SiQDs can be produced with precise quantities
due to tuneable stoichiometry. Several papers reported the production of SiQDs by reducing
SiCls [250] using sodium naphthalenide [54], [96], [97], [145], sodium [251],

tetraethylorthosilicate, and lithium aluminium hydride [252], [253] as reducing agents.

However, this chemical synthesis method typically yields blue luminescent SiQDs [145] with
a wide particle size distribution. Despite this, these SiQDs can exhibit high QY of up to 90%
[254].

3. Decomposition of Si Precursors

This method is based on the hydrothermal decomposition of organosilicates such as 3-
aminopropyl triethoxysilane (APTES), 3-aminopropyl trimethoxysilane (APTMS), and N-[3-
(trimethoxysilyl)propyl]-ethylenediamine (DAMO), by reducing agents such as LiAlH,,
sodium citrate, sodium ascorbate, NaBH., and Thiourea [61], [143], [161], [164], [255], [256],
[257], [258], [259], [260], [261].

By varying any reaction parameter, the QY of these SiQDs can jump from 35-40% [164] to
65-85% [262], [263]. This parameter can be temperature, reaction time, reducing agent used

or relevant stoichiometry, and Si precursor used or relevant stoichiometry.
2.2.2. PQDs

The synthesis methods of Perovskite QDs are primarily bottom-up chemical methods. These
methods are generally characterised by their high accuracy in control over size and morphology,

modularity, and high production yields [264].

With the focus on lead halide PQDs, such as CsPbX3 (X=Cl, or Br, or 1), the following methods
are some of the common fabrication strategies followed for the synthesis of such PQDs [265],
[266], [267].

1. Hot-injection synthesis

PQDs synthesised using this method are more uniform in size and show less defects post-

production.

To synthesize CsPbX3 PQDs, a meticulous chemical process is undertaken. This involves
rapidly injecting a precursor containing the A-site cation (Cs acetate) into a specially equipped

flask, all while maintaining an inert atmosphere. Within this flask, a solution containing
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dissolved metal halide (PbX2) and specific ligands, typically oleic acid and oleylamine, resides
in a high-boiling-point solvent, often octadecene. The entire setup is meticulously controlled
at a specific elevated temperature, typically within the range of 120-150°C [266]. Inside the
flask, nucleation and growth of the PQDs occur over a brief period, usually around 5 seconds.
Following this growth phase, the process is rapidly cooled, often by immersing the flask in an
ice bath, effectively arresting crystal growth. To obtain PQDs with high PLQYS, any excess
ligands in the reaction mixture are thoroughly removed through a washing procedure using an

antisolvent, typically methyl acetate or ethyl acetate [267], [268], [269].

Song et al. (2022) and Sun et al. (2020) [166], [211] reported on the use of this method to
synthesise CsPbClz; PQDs for the purpose of electrically enhancing c-Si (including pc-Si) solar

cells.
2. Ligand-assisted reprecipitation (LARP)

This method is considered to be the most common as it requires no high temperatures, vacuum

or inert atmospheres [270]. It can also be used for upscaled production quantities [267].

This synthesis method begins by dissolving metal halides, A-site halides, and ligands
(typically oleylamine and oleate) in a polar solvent while employing vigorous stirring. After
a specific duration of stirring, the resulting mixture is introduced drop by drop into a counter-

solvent [271], [272], [273], room temperature and pressure.

It is worth noting that the LARP can only produce CsPbl; PQDs by increasing the temperature
up to 80°C and excluding polar solvents from the mix. Nevertheless, these PQDs completely
decompose by the 120" minute mark [274]. This point is specifically important for this PhD
research as rapid decomposition and degradation of deposited LDS QDs is a significant

challenge this project aims to address through encapsulation and layered protection.

However, due to the nature of fast reaction kinetics, and rapid crystallisation, LARP produces

PQDs with higher deformity compared to the hot-injection method.
3. Microwave-assisted synthesis

The microwave-assisted method involves the synthesis of PQDs by combining reagents like
precursors, ligands, and solvents in one contraption with the application of external energy.
However, one common drawback is the poor size homogeneity of the synthesized PQDs [275],
[276], [277].
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4. Laser in situ synthesis

For this method, metal halides, A-site halides, and ligands (typically oleylamine and oleate)
are dissolved in a polar solvent (in situ) with the presence of an encapsulant like PMMA. This
mixture is then SC onto a substrate top form a thin film, which is then pulsated by a pulse laser
to produce a pattered form of the PQDs. This was demonstrated by Zhan et al. (2021) [278]
where 7.7 nm CsPbls PQDs were produced by mixing Csl, Pblz, and PMMA in DMF (solvent),
and then the spun film was pulsated by a focused 405 nm nanosecond pulse-laser beam with
a 0.9 NA objective.

2.3.  Review conclusions

This literature review investigates the LDS working principle in relation to QDs, quantum
confinement effects, size, surface functionalization, external application methods, optical
processes, fabrication, synthesis, and the state-of-the-art SiQDs and PQDs used for enhancing c-
Si solar cells.

Despite significant interest, gaps in the literature indicate insufficient focus on up-scaling these
advancements to commercial pc-Si solar cells. Research often targets photovoltaic technology

enhancement under ideal conditions.

Moreover, while many studies use host materials to minimise refractive index mismatches, less
attention is given to their role in QD protection. Particularly for thermally sensitive QDs like
PQDs, concerns about thermal degradation are often overlooked, with PQDs frequently exposed

to degradation accelerators such as open-air deposition or high-temperature thermal hosting.

This project investigates two types of LDS QDs: PA SiQDs, typically used in controlling thermal
diffusivity in materials and batteries [54], [96], [97], and CsPbl; PQDs, mainly used in PQD-based
solar cells and hybrid-structured tandem solar cells [25], [55], [268], [279], but with limited

application in externally enhancing c-Si solar cells.

Gaps in the literature include lack of consideration for thermal degradation and stability of LDS
materials, especially when deposited onto solar cells or when these cells are thermally
encapsulated. Additionally, the literature lacks the use of PA as a functional group in LDS SiQDs,
and the use of CsPblz PQDs in LDS enhancements of c-Si solar cells, particularly regarding

thermal stability.

Up to the point of writing this thesis, there has been no specific mention of using CsPbl; PQDs for

non-chemically altering LDS efficiency enhancement of c-Si solar cells.

54



Chapter 2 - Literature Review

This doctoral research introduces novel approaches by addressing these gaps, particularly in
utilising PA SiQDs as LDS devices for enhancing commercially available pc-Si solar cells,
focusing on electrical enhancement, commercial viability, and reproducible deposition and
thermal encapsulation methods. It also presents a novel room-temperature methodology for
integrating CsPbl; PQDs onto pc-Si solar cells. This method ensures protection against thermal
degradation caused by encapsulation temperatures and air exposure, which can lead to

morphological phase shifts in the structure of CsPbl; PQDs.
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3 » Methodology and Experimental techniques

3.1.  Introduction

The experimental work in this thesis covers the full investigation of the controlled implementation
of PA SiQDs and CsPbl; PQDs onto pc-Si solar cells as optical LDS layers for electrical
enhancements. The basis of these experiments was aimed at understanding and optimising LDS
QD-coatings to maximise the photogenerated current, measured by the Isc.

This chapter aims at introducing and explaining the analytical techniques, instruments, and
methods used throughout the doctoral research. It covers the PL spectroscopy and
spectrophotometry, Fourier Transform Infrared Spectroscopy (FT-IR), Scanning and
Transmission Electron Microscopy (SEM and TEM), photovoltaic |-V characterisation,
fluorescent microscopy, and confocal microscopy on LDS QDs and pc-Si solar cell samples. This

included the sample preparations, encapsulations, and data analysis.
3.2.  Materials and Deposition

The LDS material utilised for this project consisted of PA SiQDs and CsPbl; PQDs. PA SiQDs
are Silicon quantum dots capped with the chemical group of Phenylacetylene. PA SiQDs for this
project were chemically synthesised in-house by reducing SiCl, using sodium naphthalenide [54],
[96], [97]. Average size was measured at 6 nm, with absorption/emission measured at 415/495 nm
respectively. As for CsPbl; PQDs, these QDs were commercially acquired from Quantum
Solutions™, dubbed as QDot™ ABX3-685, The company reported emission peak at 692 nm and

a broad excitation range below 680 nm, with PLQY of 99%, and an average size of 11 nm £ 1 nm.

With both QD materials showing a favourable LDS behaviour, they were investigated in the form
of LDS layers that were directly deposited onto pc-Si solar cells.

To minimise material losses and maximise the harvest of the benefits introduced by LDS, DC [49]
was employed as the primary method of deposition; this ensured none of the active LDS material

is lost as seen in SC on rectangular and square substrates [280-282].

In the initial stages of the project, SC was tested against DC as deposition methods. Since volatile
solvents are used, the QDs were proved to escape the surface of the pc-Si solar cell samples. This
was mainly attributed to the high volatility of the solvents used for the QDs and the high roughness
of the pc-Si solar cell surface, which features an inverted pyramid shape. The combination of high
volatility and surface roughness led to the formation of gas pockets beneath the deposited liquid

during centrifugation in the spin-coater, causing a significant portion of the solution to slide away
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from the cells. This phenomenon was evident as residual trails of QDs on the cells and the inner

walls of the spin-coater.

DC-made depositions yielded improved results, with more uniform and loss-free coatings of the
LDS QDs, with visual results presented in Figure 4.4, Chapter 4. Moreover, DC proved very
replicable and reproducible, thus making it very reliable [283].

While some of the QDs used, such as the PA SiQDs, were originally intended for applications in
batteries and thermal enhancements [54], [96], [97]. The methodology employed in this project
ensured the different focus on utilising the PL properties of these QDs. This presented the
possibility of using PA SiQDs as an LDS material for the electrical enhancements of pc-Si solar

cells.

The DC LDS layering method is executed carefully, employing a pipette to ensure uniform
coverage and dispersion within the layer, while maintaining precise control over the quantity of
QDs utilised. Additionally, this included the bench used for DC, which was precisely maintained
and levelled, guaranteeing that the deposited coatings evaporate uniformly at the same angle,

position, and within the same surrounding evaporative environment.

While studying the Voc and Pw is essential to quantify solar cell improvements, the focus of the
project will be the Isc, as it directly correlates to the enhancements presented by the LDS layer. In
theory, the employment of the right LDS material to enhance pc-Si solar cells (specifically) will
decrease the number of the absorbed photons in the UV-blue region and boost in the Vis-NIR
region where the pc-Si solar cells exhibit the highest solar spectral response. The optical
mechanism behind a QD-based LDS layer was illustrated in Figure 2.5, in Chapter 2, the Literature

Review.

Simply put, the photocurrent generation in a solar cell is intrinsically linked to the incident light's
intensity, as it governs the number of electron-hole pairs created within the cell. The absorption of
photons by the solar cell initiates the process of charge carrier generation. In the case of pc-Si solar
cells, they exhibit heightened sensitivity to photons within the NIR region of the electromagnetic
spectrum. Consequently, a larger quantity of photons in this range is absorbed, leading to an
increased generation of electron-hole pairs, and subsequently a higher magnitude of generated
photocurrent. In this case, the direct deposition of LDS materials by DC ensured optimal

performance and no material losses.
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3.3.  Photoluminescence (PL) spectroscopy and spectrometry

PL is phenomenon in which a material emits light after absorbing photons. A photon is emitted by
exciting an electron (photocarrier) in the material from its ground energy state to a higher energy
state, which then relaxes back down to ground state; by relaxing the absorbed energy is then
released as an emitted photon [284], [285], [286]. As described, in most cases this remission of
light occurs in a downshifting manner in which the photoluminescent photons are of low-energy
compared to the absorbed high-energy photons. Reason behind its emission being a lower energy
photon is energy loss by dissipation as vibration and heat by electron-hole recombination. In some
cases, some materials can perform upconversion by exciting an electron using two or more low-
energy photons which are then released as one higher energy photon as the photocarrier relaxes

back into ground state.

In semiconductors, such as Silicon, the electrons occupy specific energy bands. The valence inner
band contains electrons that are bound to the atoms and do not contribute to electrical conduction.
While the outer conduction band contains free electrons that are responsible for electrical
conductivity. The energy gap between these two bands is known as the bandgap. When such
materials receive photons with sufficient energy, valence electrons jump the gap from the valence
band to conduction band. This distinction in energy levels, by bandgap, causes the material to have

identity PL profile for excitation and emission.

By studying the PL through the spectroscopy of luminescence, the bandgap and active energy

states can be numerically extracted.

The project covered the use of PL spectroscopy to study the LDS effects of PA SiQDs and CsPbls
PQDs for purposes of electrical enhancement of pc-Si solar cells. The identification of excitation
& emission pair is essential to determine the benefit of the tested luminophore for LDS-based
enhancements as pc-Si solar cells typically exhibit low spectral response to light in the blue & UV
region, 350-650 nm, but demonstrate considerably higher response in the NIR region, 650-950 nm
[20], [21], [22]. This reduced the selection process to QDs that exhibit significant blue & UV light
absorption (below 400 nm) that was emitted out towards the NIR region (ideally towards 700 nm)

of the solar spectrum.

The Edinburgh Instruments FS5 Spectrofluorometer was utilised to study the PL of PA SiQDs,
and CsPbl; PQDs.

The QD samples are initially measured by weight and dissolved in a suitable solvent to create a
base solution with a known concentration, at room temperature. When needed, the concentration

was altered to enhance readings, for instance, very high concentrations can oversaturate sensors
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by producing relatively high emission intensity. Hellma fluorescence clear cuvette was used to
hold the liquid sample. The spectrofluorometer was calibrated prior to each reading to achieve a
true photon count by ensuring the overall received fluorescence does not exceed 1.5m counts per

second (cps).
3.4. Reflectance and Transmittance

The project also entailed an investigation into the reflectance and transmittance characteristics of
pc-Si solar cells coated with LDS QDs and relevant materials. This examination encompassed an
analysis of the LDS PA SiQDs and CsPbl; PQDs, as well as the encapsulants and encapsulation

materials, including EVA and solar encapsulation glass.

The transmittance of the encapsulant EVA was assessed using the Edinburgh Instruments FS5
Spectrofluorometer in various encapsulation configurations. These configurations were
intentionally designed to simulate the potential impact on transmittance that EVA might have
when employed as an encapsulant in distinct scenarios. These configurations correspond to the
varying methodologies applied in coating the cells with PA SiQDs using DC combined with
thermal encapsulation, and CsPbl; PQDs using a novel method called LEVA coating, which is
further explained in subsection 3.6 and 3.7. Comprehensive information regarding each LDS
material is provided in the relevant chapters, Chapter 4 and 5, respectively. The outcomes of this
characterisation can be found in Figure 5.9 of Chapter 5. For configurations, using the 50 mm x
50 mm Pilkington OptiWhite 3.2 mm encapsulating glass [287], the setup involved measurements
of various configurations: a single sheet, a double sheet sandwich with an air gap, a double sheet
sandwich bonded with a LEVA film, and finally, a double sheet sandwich adhered with a thermally

applied EVA film. A schematic of the transmittance setup is shown in Figure 3.1.
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Measurement
(light beam)

Figure 3.1 Transmittance testing set up, a schematic. Pilkington OptiWhite 3.2 mm encapsulating glass sandwiching

EVA, LEVA, or an Air Gap.

As for the LDS coated pc-Si solar cells, a halogen light source (HL-2000-FHSA, with adequate

optical fibre) was fitted on the Ocean HDX Spectrometer to test for possible changes in reflectance

the LDS materials present. The reflectance set up consisted of the spectrometer itself, adequate

optical fibre, Halogen Light Source, and Ocean Insight (formerly Ocean Optics) WS-1 Diffuse
Reflectance Standard and STAN-SSH Specular Reflectance Standard. A schematic of the

reflectance setup is shown in Figure 3.2. It shows how Specular and Diffuse reflectance

measurements are carried at different angles, 0° and 45° respectively.

Reflectance

] “ 0° Specular

LDS
Layer

PV Cell

Probe
(optical fibre)

Figure 3.2 Reflectance testing set up, a schematic. Specular measurements carried perpendicularly at 0°, and Diffuse
measurements carried angled at 45°. The same setup was used for bare uncoated reference cells.
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3.5. Further non-destructive characterisation: SEM, TEM, FT-IR,

Fluorescent and Confocal microscopy.

The QDs sample went under SEM & TEM for precise size and morphology measurements. FT-IR

was used to determine the chemical composition of the samples.

SEM and TEM, in principle, produce similar measurements outcome with some variation in lateral
and depth resolutions, which is directly proportional to the energy of the electrons emitted by each
instrument. In the SEM, typical electron energies are 1-30 keV with lateral resolution of 1 nm and
depth resolution of 10 nm. While TEM’s typical electron energies are 80-300 keV, with lateral
resolution of 100 mm and depth resolution of 1 nm [288]. In the SEM, the sample is expected to
scatter the electrons back to sensor which then forms an image, while in TEM the higher energy
electrons pass through (transmit through) the sample to a sensor. For the purposes of measuring
QDs, maximum resolutions provided by the SEM are sufficient, as QDs used in the project vary

in sizes from ~1-12 nm only.

For the SEM and TEM, the University of East Anglia provides access to a state-of-the-art Zeiss
Gemini 300 SEM, and a JEOL 2010 200 kV TEM.

As for the FT-IR, Perkin Elmer Spectrum BX FT-IR Spectrometer was used to study the chemical
composition of LDS QDs. In principle, an FT-IR spectrometer breaks down chemical composition
by recording the transmittance spectrum of an InfraRed radiation beam that passes through the
designated sample; the wavenumber can vary typically from 4000 and 400 cm. The spectrometer
then uses Fourier Transform to break down the spectrum into peaks which can singularly or
collectively correspond to registered fingerprint values for specific chemical bonds. These values
are used to identify chemical composition based on the elements and compounds present in the
measured sample [289], [290].

However, samples of synthesised PA SiQDs characteristically presented impurities, such as
Naphthalene, that blocked electron transmission in SEM and TEM, or masked resulting
measurements obtained on the FT-IR. Therefore, other techniques were used to compensate for

this. Details are enclosed within Chapter 4.

Fluorescence microscopy was conducted on solid pc-Si solar cell samples using the ZEISS Axio
Scope.Al microscope at 5x & 10x zoom. The samples were excited using the Excelitas
Technologies' X-Cite 120Q spectral excitation light source, which emitted multiple peaks at 335,
370, 410, 440, 550, and 580 nm. The primary objective of this analysis was to reveal the deposition

patterns and visually illustrate the existence of the deposited LDS layers on the solar cells. This
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was achieved by showcasing the anticipated PL colours that corresponded to the PL measurements

of the LDS material, thereby providing a clear visual confirmation of the presence of these layers.

Lastly, the pc-Si solar cell samples were subjected to 3D scanning and imaging using the Olympus
LEXT OLS 5000 Confocal microscope. This allowed for the study of roughness profiles and
thickness before and after the deposition of LDS layers. Since setups are specific for either LDS
QD material, detailed explanations of the testing setup and results will be provided in subsections
4.3.2 for PA SiQDs and 5.3.2 for CsPbl; PQDs.

3.6. Methodological protocol

This subsection introduces the fundamental experimental protocol employed for the enhancement
of pc-Si solar cells. Figure 3.3 delineates the essential steps undertaken to characterize the LDS
and encapsulation materials before any processing of solar cells using techniques and instruments
outline in subsections 3.3 to 3.5. Subsequently, Figure 3.4 illustrates the steps required to attain
high-quality results, commencing with initial cell preparations, and concluding with the final

encapsulation of cells.

LDS Material Characterisation:
Liquid samples

PL Measurements, and

PL Microscopy

Transmittance

Morphology: SEM, Chemical composition:

TEM, Confocal FT-IR

A\ 2

Data Analysis

Figure 3.3 Methodology (liquid samples): Experimental components for the characterisation of LDS materials

employed, PA SiQDs and CsPbls PQDs, in addition to encapsulation materials like EVA and solar glass.

Figure 3.3 above presents the experimental components employed for the investigation and
characterisation of the liquid samples of LDS QDs used throughout this thesis, with results detailed
in subsections 4.3.1 and 5.3.1. Additionally, some components were utilised for the
characterisation of encapsulation materials, such as EVA and LEVA films, with results outlined
in subsections 4.3.2 and 5.3.2.
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It is important to note that these systematic investigative components do not follow a specific order
and can be applied based on the material being characterized. This contrasts with the methodical

approach employed for solid samples, namely the pc-Si solar cells, as outlined in Figure 3.4.

Tier 1: Bare Cell | One-way system

between Tiers

I-V Characterisation:

Bare cell

: PL and Reflectance [§ :
PL Microscopy izreTrmiieTie Confocal Microscopy

Data Analysis

Tier 2: Soldered Cell

Soldering |

I-V Characterisation:
Soldered cell

Tier 3: LDS Coated LDS Coating: DC or
Cell LEVA

Y

m Confocal Microscopy

I-V Characterisation:

LDS Coated cell

Data Analysis

Tier 4: Encapsulated :
Cell Thermal Encapsulation

I-V Characterisation:
Encapsulated cell

Data Analysis

Figure 3.4 Methodology (solid samples): Experimental Protocol for pc-Si solar cells experimental investigation based

on a Tier one-way system.

The steps outlined for the solid samples’ methodology are divided into 4 Tiers, with each tier
focusing on a different state of the solar cell experimentation.
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Tier 1, Bare: includes cell preparations, and base reference characterisation. Noting that reference
characterisation here refers to all measurements prior to DC coating with LDS QDs, which serves

as the basis of data analysis.

Tier 2, Soldered: refers to transitional electrical stage where the sample is soldered with thin ribbon
wires and I-V characterised once more. It expected that electrical readings would stabilise and
show better consistency after soldering as I-V measuring probes have better surface contact.

Tier 3, LDS Coated: is concerned with coating the solar cells with LDS QDs, which was achieved
by direct DC for PA SiQDs and a novel method called LEVA coating for CsPbl; PQDs (introduced
in subsection 3.7). This includes another round of electrical 1-V characterisation, PL, and
microscopy. Results from this tier serve as evidence of enhancement or degradation in the
performance of the pc-Si solar cells, where data is directly analysed and compared to results from
Tier 1 and 2.

Tier 4, Encapsulated: this tier ideally investigates encapsulating the solar cells using conventional
EVA as an encapsulant, pressed under Pilkington’s OptiWhite 3.2 mm solar cell glass. However,
CsPbl; PQDs cannot withstand high encapsulation temperature, so for that the cells were coated
using EVA films only resulting from the novel LEVA coating.

To ensure consistency, all cells are processed following the standardized protocol with strict
adherence to the specified procedures. This includes using identical tools, instruments, settings,

and testing conditions throughout the experiment.
3.6.1. Cell preparations

Figure 3.5 illustrates the cleaning and exposure of busbars using invasive glass fibres, which is a
critical step in the experimental process. This step involves removing the oxidized top layer, which
can lead to high parasitic electrical resistance, such as series resistance, Rs, and compromise the
accuracy of I-V characterisation. By exposing the underlying metal surface, the electrical

measurements remain unaffected, ensuring reliable data acquisition.

Figure 3.5 Cell preparation: Busbar cleaning using glass fibres.
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It is important to note that this cleaning and exposure process is performed as a Tier 1 step,
indicating its significance at the initial stage of the experiment to allow for uninterrupted electrical
contact by the I-V characterisation probes. The cells are soldered in Tier 2, thus all measurements
done from this Tier onwards are for soldered pc-Si solar cells. An example of the soldering process

is depicted in Figure 3.6.

During soldering, it is crucial to ensure that the soldering product is thin and flush with the surface
of the cell. Any protrusions or unevenness can create points of stress that may lead to cell cracking,
particularly when handling and encapsulating the cell under a 3.2 mm glass sheet [287] using
thermal encapsulation (also known as thermal lamination) with ethylene-vinyl acetate (EVA) as
the encapsulant. Careful attention to these details is essential to prevent damage and maintain the
integrity of the solar cell throughout the experimental process.

Figure 3.6 Cell preparation: Soldering procedure of pc-Si solar cells.
3.7. Conventional Encapsulation and the novel LEVA coating method

Despite being the final step in the experimental process, the encapsulation of pc-Si solar cells plays
a crucial role in elevating the cells to meet industrial standards, closely resembling cells utilised
in commercial solar modules. Apart from safeguarding the cells against environmental factors,
encapsulation significantly improves the electrical properties by optimizing the optical
characteristics of the solar cell sandwich. These optical enhancements manifest as improved
optical coupling, enhanced light trapping, and better control over internal reflection, all of which

contribute to the overall performance enhancement of the solar cells [193].

The thermal encapsulation of PA SiQDs coated pc-Si solar cells follows a conventional and well-
established method that involves thermal lamination [291], [292]. The cells, sized 39 mm x 39
mm, are encapsulated using a sandwich structure consisting of a Tedlar white backsheet, EVA
film, and a Pilkington OptiWhite glass with a thickness of 3.2 mm. All components of the
sandwich have dimensions of 50 mm x 50 mm. This is shown in Figure 3.7, as a layer illustration

(a), and a real image of a fully encapsulated pc-Si solar cell sample (b).
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The thermal encapsulation (lamination) process is carried out by heating the sandwich using a hot-
air gun, raising the temperature up to 100°C. The EVA film, present in both the thin layer on the
Tedlar backsheet and as the top layer itself, melts during the process. The melted EVA acts as an

adhesive, effectively bonding the glass to the cell.

Careful execution of the encapsulation process is crucial to ensure optimal results. Sufficient
pressure is applied to remove any trapped air bubbles, while avoiding excessive pressure that could
damage the cell. When performed correctly, the EVA forms a seamless bond between the glass
and the cell, resulting in improved optical coupling and reduced internal reflection [291], [292].
These enhancements contribute to the overall performance improvement of the solar cell.
Furthermore, this process forms a weather-proofing system that protects the cells from external
weather-related damages, thus improving the overall lifespan of the cell.

Detailed analysis and discussion of the electrical results obtained from this encapsulation process
will be presented in the PA SiQDs chapter, Chapter 4, providing further insights into the
effectiveness of the encapsulation method.

(@)

‘Tedlar backsheet
——Solar cell
EVA film

3.2mm Glass

Figure 3.7 Thermal Encapsulation of a pc-Si solar cell, (a) a breakdown illustration of the lamination layers, and (b)

an image of a fully thermally encapsulated pc-Si solar cell sample.

Certainly, the practical implementation and optimization of PQDs for enhancing pc-Si solar cells
involve a protocol similar to that of SiQDs. However, due to the differences in the properties of
these materials, variations arise in the handling and implementation procedures. PQDs have certain
limitations, such as lower tolerance to high temperatures and rapidly degraded upon exposure to
air [293], [294], [295], [296], [297] compared to SiQDs [96] which were shown to retain 96% of
their PL intensity even when kept in 80°C hot water for 12 days [298]. Therefore, due to the

oxygen-sensitive and highly degradable nature of PQDs (CsPbls) under thermal encapsulation
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(lamination) temperatures exceeding 100°C, an alternative coating and coating method was

developed to completely avoid direct heat application.

The new coating method was achieved by using EVA in a liquid form. Liquid EVA (LEVA) was
prepared by dissolving 10 g of the encapsulant EVA in 3 ml of Toluene with the aid of a hot air
gun at 145°C, inducing thorough mixing by convection. The resulting Liquid EVA mixture,
referred to as LEVA hereafter, was then mixed with PQDs of a known concentration using a needle
and vortex mixer. In the same manner as DC, 1 ml of the LDS LEVA mixture was then evenly
poured over solar cells and allowed to dry by fully evaporating Toluene, resulting in a very thin
LDS EVA host layer (denoted as LEVA film or LEVA coating henceforth), this process is shown
in Figure 3.8.

This technique, drawing inspiration from the literature [184] represents a novel approach,
previously unreported in such a manner. While the literature suggested limited use of dissolved
EVA for LDS applications, particularly employing Toluene-dissolved EVA to create external LDS
films formed on encapsulating glass before the thermal encapsulation of a Silicon solar cell [184],
the LEVA method distinguishes itself by introducing an intermediate characterisation stage. In
this method, the electrical enhancements in the cells are attributed to the LDS effect of the CsPbls;
PQDs, isolated from the optical benefits caused by the encapsulation process. Further details are

discussed and presented in subsection 5.2.1.

LEVA coating enabled the partial encapsulation of solar cells carrying PQDs as LDS frontal
layers, while excluding the conventional 3.2 mm Pilkington OptiWhite glass and Tedlar backsheet.
LEVA films act as a protective layer for the PQDs, prolonging their active shelf life by slowing
down morphological degradation induced by exposure to air and high temperatures exceeding
100°C [130], [293], [299]. Since the resulting dry EVA layer is very thin, it does not add major
optical benefit (full thermal encapsulation level) by itself to the solar cell and is effective only
when combined with the LDS PQDs. Therefore, results are comparable to direct application of
QDs by DC, and not conventional encapsulation. Hence, the LEVA coating will be treated as an
alternative to the direct DC method used with PA SiQDs in Tier 3 results.

All LDS electrical and optical enhancements of the pc-Si solar cells, in addition to the properties

of the LEVA layer, will be extensively explored and discussed in Chapters 4 and 5.
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Figure 3.8 Novel LEAV coating: (a) is Bare cell, (b) LEVA coated wet cell showing meniscus before drying,  (c) fully
dried LEVA film coated cell showing streaks of CsPblz PQDs.

3.8. Photovoltaic I-V Characterisation

I-V characterisation of the pc-Si solar cells was performed using a calibrated ABET Technologies'
model 11002 SunL.ite Solar Simulator (USA) and KEITHLEY Tektronix 2450 SourceMeter (UK).
The sample was placed on a temperature-controlled vacuum chuck and tested under standard test
conditions (STC), which include a simulated solar irradiance of 1000 W/m? at AM1.5 and a cell
temperature of 25°C. The position of the samples is fixed for identical light intensity each test.

This is shown in Figure 3.9.

This step is iterated at least 6 times for each tier of the protocol, resulting in a minimum of 24
readings. The repetition of readings facilitates the application of robust statistical metrics, such as
standard deviation, ensuring the systematic monitoring of accuracy and precision in the results.

Additionally, it aids in identifying any anomalies or irregularities in the readings.

The accuracy specifications provided by the KEITHLEY Tektronix 2450 SourceMeter are detailed
as follows [300]: for the current range of 1 A, the accuracy is 0.067% + 900 pA with a resolution
of 50 pA. Regarding the voltage range of 2 V, the accuracy is 0.020% + 300 pV with a resolution
of 50 uV. These accuracies are specified at a temperature of 23° £5°C. As an example, from the
laboratory, when Sample P23 was measured in its bare state at 25°C, it yielded an Isc of 0.50071
A and a Voc of 0.61996 V. Consequently, readings are accurate to the third decimal place for the
Isc (0.50071 +0.0013 A) and to the fourth decimal place for the Voc (0.61996 V +0.00047 V).

Given that LDS optical enhancement primarily aims to increase the electrical photogenerated
current without physically altering the pc-Si solar cell, fluctuations in the Isc are expected to occur
more frequently. This characteristic explains the lower accuracy observed in Isc when compared
to Voc.

The results will be presented with precision to the third decimal place in the subsequent Chapters

4,5, and 6 to maintain clarity and consistency.
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To evaluate the precision and accuracy and consistency of the measurement system, two pc-Si
solar cells, S1 and S2, were specifically prepared for this purpose. The I-V characterisation of
these cells was conducted using the SunLite Solar Simulator in conjunction with the KEITHLEY
2450 SourceMeter, as previously mentioned. Each cell was subjected to 15 measurements, with a
subtle variation between S1 and S2. For S1, all 15 measurements were taken continuously, without
any replacement of the I-V probes during the process. On the other hand, for S2, the I-V probes
were replaced for each of the 15 measurements, with the probes temporarily removed from the
cell and then carefully repositioned. This approach was employed to thoroughly assess the
reliability and reproducibility of the readings, taking into account the potential impact of probe
placement on the measurement precision. The results from this rigorous testing will provide
valuable insights into the accuracy and consistency of the system, thus validating its suitability for
precise photovoltaic performance analysis. The results are shown in Table 3.1.

Table 3.1 Electrical parameters of samples S1 and S2 after 15 readings, continuous and discontinuous respectively.

Electrical Average for Star?dgrd

Sample Parameters 15 readings deviation
(STD)

Isc (A) 0.514 0.00119

S1 Pm (W) 0.209 0.00042
Voc (V) 0.612 0.00012

Isc (A) 0.515 0.00272

S2 Pm (W) 0.209 0.00070
Voc (V) 0.613 0.00017

As seen in Table 3.1, electrical measurements are accurate to the 3™ decimal place for the Isc as
proved by an STD of 0.00119 A, and 4" decimal place for the Py and Voc as proved by STDs of
0.0007 W and 0.00017 V respectively. This reflects the high precision and accuracy the setup can
achieve. This is true under condensed testing conditions of 15 readings in a short amount of time,
in addition to the condition of cell being constant throughout the readings; unlike actual cells which

will go under 4 different tiers of experimental testing, accounting for 24 total readings.

As these readings are well spread over a day of experimental work, the overall accuracy of the
measurements, taking into account the temporal stability of the light source (Class ABA), precise
positioning, temperature control, and controlled environmental conditions, can be confidently

reported up to the third decimal place.
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A blue bandpass filter, SCHOTT BG42 [301], was also used in some of the experiments to
examine performance mainly in the blue-green light region between 300-700 nm (details are

discussed later in Chapter 4, Figure 4.14).
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Figure 3.9 I-V characterisation of a Bare Soldered pc-Si solar cell.

Data analysis of I-V readings were based on calculating the lsc, Voc, Pm as main analytical
parameters. The aim in increasing the performance of the solar cells can be justified by an increase
in the Isc mainly, and an increase in the 3 parameters overall. An increase in the Isc dictates an
increase in the maximum current generated by the cell which is directly proportional to the increase
in received photons that are downshifted towards the red-light region. Moreover, While the
literature has demonstrated increases in the Voc, as displayed in Table 2.1 in subsection 2.1.6,
these marginal increases are often attributed to the enhanced Pwm resulting from the increased Isc
and also by enhanced charge separation and lower recombination losses. This enhancement is
facilitated not only by the improved optical coupling but also by enhanced light trapping
mechanisms. For detailed references on the specific studies supporting these findings, please refer

to the literature cited in the respective subsection 2.1.6.

Reference samples were prepared throughout the whole project for measurements at each Tier.
These samples ensured that 1-V measurements were consistent throughout the life of each cell:
this covered all stages from Tier 1 (bare) to Tier 4 (encapsulated; where applicable). In some cases,

these cells also were used as references for reflectance measurements.
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Figure 3.10 illustrates an electrical 1-V characterisation curve of a pc-Si solar cell sample. This
figure exhibits points for parameter extraction, crucial for both electrical performance
measurements and analysis, including the lIsc, Voc, and Py. Additionally, other parameters are
extracted to assess the cell's physical characteristics. For instance, the shunt resistance (Rsh) can
be monitored to examine the cell's physical integrity, revealing the presence of cracks,
microcracks, or breakages. The series resistance (Rs) can indicate changes in electrical

connections, such as contact issues with soldered wires.

As depicted in Figure 3.10, Isc and Voc are directly extracted by identifying the two points where
the curve intersects with the axes. The y-intercept corresponds to Isc, while the x-intercept denotes
the Voc.

Pwm is found by calculating the highest power value, determined by the simple power equation,

equation (3-1), expressed as:
Py = Iyp X Vyp
(3-1)

Where Ivp and Ve represent the current and voltage values that yield the maximum power (Pw),

as indicated on Figure 3.10.

Subsequently, Rsn is calculated by determining the negative inverse of the gradient of tangent 1 in
Figure 3.10, while Rs is computed using the same equation but with tangent 2.

While all the parameters mentioned are employed to evaluate the performance of solar cells, the
only anticipated change is in the Isc. This is attributed to the fact that LDS films enhance the
electrical characteristics of the solar cells externally by offering optical enhancements without
causing any chemical or physical alterations. Consequently, LDS enhancements function by
amplifying the photogenerated current, as measured by Isc. This specific parameter will be the

primary focus throughout this thesis.
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Figure 3.10 Electrical 1-V characterisation curve of a pc-Si solar cell: extraction of parameters.

3.9. Chapter Conclusion

In this chapter, the methodological protocols established for investigating PA SiQDs and CsPbl;
PQDs as LDS devices to enhance pc-Si solar cells were comprehensively outlined, explained, and
demonstrated. This included the introduction of the LDS QDs, characterisation techniques for both
liquid and solid samples, accuracy and precision, sample preparation, and the depiction of the

expected final coated product of LDS pc-Si solar cells.

The chapter emphasised the importance of characterising the LDS QDs before their
implementation onto pc-Si solar cells and adapting these characterisation techniques to the coated
solar cell samples. Furthermore, it clarified how the protocol set for the solid solar cell samples
followed a sequenced, one-way 4-tier system that thoroughly investigated these cells from their

initial preparation state to LDS coating and thermal encapsulation.

In light of this, a novel coating process addressing the high sensitivity of CsPbl; PQDs to phase
shifting (degradation) was introduced. Named after one of its main components, LEVA, this
process investigates these PQDs as LDS electrical enhancement devices externally deposited at
room temperature. The utilisation of CsPbl; PQDs in these settings represents a novel endeavour,
as the literature typically suggests the use of more stable analogous CsPbXs; PQDs in higher

temperature settings.
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Further details regarding the methodologies and techniques introduced in this chapter will be

provided for each material, alongside results, in their respective chapters.
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4 » PA SiQDs: Enhancing the efficiency of pc-Si solar cells by
LDS.
4.1. Introduction

In this chapter the use of LDS PA SiQDs for the enhancements of pc-Si solar cells will be fully
investigated and analysed.

Batches of PA SiQDs were freshly synthesised for the project. The fabrication process followed a
bottom-up Si-halide reduction chemical method [226] previously reported in the literature for the
synthesis of PA SiQDs by Ashby et al. in 2013, 2014, and 2015 [54], [96], [97] for thermal

enhancements, and batteries.

This project investigated the specific use and novelty of PA SiQDs as LDS quantum devices to
enhance the performance of pc-Si solar cells, which resulted in a publication [145]. These QDs
have been reported for stable low thermal diffusivity [54] which can reduce the overall thermal
diffusivity in solar cells, thus improving longevity by reducing thermal stress. However, the
project focuses on the benefit of using the LDS properties of the QDs to specifically enhance the
power conversion efficiency of pc-Si solar cells by externally altering the absorbed solar
irradiance. As pc-Si solar cells typically exhibit low spectral response to light in the blue & UV
region, 350-650 nm, and demonstrate considerably higher response in the Vis-NIR region, 650-
950 nm [20-22], LDS QDs are added onto the surface of the solar cells to downshift shorter

wavelength into longer wavelengths.

Following that up, this chapter fully investigates and discusses the employment of PA SiQDs in
enhancing pc-Si solar cells by showcasing physical properties of the QDs and presenting optical
and electrical characterisations for the cells at different Tiers of the experiments: Tier 1 where the

cells are fully bare, Tier 2 where the cells are soldered, Tier 3 where the cells are LDS coated by

PA SiQDs, and Tier 4 where the LDS-coated cells are thermally encapsulated in a 3.2 mm

Pilkington OptiWhite glass, commercial EVA sheet, and Tedlar white backsheet sandwich.
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4.2. Experimental Procedure
4.2.1. Synthesis of PA SiQDs

The synthesis method was precisely followed as reported in the literature [54], [96], [97], with
some improvements made to the apparatus used, such as the Schlenk line’s vacuum and air

tightness.
The synthesis procedure is as follows:

In this synthesis method, 1 g of sodium (Na) and 4.2 g of Naphthalene were sonicated in 70 ml of
tetrahydrofuran (THF) for 2 hours. This mixture was then added to a dispersion of 1 ml of Silicon

chloride in 200 ml of THF, resulting in a brown suspension.

To this suspension, a solution of 2 ml of phenylacetylene (PA) in 20 ml of THF, which had been
stirred for 30 minutes, was carefully added. Subsequently, 4.8 ml of n-butyllithium in THF was
slowly added dropwise to the PA/n-butyllithium-THF solution. The PA/n-butyllithium-THF
solution was then carefully added to the Na/Naphthalene-THF solution, and the mixture was
refluxed for 8 hours at an appropriate temperature.

After the refluxing period, the mixture was washed with deionized water and diethyl ether. The
solution was transferred to a separating funnel and allowed to settle for separation. This washing
process was repeated several times. The diethyl ether portion was then reduced and dried using a
rotary evaporator at 50°C until a dry orange/brown powder, referred to as the PA SiQDs product,

was obtained.

The mean diameter of the PA SiQDs was reported to be 6 nm, with a standard deviation of 1 nm
[97]. Further characterisation of the PA SiQDs, including FT-IR, TEM, NMR, and XPS
measurements, can be found in previous studies conducted by Ashby et al. (2013, 2014, 2015)
[54], [96], [97].

4.2.2. Purification of PA SiQDs

Prior to the characterisation process, the PA SiQDs sample underwent a series of methodically
designed purification steps to minimize the presence of parasitic impurities, particularly
Naphthalene, which was expected to constitute a significant portion (approximately 97% or more)
of the final product, as reported in the literature [54], [96], [97]. A visual representation of a freshly
synthesised and pre-purified PA SiQDs sample is shown in Figure 4.1, where the expected deep

orange-brown colour is diluted down to milky-orange by the excessive Naphthalene.
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To enhance the yield, a comprehensive upgrade was implemented on the Schlenk line used for the
reaction. The upgrade involved incorporating high-pressure Silicone grease, moisture traps, liquid
traps, and a high-end vacuum pump [302]. These enhancements ensured a superior level of
airtightness within the system, effectively preventing the access of oxygen and air. Consequently,
allowing for higher partial vacuums and increased presence of inert gas (Nitrogen). The primary
objective of this step was to maximize the consumption of Naphthalene, which served as the
reductant in the reaction, thereby leading to an overall improvement in the final yield. This crucial
upgrade acted as an intermediate purification precursor, setting the stage for subsequent
purification processes.

Figure 4.1 Fresh PA SiQDs sample (pre-purification from Naphthalene) showing milky-orange colour that indicates

varying concentrations of PA SiQDs within the impurity’s waxy crystals.

Following the Schlenk line upgrade, three post-synthesis processes were employed to effectively
eliminate residual Naphthalene and enhance the quality of the PA SiQDs. These processes were
specifically designed to utilise direct heat application, aiming to induce the evaporation of

Naphthalene, which possesses a theoretical melting point of 80.26°C.

The first process involved the use of a vacuum-assisted rotary evaporator, commonly known as a
rotavapor. In this method, the final PA SiQDs sample was dissolved in ethanol, which exhibits a
lower affinity for dissolving Naphthalene compared to the PA SiQDs themselves. The sample was
then subjected to a partial pressure of 200 mbar and gradually heated to 100°C while being slowly
rotated. The application of vacuum resulted in rapid evaporation of the melted Naphthalene at a

considerable rate, effectively purifying at least 90% of the sample by mass. The evaporated
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Naphthalene crystallized on the walls of the system and the round-bottom flask, allowing for easy
clean-up through an acetone wash. The purified and dried sample was subsequently collected using
a spatula. By redissolving the sample and repeating the process, an additional 5% on average could
be removed from the initial total weight, thus achieving a higher level of purification. This method
was similarly utilised by the reported researchers Ashby et al. in 2013, 2014, and 2015 [54], [96],
[97].

The effects of removing 95% of the white and waxy Naphthalene can be seen in Figure 4.2 below;
where the sample size greatly decreased, and the colour deepened from milky-orange to orange-

brown.

Figure 4.2 Pre-purification (left) and post-purification (right) of the November 2022 PA SiQDs sample using rotavapor

only.

The second purification process was an approach involving direct application of heat using a heat-
gun, Figure 4.3, and a hot-plate (within a fume cupboard). The heat-gun application at 145°C for
14 minutes resulted in visible reduction of Naphthalene, with the by-product crystallizing on the
vial walls. This duration was found to be optimal, allowing Naphthalene to evaporate effectively
while still providing enough time for it to cool and crystallize. Beyond the 14-minute mark, the
residual Naphthalene ceased significant evaporation, as the air surrounding the sample at the vial's
bottom became saturated. This procedure was repeated multiple times, yielding consistent results
each time.
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Although the heat-gun approach successfully removed a considerable portion of Naphthalene, it
was insufficient to achieve complete removal (100%). The remaining sticky and highly viscous
sample hindered complete extraction, and only a portion was collected for the purpose of
enhancing pc-Si solar cells. The extracted sticky PA SiQDs were dissolved in DCM, known to
dissolve both substances effectively, and then DC onto the cells. This method achieved further 2%

reduction of Naphthalene; 97% of the impurity removed.

The stickiness and increased viscosity observed in the sample, which was not initially present after
synthesis, resulted from the complete dissolution of Naphthalene into the sample. This dissolution
led to weak attractive forces between the components, a phenomenon absent in the initial PA
SiQDs product during drying. Fresh samples still exhibited Naphthalene associating with the QDs,
though the majority of the waxy material tended to favour itself, creating two distinct coloured
clusters. One cluster contained a higher concentration of PA SiQDs within Naphthalene crystals,
while the other clusters exhibited significantly less PA SiQDs, appearing also milky-orange but

whiter in colour.

With the gradual clearance of Naphthalene from the sample, a noticeable change in colour was
observed as it transitioned to a darker hue, specifically a dark orange-brown shade, attributed to

the presence of Phenylacetylene (PA).

Figure 4.3 The formation of Naphthalene crystals (at the top of the vial) as the main sample (in orange-brown at the
bottom of the vial) was heated at 145°C for 14 minutes.

In order to address the incomplete removal of the unwanted substance in the previous two
purification processes, an alternative, more rudimentary third approach was tested. The vial
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containing the sample was subjected to a 250°C heated hot-plate for a duration of 5 minutes, with
the process being repeated multiple times. During this treatment, the Naphthalene component was
observed to evaporate, yet the sample retained its waxy consistency, with remnants of the impurity

still present within the sample.

Certainly, upgrading the Schlenk line and implementing the two direct purification processes
resulted in a remarkable 97% reduction in Naphthalene content. As explored in PL results shown
in subsection 4.3.1, this substantial improvement played a crucial role in enhancing the PL quality
of the PA SiQDs, making them more suitable for their intended application in solar cell

enhancement.

It is crucial to acknowledge degradation as a potential byproduct of these refinement and
purification processes. The PA SiQDs are subjected to prolonged exposures at relatively high
temperatures of 100°C and 145°C, followed by a brief exposure to an even higher temperature of

250°C. This matter is elaborated upon in subsection 4.3, where results are discussed and analysed.
4.2.3. Sample Preparation of pc-Si solar cells

As detailed in the Methodology, Chapter 3, the solar cells go through 4 Tiers of experimental
testing and measurements, where Tier 3 is concerned with LDS layer addition. Pc-Si solar cells
samples were coated with LDS PA SiQDs by directly DC. To harvest the maximum benefit from
the LDS effect, the highly volatile solvent DCM was chosen to dissolve the QDs for the DC
process. This ensured the deposition of uniform and well spread LDS layers on all experimental
solar cells. DC solutions were prepared by dissolving specific concentrations of PA SiQDs in 1
ml of DCM.

DCM, known for high volatility, was chosen as it dries up very quickly, but just in time for the
liquid solution of DCM and PA SiQDs to spread evenly on the surface of the 39 mm x 39 mm
solar cells, leaving uniform LDS layer of the QDs. Other layering methods were tested with the
solution, such as SC, but DC have proved superior for creating even layers and lossless
depositions. Visual results for both coating methods are presented in Figure 4.4, where two cells
were coated using the same concentration of PA SiQDs using 1ml of DCM as a solvent: 0.01

mg/ml.
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Figure 4.4 LDS PA SiQDs coating uniformity by method on pc-Si solar cells: (a) reference bare cell, (b) Spin Coated
cell, (c) Drop Casted cell.

Figure 4.4 illustrates the differences in coating quality between SC and DC methods as previously
introduced in subsection 3.2. SC resulted in a poor, non-uniform LDS coating characterized by
outward white streaks of PA SiQDs at various concentrations, leaving gaps of non-coated solar
cell surface (sample b). Additionally, high-concentration points were observed on the four corners
of the cells. In contrast, DC produced a fully and evenly coated pc-Si solar cell (sample c¢). This is
evident from the darker and uniform surface colour, a strong indicator of an even PA SiQDs LDS
coating. Notably, allowing the PA SiQDs/DCM solution to dry more slowly using the DC method
visually altered the surface, eliminating any streaks of PA SiQDs visible to the naked eye, further
confirming the even layering achieved.

Through testing, DCM took less than 5 minutes to dry off completely, leaving uniform and well
spread LDS layers. To ensure this uniformity stays controlled between different cells, all tested
cells underwent DC and dried in the same experimental conditions. Uniformity has been tested by
roughness measurements using a confocal microscope as seen under subsection 4.3.2 in Figure
4.8.

Following that up, pc-Si solar cells went under thermal encapsulation (Tier 4) that thermally
laminated the cells into a sandwich of weather-proof system. The solar cell sandwich tends to have
improved optical coupling and light trapping as a result of the EVA encapsulant tightly binding

the cell to the frontal glass sheet. This further enhances the electrical properties of the cell.
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4.3. Results and Analysis
4.3.1. Liquid samples: PA SiQDs characterisation

This subsection presents, analyses, and discusses the results obtained from characteristic
measurements performed on liquid samples of PA SiQDs dissolved in DCM, specifically designed

for DC onto pc-Si solar cells.

4311 Photoluminescence (PL)

Results shown here follow the protocol for liquid sample characterisation shown in subsection 3.6.

Figure 4.5 below demonstrates the significant improvements achieved in the performance of PA
SiQDs through the implementation of an upgraded Schlenk line and purification processes. The
enhancements are evident in both the emission intensity and the emission wavelength of the

samples.
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Figure 4.5 PA SiQDs: Excitation & Emission PL measurements for March 2022 original batch (388nm, 447nm)
(Schlenk line 1) and November 2022 purified batch (415nm, 495nm) (upgraded Schlenk line 2). Liquid samples in DCM

measured using Edinburgh Instruments FS5, true Excitation wavelengths.

Firstly, one purification cycle of the three thermal processes carried out on the November 2022

sample resulted in a substantial increase in emission intensity compared to the March 2022 sample
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(original), despite both samples being excited by the same intensity excitation beam. The emission
intensity of the November 2022 sample measured at 7x10° cps, while the March 2022 sample
exhibited an intensity of 3x10° cps. This improvement clearly indicates the effectiveness of the

upgraded Schlenk line and purification procedures in enhancing the PL performance of PA SiQDs.

Secondly, the use of the upgraded Schlenk line, which ensured better airtightness and minimized
moisture through the incorporation of traps, led to the production of higher quality PA SiQDs that
emitted light in the expected and desired wavelengths above 450 nm for LDS applications suited
for Si solar cell electrical enhancements. Specifically, the November 2022 batch emitted light at
495 nm (Excitation: 415 nm), while the March 2022 batch emitted at 447 nm (Excitation: 388
nm). The emission wavelength of the PA SiQDs in the November 2022 batch aligns well with
reported data in the literature especially for SiQDs synthesised chemically which is expected to
fall between 400-500 nm [144], [226], and serves as a direct indication of the higher quality

synthesis process achieved through the upgraded setup.

Furthermore, previous research on SiQDs and their PL behaviour has consistently shown the best
PL emission responses to be around 500 nm [303]. Interestingly, the LDS shift between the
excitation and emission wavelengths was found to be larger for the higher-quality November 2022
batch compared to the March 2022 batch: 80 nm and 59 nm, respectively. A similar effect was
reported by Ji et al. (2019) [243].

43.1.2. FT-IR readings

Using the Perkin Elmer Spectrum BX FT-IR Spectrometer introduced in subsection 3.5, the
synthesised samples were tested for chemical composition. This is done by passing infrared light
through the sample, which is transformed into a spectrum, using Fourier transform, representing
chemical bonds as fingerprints [289]. Peaks or flat parts (absence of peaks) of the curve can

singularly or collectively represent specific bonds present in the material.

Figure 4.6 demonstrates lab synthesised PA SiQDs samples: March 2022 batch, November 2022
batch, and the reported batch Ashby et al. (2014) [97] that serves as a baseline.
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Figure 4.6 FT-IR readings for two PA SiQDs: March 2022 and latest purified sample of November 2022. Purified Nov22
sample is via both rotavapor and hot-plate. Reported sample measured by Ashby et al. (2014) [97] shown in black.

According to Ashby et al. (2014) [97], the strong and sharp peak observed at 2161 cm?,

corresponds to the characteristic C=C bond.

Its presence, coupled with the absence of a sharp peak at 3300 cm™?, suggests the attachment of the
C=C bond to Silicon. This peak is evidently missing in the fabricated samples whether purified or
not.

However, it has been noted that the presence of medium sharp peaks at 1441 cm™ and 1221 cm™
provides support for the existence of the C=C bond to Silicon. Although the evidence in this region
is weak, it is deemed acceptable as an indication of the Silicon core's presence, which clearly aligns
with the reported sample described by Ashby et al. (2014) [97].

Furthermore, it is worth mentioning that there is evidence of the presence of PA, as proven by
peaks at 1068 and 1026 cm™,

These findings highlight the challenge of characterizing the presence of SiQDs cores within the
PA SiQDs samples due to the masking effect of Naphthalene. Further investigation and refinement
of the synthesis and purification processes may be necessary to achieve the desired confirmation

of the SiQDs core in future iterations of the research.

Nevertheless, the FT-IR readings were sufficient to identify the target PA SiQDs.
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4.3.2. Solid samples: PA SiQDs coating characterisation (on pc-Si solar cells)

This subsection presents, analyses, and discusses the results obtained from characteristic
measurements performed on solid samples of PA SiQDs coated pc-Si solar cells as per the protocol
presented in subsection 3.6.

43.2.1. Reflectance

Using an Ocean Insight OceanHDX Spectrometer reflectance setup, diffuse and specular

reflectance of the LDS coated pc-Si solar cells were performed.

The presented data in Figure 4.7 showcases the diffuse (45°) and specular (0°) reflectance
measurements of a bare pc-Si solar cell and one coated with PA SiQDs. The direct DC of PA
SiQDs on the cell surface resulted in a significant reduction in reflectance within specific
wavelength ranges, notably between 340-480 nm and 700-920 nm. Conversely, there was a slight
increase in reflectance between 500-700 nm.
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Figure 4.7 Diffuse and specular reflectance measured at 45° and 0 °, respectively, for the bare and PA SiQDs coated

pc-Si solar cell sample, 0.01 mg of PA SiQDs by DC.

Noteworthy reductions of 61.8% in specular reflectance and 44.4% in diffuse reflectance were
observed at a wavelength of 377 nm.

These observations are consistent with the findings presented in the reviewed literature, which

have documented analogous decreases in reflectance within the absorption spectrum ranging from
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350-450 nm. Such reductions were reported in scenarios where SiQDs were utilised to enhance
the efficiency of Si solar cells through LDS. The authors of these studies attributed the decreased
reflectance to the effective implementation of LDS [144], [162], [214]. Notably, previous studies
have indicated a dominant decrease of ~20% between 300-400 nm [50], ~33% at 370 nm [47],
and an 8.5% reduction at 360-370 nm [210].

The significant antireflective behaviour of PA SiQDs can also be attributed to the porous nature
of the coating achieved during the DC and drying process [47], [50]. This porosity appears to
enhance overall light absorption while diminishing the reflection of incident light in the absorption
region from 350-450 nm and past 680 nm (for diffuse reflectance) and past 850 nm (for specular
reflectance), thus contributing to improved optical coupling. The literature suggests that utilising
porous nanoparticle aid in reducing the refractive index mismatch between the solar cell layers

and air and consequently enhance efficiency of the cells [304], [305].

It is noteworthy that pc-Si solar cells inherently possess a V-shaped rough surface as texturing is
a part of its manufacturing process. Interestingly, literature suggests that reducing or eliminating
these V-shaped features on the cell surface can lead to increased reflection [306]. While the
amount of deposited PA SiQDs may not be sufficient to fill these grooves, the excess Naphthalene
present within the sample can effectively fill the VV-grooves, creating a waxy and flat reflective
layer which is characteristic of this material as seen in Figure 4.8. This explains the increase in
diffuse reflectance between 480-660 nm and 500-820 nm for specular reflectance. Moreover, the
literature indicates that Naphthalene does not absorb wavelengths above 300 nm [307]. Coupled
with its refractive index, which is similar to that of glass (1.4003 at 24°C) [308], the incorporation

of a Naphthalene layer is expected to increase surface reflection.

Nonetheless, there have been reports in the literature of increased reflectance in the wavelength
ranges of 400-650 nm [50] and 540-900 nm [157]. These increases have been attributed to optical
LDS losses, a phenomenon arising from the formation of an escape cone. This cone allows a

portion of the emitted LDS light to escape from the cell, as previously illustrated in Figure 2.5.

These results suggest that with the right amount of Naphthalene, it could theoretically serve as an
optical host layer for PA SiQDs. Although this theory was not further pursued in this chapter, it is
elaborated upon in Chapter 7 (Discussion), where the investigation of a host layer carried in
Chapter 5 (LEVA coating) was discussed in conjunction with Naphthalene. This was illustrated

and explained in Figure 5.8 Chapter 5.

Nevertheless, the observed improvements in light absorption and reduction in reflection in some

areas indicate that PA SiQDs offer a promising approach for enhancing the efficiency and
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performance of pc-Si solar cells through both LDS and improved optical light trapping and
coupling.

4.3.2.2. Confocal Microscopy

The Olympus LEXT OLS5000 confocal microscope was utilised to measure several aspects on
the solar cell samples. This included the uniformity and roughness changes due direct DC of PA
SiQDs as shown in Figure 4.9. A visual example of morphological difference between bare and
PA SiQDs coated pc-Si solar cell samples, as a result of Naphthalene filling the V-grooved surface,
is shown in Figure 4.8.
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Figure 4.8 Side by side comparison of a Bare pc-Si solar cell (Top) and PA SiQDs DC layered solar cell (Bottom).
Perpendicular view of a laser 3D image taken by the Olympus LEXT OLS5000 confocal microscope.
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Figure 4.9 Roughness profile extracted from the 3D model generated by the 3D laser image shown above.

It is well shown how the PA SiQDs layer created by direct DC changes the roughness of the pc-
Si solar cells, making them smoother. This can be concluded from the roughness profile as the
layered cell (shown bottom in Figure 4.9) generate a smoother profile with distinguishable levelled
plateaus. Visually, this can be seen as the white-reflecting deposition showing in comparison to
the original deep blue colour which is a characteristic of a bare pc-Si solar cell. This reduction of
roughness is caused by the PA SiQDs and Naphthalene filling in the gaps caused by the inverted

pyramids morphology of the pc-Si solar cells.
4.3.2.3. Fluorescence Microscopy

Using the ZEISS Axio Scope.Al fluorescence microscopy setup, fluorescence microscopy of the

LDS coated pc-Si solar cells was performed.

The PL spectrum of the PA SiQDs displays a distinct cyan colour with a peak at 495 nm, as detailed
in subsection 4.3.1, encompassing a range from 490-506 nm. To excite the sample, the X-Cite
120Q spectral excitation light source [309] was employed, which offers a broad spectrum of
wavelengths spanning from 300 to 740 nm. Noteworthy peaks within this range include 335, 370,
410, 440, 550, and 580 nm.

The PL of the PA SiQDs is visually manifested as a distinctive cyan hue, as observed in the right
pictures in Figures 4.10 and 4.11. The presence of these quantum dots fills in the V-shaped rough
surface of the pc-Si solar cell, and when excited, the emitted LDS cyan light illuminates the entire
structure of the cell under the X-Cite 120 Q spectral excitation light. This results in a clearer and
more defined image of the solar cell, revealing finer details which serves as a visual proof of the
LDS emission by the PA SiQDs.
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As depicted in Figures 4-10 and 4-11, a cell was imaged using the fluorescence microscope both
in its Bare state (Tier 1) and after being coated with LDS PA SiQDs (Tier 3). To ensure a valid
and unbiased comparison, the identical location was marked and measured both before and after

the coating process. As previously emphasized, the application of PA SiQDs results in surface

illumination of the cells through LDS.

i H‘ 1] h

Figure 4.10 Fluorescence microscopy of a pc-Si solar cells at same settings: on the left, the fluorescence image of the
Bare cell (Tier 1), and on the right the fluorescence image after applying LDS PA SiQDs coating by DC (Tier 3). In the
middle is a picture of the whole solar cell with double red circle showing the region of the x10 microscopy, which is the

lower quarter of the central silver finger. The arrows showing the position of the silver finger.

Figure 4.11 Fluorescence microscopy of a pc-Si solar cells at same settings: on the left, the fluorescence image of the

Bare cell (Tier 1), and on the right the fluorescence image after applying LDS PA SiQDs coating by DC (Tier 3). In the
middle is a picture of the whole solar cell with double red circle showing the region of the x10 microscopy, which is the
conjunction between the central-right busbar and a silver finger. The arrows showing the positions of the busbar and

silver finger.
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Due to LDS, the silver fingers and busbar, exhibits improved visibility and contrast under the
influence of the emitted cyan light. This enhanced visualization of the silver finger and the cell
structure indicates the effective light-trapping and light-conversion properties of the PA SiQDs,

which contribute to the overall improvement in the cell's performance.

The agreement between the expected PL and the measured PL readings further validates the
accuracy and reliability of the experimental setup in producing even and well-spread PA SiQDs
LDS coatings. This data provides valuable insights into the PL behaviour of the PA SiQDs and
their potential application in improving the efficiency and performance of solar cells by effectively
converting higher-energy photons into lower-energy ones, thus enhancing light absorption and
overall solar cell efficiency. This is fully investigated in the following subsection 4.3.3, which will

go into the electrical enhancements generated by the application of LDS PA SiQDs coatings.
4.3.3. Electrical Characterisation of PA SiQDs coated pc-Si solar cells.

4.3.3.1. Direct DC of PA SiQDs

Three samples have been prepared to showcase the LDS enhancements the PA SiQDs can offer,
first two samples being Q1 and Q2, where third sample being Q3 which specifically served as a
reproducibility proof which will be highlighted later in this section. These samples, alongside 3
reference samples, have led to a publication that strictly investigated the use of PA SiQDs to
enhance pc-Si solar cells by LDS [145]. These sets of experiments were performed using the
March 2022 batch, while the November 2022 batch was investigated separately later in this chapter
in subsection 4.3.3.2.

Samples were coated with PA SiQDs by DC at room temperature with 2 different concentrations.
Samples Q2 and Q3 were coated with 0.01 mg of March 2022 batch PA SiQDs dissolved in 1 ml

of DCM, while sample Q1 was coated with 0.15 mg using the same parameters.

Difference in concentrations were determined by selecting samples with the most uniform
deposition, which yielded consistent electrical results. As discussed earlier in this chapter, the
presence of Naphthalene in unpredictable and inconsistent clusters within the synthesised PA
SiQDs sample posed challenges in controlling their behaviour during deposition. Analogously
coated cells were intended to be coated with varying amounts of PA SiQDs by DC: 0 mg
(Reference), 0.01 mg (Q2, Q3), 0.05 mg, 0.1 mg, and 0.15 mg (Q1).

Samples Q1, Q2, Q3 went through all 4 Tiers of experimentation explained in Chapter 3: Bare cell
(Tier 1), Soldered cell (Tier 2), LDS Coated cell by DC (Tier 3), and full thermal Encapsulation
(Tier 4).
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Since Tier 1 results are intended for quality assurance, results of the following 3 Tiers are shown
and discussed as appropriate: Soldered cell (Tier 2), LDS Coated cell by DC (Tier 3), and full

thermal Encapsulation (Tier 4).

The 3 reference samples were created to create a baseline for the results, and to ensure proper
precision of the measurements. Since these cells are not coated (thus skipping Tier 3), they serve
as the ground-state to validate increases resulting from PA SiQDs LDS coatings and thermal
Encapsulation.

As discussed in the Methodology, Chapter 3, all results are reported to the 3™ decimal place.

The electrical parameters extracted from the 1-V characteristics for the two samples Q1 and Q2
before and after the deposition of PA SiQDs by DC are displayed in Table 4.1. Both samples
showed an increase in the Isc of 0.75% for Q1 and 1.06% for the Q2 sample. There is a negligible
effect of the coating on Voc in Q1. The Voc in Q2, although slightly increased, lies within the
range of the standard deviation as discussed in the Chapter 2 and shown in Table 4.1. The increase
in Py for the Q2 sample of 0.51% is attributed to the increase in the current. The I-V characteristics
for the Q1 and Q2 samples before and after coating are displayed in Figure 4.12.

Table 4.1 Electrical parameters of samples Q1 and Q2 before and after coating with PA SiQDs by DC, including
Standard Deviation (STD).

Electrical Soldered Coat_ed with %
Samples Parameters Solar Cell STD PA SiQDs by STD Increase
(Tier 2) DC (Tier 3)
Isc (A) 0.531 0.00071 0.535 0.00032 0.75
Q1 Pm (W) 0.224 0.00035 0.224 0.00086 0.00
Voc (V) 0.603 0.00019 0.603 0.00025 0.00
Isc (A) 0.472 0.00005 0.477 0.00046 1.06
Q2 Pm (W) 0.193 0.00013 0.194 0.00058 0.51
Voc (V) 0.582 0.00012 0.583 0.00063 0.17
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Figure 4.12 1-V characteristic of Q1 and Q2 samples before (Tier 2 soldered cell) and after coating with PA SiQDs by
DC (Tier3).

As per the methodical protocol explained in subsection 3.6, the Tier 3 DC coated Q2 sample was
further thermally encapsulated (Tier 4) in a sandwich structure consisting of a Pilkington
OptiWhite glass with a thickness of 3.2 mm, ethylene-vinyl acetate (EVA) film, and a Tedlar white
backsheet; refer to Figure 3.5.

The electrical characteristics of pc-Si solar cell sample Q2 before (Tier 2) and after coating and
encapsulation (Tier 4) are shown in Table 4.2. A significant increase in the Isc of 11.86% and the
Pm of 11.39% is observed mainly attributed to the increase in the current and the effect of

encapsulation.

As previously stated in subsection 3.7, in addition to providing protection against environmental
factors, encapsulation plays a pivotal role in enhancing the electrical properties of solar cells by
optimizing the optical characteristics within the solar cell sandwich structure. These optical
enhancements are evident through improvements in optical coupling, enhanced light trapping, and
more effective control over internal reflection. Collectively, these enhancements contribute
significantly to the overall improvement in the performance of the solar cells [193] as evident in
Table 4.2.

The 1-V characteristic curves of the soldered (Tier 2) and encapsulated (Tier 4) solar cell sample

Q2 and reference sample R1 are shown in Figure 4.13.
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Table 4.2 Electrical parameters of Q2 sample before coating (Tier 2) and after coating with PA SiQDs and

encapsulation (Tier 4).

Electrical Q2 Soldered Solar Q2 Coated and
. . % Increase
Parameters Cell (Tier 2) Encapsulated Cell (Tier 4)

Isc (A) 0.472 0.528 11.86
Pm (W) 0.193 0.215 11.39
Voc (V) 0.582 0.586 0.69
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Figure 4.13 |-V characteristic of Q2 sample (coated by DC of PA SiQDs) and reference R1 sample before (Tier 2) and
after encapsulation (Tier 4).

To assess the impact of thermal encapsulation, three reference solar cell samples were examined
both before (Tier 2) and after the encapsulation process (Tier 4). The results of the electrical
parameters are presented in Table 4.3. Following encapsulation, there was a notable increase in
the range of 8.26%-8.58% in the Isc. This significant increase can be attributed to a combination
of factors, including internal back reflections occurring at the interface with the glass substrate,
which possesses high optical characteristics, leading to an improved light trapping capability.
Additionally, there was a corresponding increase of up to 8.7% in the Pw. In contrast, the Q2
sample, which was coated with PA SiQDs and subsequently encapsulated, exhibited
approximately 3.4% higher enhancement in Isc and approximately 4.1% in Py when compared to
the performance increase observed in the encapsulated reference samples. This increase includes

a 1% improvement in Isc attributed to the PA SiQDs coating, while the remaining enhancement is
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attributed to improved optical coupling and light trapping resulting from the encapsulation

process.

Table 4.3 Electrical parameters of three reference samples before (Tier 2) and after encapsulation (Tier 4).

Reference Electrical Soldered Solar Encapsulated Cell
Cell . . % Increase
Parameters Cell (Tier 2) (Tier 4)
Sample

Isc (A) 0.533 0.577 8.26

R1 Pm (W) 0.240 0.253 5.42

Voc (V) 0.616 0.619 0.49

Isc (A) 0.548 0.595 8.58

R2 Pm (W) 0.229 0.249 8.73

Voc (V) 0.612 0.614 0.33

Isc (A) 0.543 0.589 8.47

R3 Pm (W) 0.243 0.262 7.81

Voc (V) 0.620 0.622 0.32

In a further experiment, the incident simulated solar light was selectively filtered through a
bandpass filter, specifically the SCHOTT BGA42 filter. This filter is designed to predominantly
transmit light in the region between 300-700 nm, as demonstrated in Figure 4.14. Its transmission
range spans approximately 300-700 nm, with peak transmittance occurring at 511 nm, reaching a
high transmittance rate of 92.9% [301]. The utilisation of this filter effectively isolates the impact
of PA SiQDs on enhancing pc-Si solar cells to its LDS characteristics. This works by weakening
the transmitted solar radiation wavelength at 377 nm where a significant drop in reflectance was
observed (Figure 4.7), and relatively allowing in more of the excitation wavelength responsible
for LDS. Therefore, testing whether sufficient and effective LDS is presented by PA SiQDs to
enhance the performance of pc-Si solar cells. This is further explained in the upcoming subsection
4.3.3.2.

Under the SCHOTT BGA42 filter, the increase in Isc for the encapsulated Q2 sample coated with
PA SiQDs reached 13.68% compared to 11.57% for the reference uncoated cell R1, as shown in
Table 4.4. This enhancement can be attributed to the improved light trapping and optical coupling

of the solar cell sandwich, which was further boosted for sample Q2 by the LDS phenomenon.

However, it is worth noting that the corresponding increase for both encapsulated cells were higher
in the SCHOTT BGA42 filtered (Q2: 13.68% & R1: 11.57%) than that for the full unfiltered
simulated solar light (Q2: 11.86% & R1:8.26%). The higher performance in this region is

attributed to the effect of encapsulation with higher internal reflections at blue wavelengths.
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Moreover, in addition to the electrical enhancements facilitated by the luminescent downshifted
light, the presence of PA SiQDs in the solar sandwich further enhances light trapping by acting as

absorption focal points for reflected or stray photons that would have otherwise escaped the cell.

However, it is important to note that EVA characteristically absorbs UV light up to 400 nm.
Specifically, it blocks 350 nm and allows approximately 75% of light at 388 nm to pass through
(Figure 5.9), which is the absorption wavelength for the March 2022 batch. This observation
motivated the investigation into purification and higher quality samples, leading to the
development of the November 2022 sample that exhibited a shifted absorption wavelength to 415
nm, as previously illustrated in Figure 4.5.

The I-V characteristics for the Tier 2 (soldered) and Tier 4 (encapsulated) coated Q2 sample and
reference R1 sample for simulated solar light passing through the blue filter are presented in Figure
4.15.

SCHOTT BG42 Bandpass Filter
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Figure 4.14 Transmittance: SCHOTT BG42 Bandpass NIR-cut filter, Thickness 1.0 mm, Reflection factor 0.9135. [301]

94



Chapter 4 - PA SiQDs: Enhancing the efficiency of pc-Si solar cells by LDS.

Table 4.4 Electrical parameters of sample Q2 before LDS coating (Tier 2 soldered cell) and after LDS coating (by DC)
and encapsulation (Tier 4 cell), compared to reference sample R1 before (Tier 2) and after encapsulation (Tier 4). The

incident simulated solar light was reduced and selectively filtered by the blue filter SCHOTT BG42.

sample Electrical Soldered Solar Encapsulated Cell % Increase
P Parameters Cell (Tier 2) (Tier 4) °
Isc (A) 0.117 0.133 13.68
Q2 Pm (W) 0.044 0.051 15.91
Voc (V) 0.524 0.527 0.57
Isc (A) 0.121 0.135 11.57
R1 Pm (W) 0.051 0.055 7.84
Voc (V) 0.574 0.57 -0.70
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Figure 4.15 I-V characteristic for coated sample Q2 (by DC of PA SiQDs) and reference R1 sample with incident
simulated solar light passing through SCHOTT BG42 bandpass filter. The before coating (Tier 2) and after
encapsulation (and coating for Q2; Tier 4) curves are displayed.

Finally, the difference in the increase in Isc between the LDS-coated samples of different
concentrations (Q1 & Q2) is attributed to the reduction in the porosity of the PA SiQDs films
created. According to Pi et al. (2012) [50], an increase in the thickness of SiQDs film from 16 nm
to 74 nm led to a decrease in porosity from 84% to 69%. The estimated thicknesses of the deposited
layers on the Q2 sample (0.01 mg) and the Q1 sample (0.15 mg) are 2.02 nm and 30.27 nm,
respectively. This correlates with an increased reflectance and shading, resulting in a reduction in

the expected improvement by depositing higher thickness layers of PA SiQDs on pc-Si solar cells.
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The layer thickness was estimated based on the uniformly deposited mass of PA SiQDs times the

density of PA and Si over the solar cell area.

The experimental results obtained for the increase in Isc, 1.06% for sample Q2 and 0.75% for
sample Q1 (QD size: 6 nm), are consistent with increases reported in the literature for the use of
SiQDs to enhance the PCE of Si solar cells: 1.3% [53] (QD size: 6.4 nm) and 2.3% [47] (QD size:
3 nm) in Isc. Moreover, the significant increase in the performance of the encapsulated pc-Si solar
cell may be primarily attributed to the improved optical coupling and light trapping capabilities
resulting from LDS, eliminating air gaps, and increasing internal reflections. Mohan et al. (2020)
[310] tested the improvements in encapsulation introduced to Si solar cells; interpreted from the
graphs, it was shown that a drop of 55.5% in reflectance observed at 300 nm was the main

contributor to electrical enhancement by encapsulation.

4.3.3.2. Further Investigation

This subsection delves deeper into the investigation of PA SiQDs, exploring aspects such as the
LDS phenomenon, sample purification, degradation, and reproducibility.

1. Electrical enhancement: LDS or Rayleigh Scattering?

The significant drop in reflection at 377 nm (Figure 4.7) may be partly due to Rayleigh Scattering
which is maximised in the UV range, especially if the QDs are smaller than 1/10 of the incident
wavelength [311]; 37.7 nm in this case, where the average reported size of the PA SiQDs is 6 nm
[97], thus acting as an antireflective layer. A blue bandpass filter, SCHOTT BG42, was used for
an extra set of -V characterisation. As shown in Figure 4.14, transmittance at 377 nm reaches
63% and maximises at 511 nm with it reaching 92.9% [301]. Table 4.5 shows the Isc for the Q2
sample before and after coating with PA SiQDs (by DC) when the incident light was passed
through the bandpass filter. The standard deviation of the measurements in this case, under filtered
light, is much smaller than that under the full simulated solar light (shown in Table 4.1) and lies
in the fourth decimal place, as shown in Table 4.5. The relative increase in the Isc after coating
with PA SiQDs is 1.2% with uncertainty estimated at +0.4%.

Table 4.5 Electrical parameters of sample Q2 before coating (Tier 2 soldered cell) and after coating with PA SiQDs
(Tier 3). The incident simulated solar light was reduced by the SCHOTT BG42 bandpass filter.

sample Electrical Soldered Solar Coated with PA % Increase
P Parameters Cell (Tier 2) SiQDs by DC (Tier 3) ?
02 Isc (A) 0.1168 0.1182 1.2
STD of Isc (A) 0.0001 0.0005 N/A
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As the filter blocks >37% of the light at wavelength 377 nm and 7.1% at the highest permissible
wavelength of 511 nm, it would be expected that the increase in the Isc would drop significantly
below 1.06%, which was at the full solar light exposure. Nevertheless, an increase of 1.2% in the
Isc is measured, which further proves the LDS behaviour of the PA SiQDs, where UV and near-
UV light is downshifted to higher wavelengths. Pc-Si solar cells possess low EQEs in the UV
region of the solar spectrum; with EQE dropping below 60% [57], [312]. The low spectral response
in the region below 400 nm indicates that the reduction in reflectance around 377 nm cannot be of
much benefit to the solar cell itself thus a measurable increase in the Isc due to antireflection alone
may not be well supported to defend that the phenomenon is due to backscattering only. This
indicates that the downshifting effects carried out by the PA SiQDs are associated with the
reduction in the reflection at 377 nm. With EQESs passing 90% past the 400 nm mark, downshifting

to 447 nm is the main reason for the increase in the Isc.
2. Degradation and Reproducibility

A follow-up I-V characterisation of the encapsulated sample Q2 has been carried out 74 and 91
days after the first measurement to check on the stability of the sample over time, as shown in
Figure 4.16. All PA SiQDs coated pc-Si solar cells, including encapsulated samples like Q2, are
stored in a dark, dry place when not in use.
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Figure 4.16 I-V characteristic for encapsulated and PA SiQDs coated Q2 sample carried 74- and 91-days post

encapsulation (overlapping).
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A slight decrease in the Isc of the encapsulated Q2 sample was observed at the 74th and 91st days
after the initial characterisation of the fresh sample. The electrical parameter values presented in
Table 4.6 represent the average values obtained from measurements conducted six times. The
standard deviation of these measurements is further detailed in Table 4.7. As mathematically
detailed in subsection 3.8, the I-V measurements performed using the KEITHLEY Source
Measure Unit (SMU) and are reported to the third decimal place. This also factors in the temporal
stability of the light source (Class ABA), positioning accuracy, temperature control, and controlled
environmental conditions. This overall precision is reflected in Table 4.7, with an average standard
deviation of 0.002 for Isc, Voc, and Pw.

The values of Isc, Voc, and Pwm presented in Table 4.6, corresponding to measurements taken at
three different time points, do not exhibit significant variations and fall within the error domain
defined by the standard deviation, as shown in Table 4.7. This suggests that any reduction in
performance is minimal, and the encapsulated sample has not significantly degraded over the span
of 3 months. In contrast, when considering the standard deviation values for the original
measurement of sample Q2, it becomes evident that the performance enhancement observed is
substantial and outside the range of measurement uncertainty, thus providing a secure basis for the
findings.

Table 4.6 Electrical parameters of Tier 4 encapsulated and PA SiQDs coated Q2 sample from characterisation carried

out 74 and 91 days apart.

Electrical . 74 Days: 20 91 Days: 7 %
Parameters 8 April 2022 June);OZZ % Increase July 2y022 Increase
Isc (A) 0.528 0.527 (-0.19) 0.527 (-0.19)
Pm (W) 0.215 0.215 0.00 0.214 (-0.47)
Voc (V) 0.586 0.587 0.17 0.585 (-0.17)

Table 4.7 Standard deviation (STD) of Isc, Pm, and Voc for Q2 sample after coating with PA SiQDs and encapsulation
(Tier 4).

74 Days: 20 June

Date 08-Apr-22 2022 91 Days: 7 July 2022
STD of Isc (A) 0.002 0.003 0.002
STD of Pm (W) 0.002 0.003 0.002
STD of Voc (V) 0.002 0.002 0.002

The slight decrease in the Isc after 74 and 91 days highlights the crucial role of encapsulation when

working with air-sensitive QDs like the PA SiQDs. Encapsulation serves as a protective barrier,
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preserving the properties of the LDS sample by isolating it from the detrimental effects of air
exposure. However, the observed drop in Isc over time also raises the possibility that exposure to
air between QD deposition in Tier 3 and encapsulation in Tier 4 may trigger an ongoing oxidation
process. This oxidation process might only become quantifiable months after the initial
measurements. Further investigations are required to comprehensively study the degradation of
PA SiQDs, which can be accomplished through thermogravimetric analysis (TGA) that can be
adapted to quantify oxidation.

To validate and ensure the reproducibility of the results, a new sample, Q3, was created 85 days
after Q2, using a similar process. Q3 was subsequently coated with 0.01 mg of the PA SiQDs
batch initially fabricated in March 2022, Utilising the direct DC method in Tier 3. The |-V
characteristic for sample Q3, both before (Tier 2) and after being coated with PA SiQDs (Tier 3),

is illustrated in Figure 4.17, and the extracted electrical parameters are presented in Table 4.8.

Q3: Bare cell
Q3: Coated with PA-SiQDs

0.6

0.5

0.4

<
=03

0.2

0.1

0 01 02 03 04 05 06
VIV

Figure 4.17 1-V characteristic sample Q3 before (Tier 2 soldered cell) and after coating by DC of PA SiQDs (Tier 3).

Table 4.8 Electrical parameters of sample Q3 before coating (Tier 2 soldered cell) and after by DC of PA SiQDs (Tier
3) 85 days later.

Electrical Q3 Soldered Solar Q3 Coated with PA SiQDs % Increase

Parameters Cell (Tier 2) (Tier 3) 85 Days Later
Isc (A) 0.509 0.512 0.59
Pwm (W) 0.212 0.211 —0.47
Voc (V) 0.602 0.600 —0.33
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The deposition of PA SiQDs onto sample Q3, carried out 85 days after the synthesis of the QDs,
resulted in a 0.59% increase in the Isc. This smaller increase in Isc for sample Q3, compared to the
1.06% increase observed for sample Q2, suggests degradation in the batch of PA SiQDs that had
been stored at room temperature since their synthesis in March 2022. This highlights the
importance of using freshly deposited and encapsulated PA SiQDs to maintain their effectiveness.
Conversely, the increase in Isc for sample Q3 demonstrates the reproducibility of using PA SiQDs

to enhance the performance of pc-Si solar cells, showcasing their potential for consistent results.

The drop in Voc, and hence the Py, may have been caused by a physical abnormality in the pc-Si
solar cell itself and is not related to the LDS effects of PA SiQDs. Such drop may be due
microcracks that occur when soldering, and propagated as the cell was moved around for
measurements. It is worth noting that the electrical contacts used for the 4-wire |-V
characterisation exerts a slight pressure on the cell to maintain electrical contact, which could have

stressed the cracks further or created mechanical stress points.
3. Purification effects on LDS Electrical enhancement

After conducting purification processes on the November 2022 batch of PA SiQDs to remove

impurities, concerns arose about the thermal stability and potential degradation of the SiQDs under
extended exposure to high temperatures above 100°C. To investigate the effects of thermal
degradation, two pc-Si solar cells were coated with PA SiQDs using DC. Sample Q4 was coated
with the PA SiQDs that was purified through one purification cycle, while sample Q5 was coated

after applying the purification cycle three times to the November 2022 batch of PA SiQDs.

The repetition of the purification processes was carried out to emulate a refinery-style purification
system, aimed at achieving the highest level of sample purity. This approach mimics industrial
practices where multiple purification steps are employed to produce the cleanest and most refined
product. This was achieved by repeating all three purification processes (mentioned in the
Purification of PA SiQDs subsection 4.2.2) all together exhaustively until no Naphthalene was
leaving. This approach ensures the acceleration and magnification of thermal degradation if

present.

It was estimated that the fresh November 2022 batch of PA SiQDs contained approximately 90%
Naphthalene impurity by weight, where >97% of that was removed by performing multiple cycles

of purification.

As stated in subsection 4.2.2, the purification cycle involved three distinct processes. The first
process utilised a rotavapor at a partial pressure of 200 mbar and a temperature of 100°C. The

second and third processes employed direct heat through a hot-air gun at 145°C for 14 minutes
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and a hot-plate at 250°C for 4 minutes, respectively. The first process, conducted at a relatively
safe temperature of 100°C and aided by partial pressure to speedup Naphthalene evaporation and
minimize oxidation, is unlikely to be the cause of thermal degradation. Additionally, it has been
reported in the literature that blue SiQDs can retain up to 94% of their original PLQY after 12
days at 80°C in water [298]. However, the second and third purification processes, which involved
direct heating of the PA SiQDs sample in open air at temperatures exceeding 100°C for extended
periods, likely led to degradation. This degradation explains the reduced electrical enhancements
observed in the extensively purified sample Q5 compared to sample Q4 as seen in results in Table
4.9.

To highlight the impact of thermal purification, the concentration of deposited PA SiQDs was
increased fivefold, from 0.01 mg to 0.05 mg.

Table 4.9 Electrical parameters of samples Q4 and Q5 before (Tier 2) and after coating with PA SiQDs by DC (Tier 3),

one purification cycle, and exhaustive purification cycles respectively.

Soldered Solar Coated with PA

Sample Electrical Parameters Cell (Tier 2) SiQD_s by DC % Increase
(Tier 3)
Isc (A) 0.514 0.518 0.78
Q4 0.05mg Pm (W) 0.209 0.209 0.00
Voc (V) 0.612 0.612 0.00
Isc (A) 0.501 0.503 0.40
Q5 0.05mg Pm (W) 0.188 0.188 0.00
Voc (V) 0.611 0.611 0.00

Sample Q4 showed an increase in the Isc by 0.78%, while sample Q5 showed a lower increase of
0.40%. The reduced increase in the lsc shown by sample Q5 can be attributed to thermal
degradation of the PA SiQDs, thus lower LDS effect.

To quantify the thermal degradation and give a depth to the damage a refinery-style purification
system can present onto these PA SiQDs, the PL (Excitation and Emission) was measured once
again for the November 2022 sample when purified once in a full cycle, and after applying three

exhaustive purification cycles as shown in Figure 4.18.
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Figure 4.18 PA SiQDs: Excitation & Emission PL measurements for the November 2022 batch with one purification

cycle and multiple and exhaustive purification cycles of 3 repetitions.

As clearly stated by Figure 4.18, the PA SiQDs PL profile shifted massively to the left, towards
the UV region. With a drop in emission from 495 nm to 417 nm and excitation from 415 nm to
351 nm, the PA SiQDs can still perform useful LDS explaining the increase in Isc by 0.40% on
Q5. The shifted PL is closer to that of the March 2022 batch with emission peak at 447 nm and

excitation at 388 nm.

Electrical enhancement of 0.40% in the Isc of sample Q5 provided by the degraded and
exhaustively purified sample falls short of the enhancement achieved by the original March 2022
and November 2022 batches as seen on samples Q1, Q2, Q3, and Q4 with respective Isc increases

of 0.75%, 1.06%, 0.59%, and 0.78%. This is clearly caused by thermal degradation which induced
oxidation.

However, it is important to note that a single purification cycle did not lead to the expected increase
in the Isc of a pc-Si solar cell sample, despite the improved PL observed in Figure 4.5. This is
evident when comparing sample Q4, which showed a 0.78% increase after one purification cycle,
with sample Q1, which achieved a 0.75% increase without any purification. To delve deeper into
this issue, further extensive experiments should be conducted to ensure the removal of

Naphthalene impurities without degrading the quality or performance of PA SiQDs.
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One full purification cycle introduced the need to increase the concentration used fivefold, in
comparison to the March 2022 batch, to achieve the same level of electrical enhancements. While
directly comparing the performance of both PA SiQDs batches is not methodologically rigorous,
it was expected for both samples to require similar deposition concentrations. One potential cause
for this difference in performance might have been a change in the equilibrium of the ground state
of the PA SiQDs when stored. The purification process might have led to an accelerated rate of
environmental degradation (oxidation) between the characterisation of liquid and solid samples,

which typically occurs over a span of several days.

More details on how to address this topic will be provided in the "Future Work and
Recommendations” subsection 8.3 in Chapter 8.

4.4. Chapter Conclusion

This chapter outlined the novel use of PA SiQDs as an LDS material to enhance the performance
of pc-Si solar cells. The observed improvement is attributed to the LDS properties of the PA
SiQDs, which exhibit a PL emission peak at 495 nm when excited at 415 nm, as well as their anti-
reflective properties, shown by a 75.7% reduction in specular reflectance and a 43.1% decrease in

diffuse reflectance between 350 nm and 450 nm.

The I-V characterisation of samples Q1 (0.15 mg PA SiQDs) and Q2 (0.01 mg PA SiQDs) before
and after coating with PA SiQDs revealed an average increase in Isc by 0.75% and 1.06%,
respectively. A further improvement was observed in fully encapsulated samples, showing an
overall lIsc increase of 3.4% and a Pw increase of 4.1% compared to reference encapsulated
samples. This demonstrates that the optical coupling effect due to encapsulation increased the lIsc

of the PA SiQD-coated solar cells by approximately 2.2%.

The advantage of using PA SiQDs as an LDS material, compared to other SiQDs and QDs, lies in
the phenylacetylene (PA) capping ligand. This ligand grants the Si core properties similar to those
of bulk silicon but with improved electrical conductivity due to the ligand overlap, as documented
in references [96] and [97]. Additionally, PA-capped SiQDs have a longer shelf life compared to
non-capped SiQDs, with reduced oxidation rates due to valence electrons being occupied by the
capping material. Overall, the straightforward preparation of PA SiQDs samples, as demonstrated

in this chapter, shows their potential for enhancing the performance of pc-Si solar cells.
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5 » CsPbl; PQDs: Enhancing the efficiency of pc-Si solar cells
by LDS.

5.1. Introduction

PQDs have been a trend to study under the field of photovoltaic enhancements, it is being
researched as standalone solar cells structures or as LDS enhancers and materials [25, 55, 265,
313-315].

This chapter examines the application of a specific type of PQDs as LDS materials to improve the
electrical efficiency of pc-Si solar cells. Literature indicates that Caesium-Lead-Halide (CsPbX3)
PQDs are preferred due to their distinct sharp emission peaks and broad absorption peaks,

particularly in the UV region of the solar spectrum [157], [316].

Although the use of these PQDs, CsPbls, in enhancing the efficiency of Si solar cells, particularly
as an externally applied LDS layer, was limited in the literature, several analogous versions have
been reported to significantly improve cell performance. For instance, the SC application of 3-5
nm MAPDBr3 [26] led to an increase of 4.03% in the Jsc of mono-Si solar cells and 2.07% in pc-
Si solar cells. Additionally, the DC of 8 nm CsPbCls:Mn?* boosted the Jsc of pc-Si solar cells by
5.1%, while the LPD of 11.2 nm CsPbCls:Mn?* enhanced the Jsc of ¢-Si solar cells by an identical
margin. Furthermore, EVA-hosted depositions of 4.9 nm CsPbBrs—Cs.PbBrs, applied using the
doctor-blade method, achieved a 7.93% increase in the Jsc of pc-Si solar cells. In comparison, 8
nm (CsPbCls:Mn?*, Er®*) enhanced the lsc of c-Si solar cells by 3.42%.

The emission peaks of the reviewed PQDs span a range of 531-600 nm. Based on these spectral
characteristics, CsPbl; PQDs were selected for this project due to their favourable emission peak
at 692 nm. This peak aligns more effectively with the spectral response of c-Si solar cells, which
is most sensitive within the 650-950 nm range [20], [21], [22]

However, CsPbl; PQDs are susceptible to thermal degradation through phase shifting, as
evidenced in prior studies [130], [293], [296], [299]. Therefore, it was crucial to develop an
innovative method for depositing these quantum dots at room temperature to circumvent this

challenge.

With that in mind, this chapter showcases the full investigation undertaken to research the use of

CsPbl; PQDs as LDS layer aimed at enhancing the electrical performance of pc-Si solar cells. This
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includes the utilisation and creation of the room-temperature novel coating method of LEVA, as

introduced in Chapter 3.

At the time of writing this thesis, it appears that the exploration of CsPbl; PQDs as an externally
applied LDS layer on pc-Si solar cells is a novel endeavour. To the best of the author's knowledge,

this application has not been previously reported in such manner.

5.2. Material and Experimental Procedure

For this project, 100 mg of colloidal Caesium-Lead-lodide (CsPbls) PQDs have been purchased
from Quantum Solutions™, dubbed as QDot™ ABX3-685, and characterised by their oleic acid
and oleylamine capping [317]. The technical specifications provided by manufacturer for these
deep red PQDs reported emission peak at 692 nm and a broad excitation range, primarily below

680 nm, with PLQY of 99%, and an average size estimation of 11 nm £ 1 nm.
5.2.1. LEVAvsDC

As previously presented in Chapters 3 and 4, direct DC of LDS QDs has been the main and only
deposition method utilised through the entirety of the project. Due its ideal benefit in depositing
QDs directly and evenly onto pc-Si solar cell with 0% sample losses, it was deemed the best way
to study the LDS effects of the investigated QDs while keeping sample concentration known and
controlled. Although direct DC and thermal encapsulation (lamination) have been used to
investigate PQDs as LDS layers, it was quickly concluded that these QDs rapidly degrade when
exposed to air and high temperatures especially when performing thermal encapsulation. Shi et al.
(2020) [295] reported that the PL intensity of CsPbBr; PQDs (analogous CsPbX; PQDs) drop from
100% at room temperature down to ~0% at 89.85°C, with this steady thermal degradation starting
by heating the sample just above room temperature. Wang et al. (2023) [296] reported that CsPbls
PQDs completely degrade when heated up to ~130°C. Similarly, Iso et al. (2022) [297] reported a
~34% drop in PL intensity of CsPbl; PQDs after 1 hour of continuous heating at 100°C, and a 90%
drop after 4 hours for a high concentration sample of 43.25 mg/ml. It is deductible from the
reported literature that CsPbls PQDs start gradually degrading at temperatures above room
temperature, with significant PL reduction passing 90°C, and full degradation around 130°C.
Therefore, conventional thermal encapsulation, typically operating between 80-100°C or higher,
of pc-Si solar cells cannot be performed on PQDs coated sample. Experimental work on thermally
encapsulating (laminating) CsPbl; PQDs coated pc-Si solar cells indicated a full thermal
degradation (full loss of PL) of the PQDs coating after a 5-minute exposure to a hot air gun set at
80°C.
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Degradation of these PQDs occurs by transformation of the morphology of the PQDs into a
degraded yellow state called the 6 phase; this happens when the QDs shift phase from the
photoluminescent black o phase to the thermodynamically stable and non-PL yellow & phase
(orthorhombic crystal) [130], [293], [296], [299]. In this case, it was thermally induced by

exposure to the high encapsulation temperatures.

The original supplied sample has a 3-month handling shelf life from the time of exposure to air
and light. By practice, it was confirmed that the original sample in the supplied sealed vial showed
no signs of degradation if remained sealed, while all exposed samples (diluted batches in Toluene,
1 mg/ml) degraded in 3-5 months.

This led to the improvisation of a room-temperature novel coating method which was based on
using EVA in a liquid form. This was thoroughly explained in the subsection 3.7 and was described
as an alternative to conventional full thermal encapsulation (Figure 3.5) in terms of environmental

protection and optical coupling.

LEVA was prepared by dissolving 10 g of the encapsulant EVA in 3 ml of Toluene. This was
achieved by employing a hot air gun at 145°C, which facilitated thorough mixing through
convection. Subsequently, the resulting LEVA mixture was blended with PQDs of a known
concentration using a needle and a vortex mixer. Subsequently, 1 ml of the CsPbl; PQDs LEVA
mixture was uniformly applied (in the same manner as DC) over the solar cells and allowed to dry
by complete evaporation of the Toluene, resulting in the formation of a thin LDS EVA host film,
referred to as the LEVA film.

This method, inspired by the literature, is a novel approach as it was not previously reported in
such manner. Similarities in the literature arise from mixing LDS materials with encapsulants
(such as EVA) to form an externally managed dry LDS host layer [315] or heat-dependant
flowable LDS host layer deposition [212], composite solar cell structures [318], [319], [320],
[321], or by applying these modified encapsulants onto solar cell in a full laminated sandwich

using heated vacuum lamination [184].

The innovative LEVA method distinguishes itself by the room-temperature direct application of
the LDS LEVA mixture onto the solar cell surface, without the inclusion of encapsulating glass or
other solar sandwich components, ensuring uniform coverage. This method establishes an
intermediate testing phase that falls between the direct LDS coating on bare cells (Tier 3) and full

encapsulating lamination (Tier 4) as seen in Chapter 4 for the PA SiQDs.

By permitting the layer to dry at room temperature and form a consistent host LEVA film, this

approach enables the investigation of the LDS-based enhancements of the PQDs in isolation,
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separate from the optical improvements brought to the cell by encapsulation, such as enhanced
optical coupling and light trapping. Concurrently, it safeguards the PQDs from oxidation and

phase shifting due to the high temperatures associated with thermal encapsulation.

As later demonstrated in subsection 5.3.3, the dry LEVA film, when formed, contributes little to
no benefit to the cell by itself, rendering it a non-active host layer. Consequently, a PQDs-coated
solar cell via the LEVA method is categorized as an LDS-only coated solar cell, aligning with Tier
3 experimentation, as outlined in the Methodical protocol flowchart presented in Figure 3.2,
Chapter 3.

As of the time of writing this thesis, LEVA has only been subjected to initial trials investigating
the complete encapsulation of pc-Si solar cells using LDS LEVA. Results of these trials will be

discussed and demonstrated in Chapter 7.

However, it is reasonable to infer that extended encapsulation is feasible through vacuum
lamination, given the adhesive characteristics of dried LEVA. The resultant LEVA film exhibits
a smoother texture compared to commercially available EVA sheets, rendering it an excellent
candidate for vacuum lamination. However, the reported literature, particularly by Klampaftis et
al. (2011) [184], emphasises the use of high temperatures throughout the whole process, such as
90°C through mixing, 100°C for pressing moulds, and 155°C when vacuum laminating the cells
for encapsulation. These temperatures are not suitable for the use with these CsPbls; PQDs, as they
were proven to degrade rapidly under such relatively high temperatures [295], [296], [297]. This
issue can be overcome by lightly spraying the LEVA film with small amounts of Toluene. This
process smoothens the texture further, resulting in improved surface contact. By spraying the
surface with Toluene, the adhesion of the LEVA film to the front encapsulating solar glass is
enhanced, enabling vacuum lamination to be utilised for the complete encapsulation of LEVA-
coated pc-Si solar cells without subjecting them to high temperatures, while still allowing Toluene

to evaporate under vacuum.
5.2.2. Sample preparation of pc-Si solar cells

As detailed in Chapter 3, the solar cells go through 4 Tiers of experimental testing and

measurements, where Tier 3 is concerned with LDS layer addition.

To establish a fair comparison between the CsPbl; PQDs and PA SiQDs used in Chapter 4, direct
DC of PQDs was still performed to create a baseline of results which can be used as a starting
point for the full investigative experiments carried out in this chapter. Direct DC results can also
aid in constructing a general idea of how LEVA compares to it, and what benefit this novel coating

method brings forward.

107



Chapter 5 - CsPbls PQDs: Enhancing the efficiency of pc-Si solar cells by LDS.

Following that up, pc-Si solar cells were prepared by uniformly depositing PQDs of known
concentrations, 1 and 2 mg, onto the cells’ 39 mm x 39 mm surface. Toluene was used as the
solvent in for both direct DC and the LEVA methods. For direct DC, 1 ml of Toluene was used.
While for LEVA, 1 ml of the prepared PQDs LEVA solution was poured over.

In either case, Toluene takes relatively longer to fully evaporate when compared to more volatile
solvents like Ethanol or DCM. By practice, samples needed 10-15 minutes on average to fully dry
out, leaving uniform and well spread LDS layers, where repeatability between samples is ensured
by the strict experimental protocol. Layer roughness and evenness for LEVA coated samples is
show in subsection 5.3.2, while roughness and evenness of DC coated samples have been
previously demonstrated and checked in subsection 4.3.2 which is still a valid representation for
DC results in this chapter.

The direct DC layered pc-Si solar cells went under thermal encapsulation (Tier 4) that thermally
laminated the cells; this is to show the rapid degradation of the PQDs caused by exposure to high

temperatures.

Details will be discussed with results later in this chapter in subsection 5.3.3.
5.3. Results and Analysis
5.3.1. Liquid samples: CsPblz PQDs characterisation

This subsection presents, analyses, and discusses the results obtained from characteristic
measurements performed on liquid samples of CsPbl; PQDs dissolved in Toluene, specifically

designed for DC and LEVA coatings onto pc-Si solar cells.

5.3.1.1L Photoluminescence (PL)

Results shown here follow the protocol for liquid sample characterisation shown in subsection 3.5.

The CsPbl; PQDs showcase an excellent photoluminescent emission response to any exciting
wavelength that is set before the emission peak. As seen in Figure 5.1, it possesses the ability to
absorb any photon with a wavelength below its emission peak of 690 nm. The figure showcases a
wide and broad absorption peak that extends primarily from 420 nm and to the borders of the

emission peak starting at 680 nm.

Investigated as LDS materials for enhancing pc-Si solar cells, these PQDs can effectively convert
absorbed UV and near-UV photons into longer wavelengths in the Vis-NIR region of the spectrum,
specifically around 690 nm, they hold significant potential for enhancing pc-Si solar cells because

these cells typically exhibit low spectral response to light in the UV-Vis region, 350-650 nm, but
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demonstrate considerably higher response in the NIR region, 650-950 nm [20], [21], [22]. The
spectral response of pc-Si solar cells was explained in subsection 1.1 and shown in Figure 1.4.
Theoretically, employing PQDs could increase the number of red photons available for absorption,

ultimately enhancing the photovoltaic (PV) performance of the solar cells.
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Figure 5.1 Excitation (filled lines), Emission (dotted lines), PL reading for PQDs CsPblz (<680nm, 690nm) liquid

sample measured on the Edinburgh Instruments FS5; true Excitation wavelength.

It is noteworthy that the measured PL of the PQDs closely aligned with the provided data by the
manufacturer, exhibiting a minimal difference of only 3 nm for the emission peak. The measured
peak emission was recorded at 690 nm, while the reference value was indicated as 692 nm [317].
This indicates a strong agreement between the measured and supplied data for the emission

characteristics of the PQDs.

Moreover, the manufacturer's provided excitation profile displayed a matching pattern, spanning
from 620 nm to 720 nm, which, notably, was the sole range provided for excitation measurements.
This alignment reinforces the reliability and consistency between the measured excitation profile

and the manufacturer's provided information.

Figure 5.2 serves as additional evidence supporting the conclusions drawn in Figure 5.1. It
demonstrates the consistent emission wavelength of the sample, even when excited at seven

distinct wavelengths. The resulting emission consistently falls within the range of 690-693 nm.
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This outcome aligns with both the measurements conducted in-house and the specifications

provided by the manufacturer.
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Figure 5.2 Emission PL reading for PQDs CsPbls liquid sample measured on the Edinburgh Instruments FS5; at a
range of excitation wavelengths (300, 365, 400, 465, 500, 600, 650 nm).

The consistency in the emission wavelength across multiple excitation wavelengths reinforces the
reliability and accuracy of the measurements. It affirms that the emission characteristics of the
sample are stable and reproducible. This confirms once again the reliability of using the CsPbls;
PQDs as LDS entities to specifically enhance pc-Si solar cells and highlights its advantageous

LDS behaviour in absorbing a wide range of wavelengths.

5.3.1.2. SEM and TEM

Using the Zeiss Gemini 300 SEM and JEOL 2010 200 kV TEM, a nanoscale imaging was carried
out to characterise the CsPbl; PQDs. By allowing the host solvent, Toluene, to evaporate on a
copper mesh grid, clusters of suspended PQDs were left behind, ready to be imaged. Figure 5.3,
5.4 and 5.5 presents the outcomes obtained from both SEM and TEM offering a comprehensive

view of the PQDs' morphology and physical attributes.

For SEM imaging, Figure 5.3 showcases the clusters of coagulated CsPbl; PQDs dispersed, with
a closer look in Figure 5.4 showcasing the cubic structure of CsPbls PQDs which strongly agrees
with the reported morphology in the literature [279, 322-324] and further validates the reliability

of the acquired sample.
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Figure 5.3 SEM imaging of CsPbls PQDs.
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Figure 5.4 SEM imaging of CsPbls PQDs, a closer look.
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Figure 5.5 TEM imaging of CsPbls PQDs.

In both instances, the image quality obtained from the instruments was exceptional. They were
capable of capturing details with a high level of precision, reaching a resolution of 10 nm. Notably,
features as small as 2 nm were clearly discernible in the captured images. The average size of the
CsPbl; PQDs measured around 12 nm which was slightly larger than the manufacturer provided
measurement of 11 nm [317]. This measurement falls within the range reported in the literature
with average CsPbl; PQDs size measured by SEM or TEM was reported at ~10.05 nm [322], 10.07
nm [324],10.4 — 12.1 nm [126], ~13 nm [129], and 12.7 nm [279].
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5.3.2. Solid samples: CsPbl; PQDs coating characterisation on pc-Si solar cells and LEVA
films

This subsection presents, analyses, and discusses the results obtained from characteristic
measurements performed on solid samples of CsPbls PQDs coated pc-Si solar cells as per the
protocol presented in subsection 3.6.

5.3.2.1. Reflectance

Using an Ocean Insight OceanHDX Spectrometer reflectance setup, diffuse and specular

reflectance of the PQDs LEV A coated pc-Si solar cells were performed.

The presented dataset in Figure 5.6 illustrates the outcomes of diffuse (45°) and specular (0°)
reflectance measurements conducted on both a bare pc-Si solar cell and a counterpart coated with
PQDs-incorporated LEVA (sample P28). As the LEVA layering methodology adheres to strict
reproducibility criteria which ensured all cells are processed the same regardless the used QDs
concentration, it can be reasonably assumed that all LEVA coated cells possess uniform LEVA
films in terms of thickness, uniformity, and smoothness. This can be seen in Figures 3.6 and 5.11,
with measurements displayed in Figures 5.12 and 5.13.

20 T T T w
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——0°: Bare cell Specular
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15 = — —45°: P20 Diffuse
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Wavelength [nm]

Figure 5.6 Diffuse and specular reflectance measured at 45° and 0 °, respectively, for the bare and PQDs coated (P28)

pc-Si solar cell sample, 0.01 mg of PQDs by LEVA method.
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The PQDs LEVA film applied to the pc-Si solar cell surface has resulted in a substantial reduction
in diffuse reflectance across the measured wavelength spectrum of 350-900 nm. The most
significant reductions are observed in the UV-blue region, where the weighted average reflectance
dropped from 17.4% for the Bare reference cells to 6.32% for the PQDs LEVA coated sample P28
between 371-388 nm, amounting to a reduction of 63.7%. Additionally, there was a substantial
reduction in the Vis-NIR region, with a 67.8% drop at 848 nm, reducing from 6.58% (Bare) to
2.12% (P28).

The smallest reduction was observed at 526 nm in the green-yellow region, where reflectance
decreased from 3.45% (Bare) to 1.47% (P28), resulting in a 57.4% reduction.

These reductions hold significant importance as they are a direct product of the absorption of UV-
blue photons by the LDS PQDs, addressing the low solar response of pc-Si solar cells in this range,
350-500 nm. This, in turn, maximizes the generation of downshifted photons from PQDs, thereby

amplifying the emission of red photons at 690 nm.

Furthermore, the sustained reduction in reflectance starting at 600 nm onwards contributes to
absorbing more of the incident solar irradiance naturally, leading to an increased absorption of red
photons. This can be observed in Figure 5.6, where the weighted average reflectance for the PQDs
LEVA coated sample P28 was 1.82% between 600-900 nm, compared to 5.31% for the Bare
reference cell in the same region of the spectrum, representing a reduction of 65.7%. It is worth
noting that the reduced reflectance profile of the PQDs LEVA coated solar cell (P28) closely aligns

with that of its bare counterpart.

Reduction in specular reflectance is observed at 377 nm with a decrease of 22% from 8.45% (Bare)
to 6.59% (P28). This observation is particularly significant, as it further proves the PQDs'
absorption of targeted incident photons within the 350-377 nm wavelength range.

The observations coherently with the results found in the literature reviewed. Notably, similar
patterns of decreased reflectance within the 350-450 nm absorption spectrum have been well-
documented. These reductions in reflectance are observed in cases where PQDs are employed to
enhance the efficiency of c-Si solar cells via LDS. Researchers in these studies have consistently
attributed the decreased reflectance to the to the effective implementation of LDS [26], [157],
[166], [212].

The specular reflectance profile initially demonstrates a reduction, followed by a plateau beyond
422 nm, maintaining a consistent pattern until the end of the measured wavelength range at 900
nm. The initial reduction is due to the combination of PQDs-based LDS light trapping and UV-
blocking characteristics of the LDS LEVA film (inherent characteristic of EVA, shown later in
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Figure 5.9). However, since the surface of pc-Si solar cells is inherently V-shaped, the reported
literature has suggested that reducing or eliminating these V-shaped grooves on the cell surface
can lead to increased reflection [306]. Therefore, the resulting PQDs LEVA film, fills these V-
shaped grooves and therefore creates a flatter surface which increases the overall specular
reflectance. This explains the plateau of increased specular reflectance appearing beyond the 422
nm mark in Figure 5.6. This is illustrated in Figure 5.8. Additionally, it is important to
acknowledge findings in the literature that report an increase in reflectance within specific
wavelength ranges, notably 400-650 nm [50] and 540-900 nm [157]. These observed increases in
reflectance have been attributed to optical losses associated with LDS. This phenomenon is
theorized to originate from the formation of an 'escape cone,’ a construct that permits a fraction of
the LDS-emitted light to escape from the solar cell, thereby increasing reflectance at that region.

While the noticeable increase in specular reflectance is evident, the combination of localized
reduction between 350-377 nm, assisted by the substantial decline in diffuse reflectance spanning
the full measured wavelength range of 350-900 nm, profoundly contributes to the optical

enhancement conferred by the integration of LDS PQDs.

To substantiate this assertion and validate the role of PQDs in reducing reflectance by enhancing
light trapping because of LDS, Figure 5.7 provides a direct comparison for reflectance
measurements between the PQDs LEVA coated pc-Si solar cell (sample P28) and a reference cell
(sample R6) with an identical LEVA film but devoid of PQDs.

While in Figure 5.6, it is evident that the LEVA film increased specular reflectance at 605 nm
from 1% (Bare) to 4.8% (P28). Figure 5.7 clearly illustrates the significant role played by CsPbls;
PQDs in reducing this increased specular reflectance. The addition of CsPbl; PQDs to sample P28
using the LEVA coating method led to a reduction in specular reflectance at 605 nm from 6.49%
(R6) to 4.8% (P28). This represents a decrease of 26% attributed to the LDS effect of the PQDs,
which reduced reflectance by absorbing more photons than the non-LDS LEVA film, and therefore
improving the optical coupling and light trapping in the cell. Thus, toning down some of the

inevitable increase in specular reflectance caused by the LEVA film at that wavelength.
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Figure 5.7 Diffuse and specular reflectance measured at 45° and 0 °, respectively, for the Reference (R6) and PQDs

coated (P28) pc-Si solar cell sample, 0.01 mg of PQDs by LEVA method.

The overall attenuation of reflectance ensuing from the incorporation of CsPbl; PQDs into the
innovative LEVA film, substantiates the ability of the optical host in employing the LDS

phenomenon to generate reliable and reproducible reflectance reductions.

Dispersing clusters of CsPbl; PQDs into a three-dimensional optical host, the LEVA film, allows
them to act as “focal points” for the light trapping phenomena caused by their LDS behaviour,
refer to Figure 2.5. This is true as PQDs will be allowed to interact with LDS photons leaving
neighbouring ones and stray photons that are either internally reflected or leaving the cell. Hence,
it can be assumed that this effect is amplified by the optical host which explains the reduced
reflection (diffuse and specular) in the LDS coated cell P28 compared to the reference cell R6 as

proved in Figure 5.7.

Furthermore, this enhanced LDS optical environment complements the inherent light-trapping
capabilities of these pc-Si cells, resulting from their V-shaped grooves. This contributes to a
significant reduction in diffuse reflectance. However, Figures 5.6 and 5.7 clearly show a notable
increase in specular reflectance, primarily caused by the enhanced surface evenness of the LEVA-
coated cell. Although surface roughness does not exhibit significant improvement (as measured in
the next subsection 5.3.2.3), the smooth surface of LEVA films creates a relatively more even and

shiny surface. This smoothness reflects perpendicular incident light more efficiently than the
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native rough surface of the VV-grooved pc-Si solar cells. Therefore, causing a specific increase in

the specular reflectance while reducing diffuse reflectance.

The mechanism behind these two analogous yet opposite phenomena is illustrated in Figure 5.8.

\A

LEVA PQODs coated

Figure 5.8 Illustration: Changes in Diffuse and Specular reflectance behaviour introduced by the LEVA PQDs film.
With light interactions numbered 1 to 4.

Figure 5.8 visually illustrates the process behind the ability of the LEVA film in decreasing diffuse
reflectance while adversely increasing the specular reflectance. Assuming the ARC layer acts
equally on both the bare and coated cells, the characteristic VV-shaped grooves of pc-Si solar cells
are very effective at light trapping from all angles of incidence as they act as geometrical trapping
protrusions that would favour reflection into the cell rather than outward reflection as seen by light
interactions numbered 1 and 2. Once the cell is coated by the LEVA method, the resulting dry
LEVA film produces a more even and smoother surface that introduces an extra reflection stage
for incident light before it reaches the V-shaped grooves of the cells as seen by light interactions
numbered 4. Nevertheless, as the film is not perfectly even, possessing a slightly geographical
surface influenced by the V-shaped grooves, it introduces points of geometrical traps that work
similarly to the cell’s grooves but with lower effectiveness due to the smoother surface. This effect
is illustrated in light interaction number 3. The presence of light-trapping LDS PQDs, in
conjunction with the V-shaped grooves, contributes to trapping incident light, reducing diffuse

reflectance but increasing specular reflectance in the process.

It is worth noting that the literature advocates that diminishing or eradicating these V-shaped
features on the cell surface can result in increased reflection [306], directly contributing to the

observed increase in specular reflectance.
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In addition to enhancing the overall light trapping capabilities of the coated cells through the LDS
phenomenon presented by the CsPbl; PQDs, analogous halide CsPbBr; PQDs [225] and Silicon
QDs (SiQDs) [47] were reported to introduce anti-reflective behaviour when deposited onto solar
cells, attributed to their inherent porosity. This porosity encourages light absorption while

minimizing the reflection of incident light, contributing to overall improved optical properties.

5.3.2.2. Transmittance

Moving on to transmittance, the effects of liquefying EVA in the LEVA process were studied

using the Edinburgh Instruments FS5 Spectrofluorometer.

A LEVA film was sandwiched between two 3.2 mm Pilkington OptiWhite solar glass pieces and
measured for transmittance. The same sandwich was reconstructed using a commercially available
EVA sheet that was thermally applied to adhere the two solar glass squares together. For reference,
a single solar glass sample, and an air-gapped solar glass sandwich were also measured for

transmittance.

As demonstrated by in Figure 5.9, it is clear how commercially available EVA (for solar cells and
panels applications) characteristically blocks UV light blow 350 nm. This is shown by both the
thermally applied EVA sheet and LEVA film. This serves as a first proof on the how liquefying
EVA by Toluene (LEVA) does not change the optical characteristics of EVA. A further proof was
extracted on the chemical stability of LEVA films by obtaining FT-IR readings on two EVA films:
commercially available EVA versus a dry LEVA film, shown in Figure 5.10. The readings for the
film show a nearly perfect overlap especially in the sharp and strong peaks between 1700 cm™ to

4000 cm™?, with a matching but slightly misaligned silhouette below 1700 cm™ which is acceptable.

This is strong evidence of the preservation of the LEVA method for the chemical, physical and

optical properties of EVA.
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Figure 5.9 Transmittance: LEVA film vs a commercially available EVA sheet, both sandwiched
Pilkington OptiWhite solar glass [287].
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Figure 5.10 FT-IR measurements of EVA films: LEVA film (red) vs commercially available EVA sheet (blue).

Moreover, since the LEVA film generated very smooth surfaces that increases surface contact, it

adheres significantly better to glass than thermally applied EVA sheet. This is evident by the

outstanding near-overlap in transmittance of 90.4% shown by the LEVA glass sandwich (of two
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glass sheets) to that of only one glass sheet, specifically after 580 nm. This setup surpassed the

transmittance of the air-gapped sandwich starting early at 410 nm.

Furthermore, the same figure indicates the poorer surface contact resulting from thermally
applying the EVA sheet in a glass sandwich and how this made it perform, on average, like the
air-gapped sandwich. It only slightly overcomes the air-gap contraption’s transmittance by 2.4%
at 860 nm, with transmittance of 84.8% compared to 82.8%. Additionally, while the transmittance
silhouette of the thermally applied EVA sheet matches that of the LEVA film, the highest
measured transmittance at 600 nm drops from 90.4% (LEVA) to 87% (thermal), amounting to a
3.8% drop. This gap started emerging at 393 nm and consistently continued from 405 nm until the
upper limit of the measurement at 930 nm, resulting in a weighted average drop of 3.9%.

The advancement of the LEVA film compared to the thermally applied EVA sheet can be
attributed to morphological changes that occur on the surface of the EVA sheet. Figure 5.10
demonstrated no chemical changes to the Toluene -liquefied EVA. However, when liquefying the
commercial EVA sheet, it loses its rough texture, which is a cause of bubbling when thermally
applied. Despite taking precautions to avoid visible bubbling in the process of thermal
encapsulation, microbubbles resulting from the rough texture of the EVA sheet were inevitable.
When thermally applying EVA as an encapsulant between two impermeable sheets of materials,
microbubbles have no means of escape, thus getting trapped. This also applies to the thermal
encapsulation of solar cells. The presence of these bubbles reduces the transmittance of light and
disrupts the quality of light-trapping properties of the EVA-glass combination by introducing
points of refraction within the contraption, which eventually increases scattering. Although this
issue is not common in commercially thermally encapsulated solar panels, the method followed
here mirrored the same steps taken to thermally encapsulate a PA SiQDs coated pc-Si solar cell,
as seen in Chapter 4, which ensured minimal exposure of these QDs to high temperatures to avoid

accelerated degradation.

It is relevant to note that LEVA films will be investigated solely as a direct incorporation method
for CsPbl; PQDs onto pc-Si solar cells and not for encapsulation, thus falling under Tier 3
experimentation, and therefore is considered as a direct coating method. This implies that LEVA
films will not be combined with the upper 3.2 mm Pilkington OptiWhite solar glass. Further details

on this will be expanded upon in subsection 5.3.3.
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5.3.2.3. Confocal Microscopy

The Olympus LEXT OLS5000 confocal microscope was utilised to measure several aspects on
the solar cell samples. This included the roughness changes and overall thickness of the PQDs
LEVA film created by the novel LEVA coating method. Additionally, it was used to study the
patterns of the poured PQDs LEVA film.

Figure 5.11 A visualization of the dried LEVA film created by the novel LEVA coating method. In this case half of the

film was peeled while the other left intact.
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Through the utilisation of the confocal microscope's advanced 3D laser scanning capabilities,
comprehensive profiling and quantification of both thickness and surface roughness were possible,
as depicted in Figure 5.12 and 5-13.
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Figure 5.12 Overview of LEVA coating pc-Si solar cell. Left: Depth heatmap indicating coating thickness with the solar
cell as the zero point. Right: Coloured image revealing the bare area on the left top of the cell, while the rest is coated
with the PQDs LEVA film.

Both images showcase the same cell, the left being a heatmap of depth with zero point being the
bare solar cell, while the right figure is a coloured image that shows three regions of the measured
cell, bare, peeled LEVA film, and intact LEVA film. The LEVA film was peeled and cut to be
measure under the confocal microscope for thickness and roughness. The peeled region was kept

to prevent any pulling out of the intact film, thus preserving its adhesion to the cell.
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Figure 5.13 Profilometer profile measuring thickness and roughness, extracted from the 3D model generated by the 3D

scan shown in Figure 5.12.

The thickness of the intact LEVA film measures at 240 um, as indicated by the red rectangle at
the conclusion of the profile. To provide a point of reference, the thickness of commercially
acquired EVA sheet, conventionally employed for thermal encapsulation, stands at 460 pm [325],
which in ensured to stays consistent after the thermal encapsulation process. The LEVA film

demonstrates a 47.8% reduction in thickness when compared to its commercial counterpart.
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Furthermore, when assessing roughness, the surface characteristics of the LEVA film closely align

with those of the pc-Si solar cell as it masks the V-shaped grooves.

The subsequent coloured analysis of the PQDs LEVA film has been undertaken, adding further
dimensions to the investigation. Starting with Figure 5.14.
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Figure 5.14 Confocal coloured microscopy of sample P28, processed and coated by the LEVA method. 1 ml of 0.01 mg
PQDs LEVA poured and allowed to dry forming a film. Left x5, right x10.

As depicted in Figure 5.14, observable refraction streaks of higher concentration PQDs are
represented in grey, while areas of lower concentration appear in a darker blue, which looks
directly into the surface of the solar cell itself. These patterns correspond to the mixing process,
where the LEVA and PQDs solution is blended using a sterile needle and a vortex mixer. The
origin of these streaks can be attributed to the viscosity of the formed LEVA: as the liquified EVA
cools after the dissolution of EVA in Toluene, its viscosity increases. Although this effect could
be mitigated by elevating the Toluene content, it is more advantageous for LEVA to exhibit higher
viscosity, as this aids in controlling its flow. By elevating the viscosity, drying patterns generated
by the evaporation of Toluene, such as "coffee stains" and other similar effects, are less likely to
impact the uniformity of the film. This ensures a consistent and uniform PQDs LEVA film is

generated.

While the variation between the streaks in grey and darker blue might initially appear indicative
of uneven mixing and consequently uneven concentration distribution, it is important to note that
this effect is somewhat exaggerated by the bright images captured during the construction of the

3D model using the confocal microscope. To provide a clearer understanding of this phenomenon,
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further insight can be gained through the results obtained from fluorescence microscopy, which is

elaborated upon in the subsequent subsection.

5.3.2.4. Fluorescence Microscopy

Using the ZEISS Axio Scope.Al fluorescence microscopy setup, fluorescence microscopy of the

LDS coated pc-Si solar cells was performed as seen in Figure 5.15.

Figure 5.15 Fluorescence microscopy was employed to examine PQDs LEVA-coated sample P28, captured at x5. This

analysis encompassed two randomly selected regions on the cell.

Correlating Figure 5.15 with Figure 5.14, it becomes apparent that the streaks of CsPbl; PQDs
within the LEVA film are of well distribution across the solar cell area with coverage exceeding
95% of the cell’s surface, and minimal appearance of low-concentration regions where the blue

surface of the pc-Si solar cell can be seen peeking through.

As outlined in the Chapter 3, the excitation process utilised the X-Cite 120 Q spectral excitation
light source, which encompassed a broad spectrum of wavelengths spanning from 300 to 740 nm.
Notable peaks were evident at 335, 370, 410, 440, 550, and 580 nm. This excitation range is
consistent with the data presented in Figures 5.1 and 5.2, which demonstrate the capacity of CsPbls
PQDs to absorb wavelengths up to 680 nm and proficiently downshift these absorbed wavelengths
to the 690-693 nm range. This phenomenon accounts for the uniformity in the observed PL
imaging, depicted by a single dominant colour. It is pertinent to note that any visual presence of
blue lines or specs is attributed to reflections off dust particles.

As the PL spectrum of the PQDs exhibits a distinctive red colour at a wavelength of 690 nm, the
images visually agree with the measured PL readings of the liquid sample.

The agreement between the expected visual PL as seen in Figure 5.15 and the measured PL
readings in Figure 5.1 further validates the accuracy and reliability of the LEVA experimental
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setup in incorporating CsPbl; PQDs onto pc-Si solar cells and preserving them from immediate
oxidation and phase shifting. The showcased data provides valuable insights into the PL behaviour
of the PQDs and their potential application in improving the efficiency and performance of solar
cells by effectively converting higher-energy photons into lower-energy ones, which is fully

investigated in following subsection 5.3.3.

Henceforward, a comprehensive exposition and interpretation of the electrical characterisation and
resulting enhancements will be presented and discussed.

5.3.3. Electrical characterisation of CsPbl; PQDs coated pc-Si solar cells.

5.3.3.1. Direct DC of PQDs

It was emphasised throughout the chapter that the novel LEVA coating method was the successful
method of incorporating PQDs onto pc-Si solar cells. However, this was preceded by a series of
tests utilising the use of direct DC as the main method. As already discussed, the addition of PQDs
onto bare solar cells in open air starts an unmeasurable degradation in PL activity which takes
place relatively fast; usually a DC coated cell will visibly stops reacting to UV light stimulant
within 2 days or shorter. Another issue was raised when thermally encapsulating solar cells with
a CsPbl; PQDs coating, and that is direct and near-instant degradation of these QDs by
morphologically shifting from the black a phase (PL active) into a dormant yellow 6 phase [130],
[293], [299].

To highlight the potential LDS enhancements that CsPblz PQDs can provide, two samples, P1 and
P2, were carefully prepared. These samples were coated with CsPblz PQDs using the DC method
at room temperature, and notably, they were prepared with significantly higher concentrations
compared to the PA SiQDs discussed in Chapter 4. This strategic choice allowed for a detailed
study of the dispersion and uniformity of the PQD coating when employing the DC method while

minimising the effects of degradative phase shifting.

In contrast to the optimal concentration of 0.01 mg/ml found for PA SiQDs in Chapter 4, samples
P1 and P2 were coated with 2 mg and 1 mg of PQDs, respectively, suspended in 1 ml of Toluene.
These samples were systematically subjected to all four Tiers of experimentation as explained in
Chapter 3, progressing from the initial Bare state (Tier 1), then through the Soldered state (Tier
2), followed by DC Coating (Tier 3), and finally culminating in Thermal Encapsulation (Tier 4),
with the PQDs DC coating intact.

The decision to substantially increase the PQDs' concentration from 0.01 mg to 1 and 2 mg was

multifaceted. Besides addressing concerns of PQD loss due to induced thermal degradation during
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the encapsulation process, the primary motivation was to counteract the instantaneous degradation
observed in lower concentration PQD coatings when exposed to air. The experiments revealed
that lower concentrations, typically ranging from 0.01 to 0.1 mg/ml, experienced a rapid transition
from the photoluminescent (PL active) black a phase to an inert yellow 6 phase upon drop casting

onto the flat, air exposed surface of the 39 mm x 39 mm pc-Si solar cells.

To benefit from cross referencing, the same 3 reference samples used in the publication and the
previous PA SiQDs (Chapter 4) were used as a baseline for the results of this subsection, refer to
Table 4.3. Since these cells are not LDS coated (thus skipping Tier 3), they are used to prove
increases by DC and thermal Encapsulation.

As discussed in the Methodology, Chapter 3, all results are reported to the 3 decimal place.

The electrical parameters extracted from the I-V characteristics for the two samples P1 and P2
before and after the deposition of PQDs by DC are displayed in Table 5.1. Both samples showed
a significant decrease in the lsc of 18.80% % for P1 and 10.26% for the P2 sample. There is a
negligible effect of the coating on Voc in P1 and P2, with a reduction of 1.58% and 0.5%
respectively. These results are caused by optical losses as explained throughout in this subsection.

The decrease in Py for both samples are unmistakably substantial as a result of the substantial

decrease in the Isc. This is visualised by the I-V characteristic curve shown in Figure 5.16.

Table 5.1 Electrical parameters of samples P1 and P2 before and after coating with PQDs by DC.

Electrical Bare and Coated with %
Samples Parameters Soldered PQDs by DC Increase
Solar Cell
Isc (A) 0.548 0.445 -18.80
P1 Pwm (W) 0.244 0.204 -16.39
Voc (V) 0.624 0.614 -1.60
Isc (A) 0.536 0.481 -10.26
P2 Pm (W) 0.238 0.213 -10.50
Voc (V) 0.607 0.604 -0.49
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Figure 5.16 1-V characteristic of P1 and P2 samples before (Tier 2 soldered cell) and after coating with PQDs by DC
(Tier3).

Referring to Figure 5.1, the broad absorption band of these PQDs is evident, allowing them to
absorb most wavelengths below 680 nm. Although absorption intensity varies across
wavelengths, this broad characteristic absorption band enables them to serve effectively as a
long-pass filter when evenly deposited at high concentrations, in addition to boosting photons in
the range of 690-693 nm by LDS. This characteristic also accounts for their distinctive deep red

colour.

At elevated concentrations, these PQDs are capable of absorbing a significant portion of incident
photons below 680 nm, while still permitting longer wavelengths to pass through, along with the
LDS re-emission at 690-693 nm. However, when deposited at significantly high concentrations,
their high PLQY of 99% leads to a partial blockage of the solar spectrum, affecting approximately
one-third of the useful spectrum. While an LDS PQDs coating can effectively increase the quantity
of downshifted red photons, which Si solar cells respond to more effectively, excessively high
concentrations of PQDs can result in a shading effect. This shading effect, in turn, may disrupt the
normal operating conditions of the coated pc-Si solar cells, preventing them from absorbing most

of the incident solar radiation below 680 nm.

Furthermore, one of the key factors to the electrical losses lies in the intrinsic nature of QDs as

guantum symmetric systems, leading to isotropic emission [199]. In the absence of a suitable host
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material or thermal encapsulation combined with glass (as in the case of 3.2 mm glass), the PQDs-
coated solar cells can theoretically experience a loss of up to 50% of the re-emitted red light at
690-693 nm; assuming that up to 50% of the LDS re-emitted light is facing upward or away from
the surface of the cell. While the VV-shaped grooves on the pc-Si surface can aid in containing the
PQDs within the cell, and reducing reflectance, the results indicate that this approach alone is
insufficient. This was also reported in the literature where increased deposited concentrations of
PQDs can decreases PCE of pc-Si solar cells due to the filling up of the inverted-pyramids with

PQDs cluster which reduces light trapping [157].

In the absence of a host material, crucial optical phenomena such as enhanced light trapping, total
internal reflection, and optical coupling are absent. This realization underscores the significance
of developing the novel coating method using LEVA.

To further analyse the effect of thermal encapsulation, sample P2 was thermally encapsulated.

As indicated in Table 5.2 and illustrated in Figure 5.17, the encapsulation of sample P2
successfully restored the cell's performance to a level slightly surpassing its original state at the
experiment's outset. This enhancement was primarily achieved through the physical enhancement
of light trapping, alongside improvements in optical coupling and internal reflection.

06

P2: Bare and Soldered cell
P2: Coated with PQDs by DC
— P2: Encapsulated
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Figure 5.17 I-V characteristic of coated P2 sample (by DC of PQDs) before (bare and soldered cell), after DC, and

after full thermal encapsulation.
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Table 5.2 Electrical parameters of P2 sample before coating (bare cell) and after coating with PQDs and encapsulation.

P2 Bare P2 Coated

Electrical P2 Coated with Total %
Parameters an PQDs by DC % Change and Change
Soldered Encapsulated
Isc (A) 0.536 0.481 (- 10.26) 0.543 +1.31
Pm (W) 0.238 0.213 (-10.05) 0.237 (-0.42)
Voc (V) 0.607 0.604 (-0.49) 0.606 (-0.16)

Table 5.2 clearly shows the substantial drop in the performance of the pc-Si solar cells due the
high concentration of CsPbl; PQDs deposited by DC, and how thermal encapsulation recovered
that culminating in a total increase of 1.31% in the lIsc of the solar cell. Under typical conditions,
thermal encapsulation is expected to elevate the ground-state Isc by an average of 8.44%, as

evidenced by the results from samples R1, R2, and R3.

Moreover, the cell visibly stops reacting to external UV light stimuli, and the PQDs layer show no
sign of red emission. Further investigation of this phenomenon is conducted through fluorescent
microscopy, as presented in Figure 5.18. The results indicate that the red LDS emission is

significantly reduced, diminishing almost entirely following the process of thermal encapsulation.

Figure 5.18 CsPbls LDS coated Sample P2: before (left) and after (right) thermal encapsulation.

As briefly mentioned before, the reason behind this is the full thermal degradation of the CsPbls
PQDs under encapsulation temperature exceeding 100°C; morphologically shifting from the
photoluminescent black o phase state into a dormant yellow & phase [130], [293], [295], [296],
[297], [299].

Therefore, it can be concluded that there was a need to create a method that protects PQDs from
oxidation and thermal degradation, while providing substantial optical benefits. PQDs LEVA

films will benefit from enhanced light trapping, total internal reflection, and optical coupling, as
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well as elevation from the V-shaped grooves of the pc-Si cell which leads to enhanced angular
responses. Simultaneously, it will protect the PQDs from oxidation, and skips thermal degradation

by skipping thermal encapsulation (lamination) completely.

5.3.3.2. Novel method: PQDs coating by the LEVA method.

Following the experimental procedures of incorporating CsPbls PQDs onto pc-Si solar by direct
DC, the novel LEVA coating method was specifically designed to overcome the shortcomings of
the DC method, while harnessing the LDS phenomenon of these QDs. The useful LDS
properties of these PQDs are characterised by emission peak of 692 nm, a broad excitation range
primarily below 680 nm, and PLQY of 99%.

To ensure a complete understanding of how LEVA enhances a solar cell, 25 cells were coated
using the novel method. Using LEVA, each cell was coated with a LEVA film hosting CsPbls
PQDs of a controlled and known concentration.

To establish a baseline for the results, three LEVA reference samples were fabricated. These
samples aimed to determine any optical advantages that a pure LEVA film might introduce to pc-

Si solar cells.

Following the substantial decline in Isc and performance witnessed with the usage of higher
concentrations (2 and 1 mg/ml) as discussed in the preceding subsection, a reduced concentration
of 0.01 mg/ml was chosen for subsequent tests on all cells. This concentration choice was

influenced by the same concentration utilised to enhance sample Q2 in the PA SiQDs chapter.

The electrical parameters extracted from the |-V characteristics for the seven samples (P3, P23-
P28) before and after the incorporation of PQDs-incorporated LEVA are presented in Table 5.3,
alongside an illustrative |-V characteristic curve in Figure 5.19. These samples showcase the best

results.

Concentrating on lsc, the integration of PQDs through the LEVA process yielded notable
outcomes. The highest recorded increase in Isc was observed in samples P3 and P28, with
increments of 1.55% and 1.40% respectively, ten samples passing the 1% threshold. However, the
coating exhibited minimal influence on Vo for all samples, resulting in incremental enhancements
ranging between 0.02% and 0.28%. This outcome aligns with expectations, as the elevation in
generated photocurrent (Isc) due to LDS and improved light trapping directly corresponds to

amplified charge separation and radiative recombination.

The range of Pm increases spanned from 0.15% to 1.53%, a phenomenon attributed mainly to the

increase in current. While the quantitative consistency in Voc and Pm increases might not be
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uniform, the remarkable consistency in positive electrical enhancements arising from the effective
incorporation of PQDs through the LEVA coating method is undeniable. The capacity of PQDs
LEVA film to enhance red light intensity, facilitate light trapping, and elevate radiative
recombination is evident in the incremental enhancement of Voc, even though Voc enhancement
is inherently linked to solar cell physics, such as bandgap alteration or doping concentration

modification.

Table 5.3 Electrical parameters of seven samples (P3, P23-P28) before coating (bare cell) and after coating with PQDs
LEVA film. 0.01 mg/ml.

Electrical Soldered Solar Cell Coated with PQDs

Samples % Increase

Parameters (Tier 2) by LEVA (Tier 3)

Isc (A) 0.517 0.525 1.55

P3 Pm (W) 0.212 0.213 0.47
Voc (V) 0.617 0.617 0.00

Isc (A) 0.504 0.510 1.19

P23 Pm (W) 0.212 0.214 0.94
Voc (V) 0.614 0.615 0.16

Isc (A) 0.504 0.510 1.19

P24 Pm (W) 0.202 0.205 1.49
Voc (V) 0.615 0.616 0.16

Isc (A) 0.503 0.509 1.19

P25 Pwm (W) 0.220 0.220 0.00
Voc (V) 0.610 0.611 0.16

Isc (A) 0.502 0.509 1.39

P26 Pm (W) 0.215 0.216 0.47
Voc (V) 0.614 0.614 0.00

Isc (A) 0.505 0.511 1.19

P27 Pm (W) 0.209 0.212 1.44
Voc (V) 0.613 0.614 0.16

Isc (A) 0.500 0.507 1.40

P28 Pm (W) 0.208 0.210 0.96
Voc (V) 0.618 0.618 0.00

Referring to Table 5.4, three LEVA reference samples were prepared to serve as a baseline for
measurements. The table clearly illustrates how the LEVA film possesses the capacity to
marginally enhance the electrical performance of pc-Si solar cells by engendering an increase in
Isc. This enhancement can be attributed to the anticipated effect of improved optical coupling
within the cells. EVA's potential to enhance total internal reflection and light trapping, though

perceptible, remains considerably modest when compared to the notable enhancements observed
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in PQDs-incorporated samples, as indicated in Table 5.3. The I-V characteristic curve in Figure

5.19 provides a comparative illustration between sample P25 and R4.

It is relevant to highlight that in two out of the three instances, a reduction in Voc was observed,
accompanied by a distinct decrease in Py across all cells. The Isc increased 0.2% for all three
measurements, while variations in Voc ranged from a decrease of 0.33% to an increase of 0.33%.

Given the marginal nature of these alterations in electrical characteristics, the overarching
inference suggests that the LEVA film tends to marginally decrease the performance of pc-Si solar
cells. However, these effects are counterbalanced by the integration of PQDs. The synergy
between these highly photoluminescent quantum dots and the 240 pm thick host LEVA film lays
the groundwork for an efficient light trapping system, empowered by the principle of LDS.
Consequently, the LDS LEVA system emerges as an efficacious strategy for enhancing the

performance of pc-Si solar cells.

Table 5.4 Electrical parameters of three reference samples before and after LEVA coating (film).

Electrical Bare and Coated with pure
Samples Parameters SoldegeeoIIISolar LEVA film only % Change
Isc (A) 0.505 0.506 0.20
R4 Pm (W) 0.220 0.219 (-0.45)
Voc (V) 0.616 0.615 (-0.16)
Isc (A) 0.501 0.502 0.20
R5 Pm (W) 0.190 0.189 (-0.53)
Voc (V) 0.613 0.615 0.33
Isc (A) 0.501 0.502 0.20
R6 Pm (W) 0.209 0.208 (-0.48)
Voc (V) 0.615 0.613 (-0.33)
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Figure 5.19 1-V characteristic for PQDs LEVA coated P25 sample and referenced LEVA sample R4.
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5.3.3.3. Reproducibility and Degradation

With the original purchased CsPbls PQDs sample tightly sealed away from air, light, and

temperature, it was relatively straightforward to recreate LEVA-coated samples that strictly

incorporate PQDs at 0.01 mg/ml of Toluene.

Table 5.5 showcases the percentage change in the Isc of 25 PQDs LEVA-coated pc-Si solar cell

sample. All twenty-five samples generated a positive increase in the Isc in a standardised manner,

where 15 samples exceeded 0.9% average increase. 10 samples exceeded the 1% mark.

Table 5.5 Electrical parameters of all samples (P3-P16, P18-P28) before coating (bare cell) and after coating with

PQDs LEVA film. 1 mg/ml.

Sample cell Isc % Sample cell Isc %
Increase Increase

P3 1.55 P16 0.76
P4 0.64 P18 0.34
P5 0.72 P19 0.94
P6 0.43 P20 0.92
P7 0.96 P21 0.49
P8 0.90 P22 111
P9 0.95 P23 1.19
P10 1.09 P24 1.19
P11 0.44 P25 1.19
P12 0.39 P26 1.39
P13 0.77 p27 1.19
P14 1.20 P28 1.40
P15 0.78

Degradation concerns will be addressed through repeated 1-V characterisations of some of the cells
listed in Table 5.3, conducted after 10 days from initial LDS LEVA coating. This will evaluate the
effectiveness of the LEVA film in extending the shelf life of CsPblsz PQDs. Specifically, it aims

to assess film’s role in shielding the PQDs from oxidation-based degradation.
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Table 5.6 Electrical parameters of samples P23-P27 after fresh coating of PQDs LEVA films and 10 days later.

Electrical Coated with 10 Total % Change
Samples PQDs by LEVA  days % Change 10 days from Tier
Parameters (Tier 3) later 2 (original state)
Isc (A) 0.510 0.506 (-0.78) 0.40
P23 Pwm (W) 0.214 0.212 (-0.93) 0.00
Voc (V) 0.615 0.614 (-0.16) 0.00
Isc (A) 0.510 0.503 (-1.37) (-0.20)
P24 Pwm (W) 0.205 0.201 (-1.99) (-0.50)
Voc (V) 0.616 0.615 (-0.16) 0.00
Isc (A) 0.509 0.504 (-0.98) 0.20
P25 Pm (W) 0.220 0.213 (-3.18) (-3.18)
Voc (V) 0.611 0.611 0.00 0.16
Isc (A) 0.509 0.508 (-0.20) 1.20
P26 Pwm (W) 0.216 0.215 (-0.46) 0.00
Voc (V) 0.614 0.612 (-0.33) (-0.33)
Isc (A) 0.511 0.509 (-0.39) 0.79
P27 Pm (W) 0.212 0.212 0.00 1.44
Voc (V) 0.614 0.614 0.00 0.16

As demonstrated in the presented data of Table 5.6, LEVA films exhibited limitations in
preserving PQDs from oxidation over extended periods. It is noteworthy that these PQDs, under
typical conditions, would have undergone degradation within just two days if deposited in open
air. Although their visible PL attributes endured beyond expectations, their capacity to maintain
effective LDS characteristics remained, albeit to varying degrees. This is exemplified by the
enhancement in Isc observed in several samples, such as P26, P27, P23, and P25, showcasing total
percentage increases of 1.2%, 0.79%, 0.40%, and 0.20%, respectively. Only one cell, sample P24,
exhibited a reduction in Isc of 0.20% after ten days of LDS LEVA coating.

5.4. Chapter Conclusion

This chapter outlined the novel use of 12 nm CsPbl; PQDs as an LDS material to enhance the
performance of pc-Si solar cells through a novel room-temperature deposition method known as
LEVA. In this chapter, 0.01 mg of the PQDs was deposited onto the surface of twenty-five 39 mm
x 39 mm pc-Si solar cells, achieving a maximum increase in Isc of 1.55% and an average increase

of 0.93%. A maximum increase in PCE of 1.5% was also observed.

The improvement in performance is attributed to the LDS properties of the CsPbls PQDs, which

exhibit a PL emission peak at 690 nm when excited at 680 nm or below, down to 420 nm.
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Additionally, the PQDs demonstrate anti-reflective properties, reducing diffuse reflectance by
58.2% and specular reflectance by 9.2% between 350 nm and 400 nm, with a further 64.5%

reduction in diffuse reflectance between 400 nm and 930 nm.

The LEVA coating method has proven effective in utilising the LDS properties to improve pc-Si
solar cell performance. This improvement is achieved through light trapping, enhanced optical
coupling, and total internal reflection. However, while LEVA temporarily mitigates phase-shifting
degradation due to air exposure and high encapsulation temperatures, it does not consistently
protect the CsPbl; PQDs beyond 10 days. Therefore, to maximise the benefits of using LEVA to
integrate PQDs onto pc-Si solar cells, further development is needed. This includes combining
LEVA films with full encapsulation. One promising approach involves modified vacuum
lamination techniques, leveraging LEVA film properties before drying to facilitate full

encapsulation without high temperatures.

The advantage of using CsPbl; PQDs over other CsPbX3; PQDs or QDs lies in their sharp 690 nm
emission peak, a result of LDS from any absorbed excitation wavelength below 680 nm. This
characteristic makes them ideal for LDS applications on pc-Si and other semiconductor solar cells.
However, to fully realise their potential for enhancing pc-Si solar cells, the stability challenges

must be resolved.
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6 « Simulation
6.1. Introduction

This chapter aims to the exploration of an effective simulation methodology that computes the
LDS phenomenon and its effects on the electrical performance of pc-Si solar cells.

It will focus on the numerical modification of solar irradiance through the LDS phenomenon,
facilitated by the utilisation of PA SiQDs and CsPbl; PQDs as LDS photonic enhancers for solar

cells.

Simulating the LDS effect of dyes and QDs is a well-researched area, often relying on ray-tracing
and optical layer interaction models [37], [131], [138], [213], [326], [327]. Ray tracing models
excel in providing highly accurate representations of photonic interactions within optical layers,
particularly when dealing with LDS materials of known and well-defined characteristics, such as
the refractive indices and extinction coefficients of the materials, the total layer thickness, the
particle volume concentration, and the average size and size distribution of the LDS particles
[213].

The existing models, while valuable, encounter limitations when applied to impure materials such
as the PA SiQDs discussed in Chapter 4 or materials requiring a host medium for environmental
protection, as exemplified by the development of LEVA to deposit CsPbl; PQDs on pc-Si solar

cells, acting as an optical host in Chapter 5.

Moreover, as detailed in Chapters 4 and 5, a range of deposition methods and encapsulation
techniques were explored, resulting in different material combinations. Utilising a ray-tracing-
based simulation model could introduce errors arising from these material variations, some of
which might be unknown or uncontrollable. For example, while EVA was the primary
encapsulant, it was applied using two different techniques, leading to varying levels of adhesion
between the EVA films and the pc-Si solar cells. The transmittance results presented in Figure 5.9,
Subsection 5.3.2, underscored how the innovative LEVA method led to the production of EVA
films with enhanced transparency, attributed to improved adhesion. This was demonstrated by an
enhanced transmittance of 90.4% achieved by a LEVA film dual glass sandwich, compared to
87% from its thermally applied EVA counterpart. This improvement, observed at maximum peaks
around 600 nm, accounted for a 3.4% increase in transmittance. The improved adhesion of the
glass sheets in the LEVA method resulted in a smoother surface without the bubble formation

typically induced by the texturing on the surface of thermally applied EVA sheets.
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Given the challenges encountered in extracting isolated ray-tracing simulations for the parameters
of the employed LDS materials, a different approach was adopted involving LDS simulation
models where the LDS phenomenon is mathematically represented as a macro effect. One
approach involves directly modifying the incident solar irradiance to simulate the red-shifted effect
induced by LDS and utilising it to model the electrical performance of solar cells [174], [191],
[328]. Additionally, to create an accurate ray-tracing model capturing the optical enhancement
introduced by LDS QDs, it is imperative to account for the V-shaped grooves on the pc-Si solar
cells. This necessitates the development of a dedicated model tailored to represent these specific
structural features on their own [329].

Given the challenges and diverse parameters involved in the project, the chosen method for
simulation was the direct modification of solar irradiance. This method was preferred as it provides
a more representative simulation model and allows for the direct consideration of LDS and optical
enhancements induced by PA SiQDs and CsPbls; PQDs, along with their respective encapsulation
methods and impurities (for PA SiQDs). This approach facilitates a comprehensive understanding
of the impact of these materials on the optical and electrical performance of solar cells within the
project's specific context. Hence, the aim is to validate the experimental results rather than
optimise the characteristics of the LDS layer, such as thickness and concentration, or to predict an

ideal one.

The approach draws substantial inspiration from the reported work of Abderrezek et al. (2013)
[328]. To conduct this simulation, SCAPS-1D one-dimensional solar cell simulation software

[330] was employed, which is known for its robust capabilities in solar cell performance analysis.

The subsequent sections will delve comprehensively into the adopted methodology and the

underlying assumptions.
6.2. Simulation procedure

6.2.1. Simulation Methodology

The methodology outlined in the referenced work [328] relied on the mathematical integration of
the LDS effect [35] produced by three distinct organic dyes (BASF Lumogen violet 570, yellow
083, and orange 240) doped within PMMA, which served as an LDS encapsulant in a simulated
GalnP solar cell system and thickness computed at 3 mm. In the context of this PhD project, this
approach aligns with the experimental investigations conducted on the enhancement of pc-Si solar
cells through the application of PA SiQDs by DC and CsPbls; PQDs using the innovative LEVA

method.
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The incorporation of the LDS encapsulant PMMA in the referenced work [328] highlights how
the model considers the suspension of LDS components in an optical layer. This is a critical factor
in simulating the LDS effect for the used LDS QDs. As demonstrated in Chapter 4 and 5, the
outcomes underscore the significance of optical hosting in optimizing the optical benefits derived
from the LDS QDs. This matter will be further discussed in Chapter 7, where the impurity
Naphthalene is regarded as a beneficial optical host material with characteristics comparable to
those of the LEVA film.

Nevertheless, the methodology adopted in this study differs by treating the modified solar
irradiance as the consequence of the LDS phenomenon facilitated by the QDs and their optical
hosts as an integrated system. Consequently, the direct integration of the thickness of the LDS
coating on pc-Si solar cells into the mathematical model was not pursued. Instead, adjustments to
solar irradiance were implemented by integrating the LDS profiles of the liquid QD samples,
specifically the PL spectra (Excitation and Emission) [327], [328], [331], into the solar irradiance
spectra. This approach also assumes the cuvette's path length (1000 pm) as a multiple of the LDS
coating thickness. For example, to simulate the LEVA film thickness of 240 um on CsPbls PQDs
coated pc-Si solar cells, the concentration of the measured liquid sample would be reduced by a
factor of 2.74. Theoretically, this approach accounts for uniform distribution of PQDs throughout
a unit of thickness regardless of the scenario and is explained by the second assumption in

subsection 6.2.2.

Subsequently, the modified AM1.5G solar irradiance data was integrated into the SCAPS-1D
software, enabling the simulation of the resultant electrical enhancements exhibited by the Si solar
cell model. It is important to highlight that the utilised Si solar cell model is designed to simulate
a fundamental crystalline solar cell in a one-dimensional context. The focus of this model is
exclusively directed towards evaluating the overall light interaction in a singular direction and
potential alterations in electrical parameters. As such, the model does not explicitly account for
specific factors such as surface roughness, variations within individual layers, localized points of

light interaction (including internal reflection) across layers or LDS entities (i.e., LDS QDs).

Consequently, the simulation method adopted here aligns with the broader project theme, as it
effectively explores the macro-scale impact of QD-induced LDS on pc-Si solar cells through the
modification of solar irradiance. Further elaboration on the interplay between mathematical
methodologies and the underlying assumptions can be found in subsection 6.2.2, where the

relationship is elucidated.
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6.2.2. Assumptions, and mathematical approaches.

The model’s underlying assumptions are informed by a blend of factors encompassing the
attributes of the SCAPS-1D software [330], as well as real-world measurements. SCAPS-1D
functions as a solver for diverse solar cell models within a one-dimensional context. As elucidated
earlier, the Si solar cell model contained within the software's library conceptualizes solar cells as
unidirectional and one-dimensional layered constructs, essentially analogous to electrical
sandwiches with varying electrical properties and capacitances across layers. Consequently, this
perspective prioritizes electrical characteristics and omits considerations of substrate roughness
and internal reflection points. However, the modified solar irradiance accounts for these effects,
as the modification captures the macro-level outcomes stemming from various phenomena

introduced by LDS QDs coatings, encompassing LDS, light trapping, and total internal reflection.
With this foundation, the following points are the assumptions made:

1. First assumption entails considering the guintessential crystalline Si solar cell model

provided in SCAPS-1D under the name “example Si” as an accurate representation of the

experimental pc-Si solar cells adopted throughout the project. Achieving precision in

modelling each individual cell is desirable; however, practical constraints arose due to the
utilisation of over a hundred pc-Si cells sourced from two different manufacturers.
Additionally, the manufacturers did not provide parameters related to the physical
characteristics of the cells which are essential for the simulation, including conduction
band, valence band, electron and hole mobility, donor and acceptor density, etc.
Consequently, characterizing these in-depth parameters proved challenging to incorporate
fully into the project. Therefore, by utilising the I-V characteristics curve, the provided
example was assumed to be accurately representative given the available information and

constraints.

2. Second assumption hinges on the complete equivalence between the measured PL
profiles of PA SiQDs and PQDs liquid samples and the PL profile exhibited by the LDS

coated solar cells. To achieve this alignment, adjustments were made to the concentration

of liquid samples to mirror that present on the enhanced solar cells. For instance, when
considering 0.01 mg of PQDs applied to pc-Si solar cells measuring 39 mm x 39 mm with
a host thickness of up to 240 um (LEVA film), the concentration within the measurement
cuvette was calibrated to 0.0037 mg/ml. This calibration accounted for the cubic 10 mm

10 mm x 10 mm cuvette light pathway, which is volumetrically 2.74 times larger than the
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EVA film produced through the LEVA process. A parallel adjustment was also set in place
for the 0.01 mg of PA SiQDs drop-casted onto pc-Si solar cells.

It is worth noting that the distribution of QDs within host materials (such as EVA or
Naphthalene) diverges from their distribution in liquid solvents. Despite this, this
assumption postulates a uniform distribution of LDS QDs across coated solar cells. This

uniformity is assumed to extend to photon interactions, encompassing processes like

absorption, emission, trapping, and reflection. Therefore, by keeping the number of PQDs

consistent, it can be assumed that these optical interactions are occurring at the same rate
and intensity.

By treating the PL profiles in this manner, the assumption aims to bridge the gap between
dissolved and deposited states of QDs, ultimately facilitating a consistent representation

of LDS effects in the simulation.

3. Third assumption posits complete absorption (as indicated by excitation) of incident

solar irradiance [328], followed by full emission back into the solar cell with zero losses
(0%) by reflection [332], refraction [333], optoelectrical losses [334], [335]. This
assumption is based on the one-directional setup allowed by SCAPS-1D for illuminated

and simulated cells. In this context, the cells receive solar irradiance that is already
modified, inherently considering optical losses within the LDS layer, as demonstrated by
the second assumption. Introducing externally calculated losses would potentially
interfere with the LDS effect. Therefore, the only losses considered in this simulation are

those provided by the “example Si” solar cell model on SCAPS-1D.

4. Fourth assumption considers the intensity of the Xenon-based light source utilised by

the Edinburgh Instruments FS5 Spectrofluorometer as matching the AM1.5G solar

irradiance. This correspondence is considered acceptable, given that the 150 W
continuous-wave (CW) Ozone-free Xenon arc lamp consistently aligns with the AM1.5G
solar irradiance. Despite not achieving a perfect overlap between both spectra, the
spectrum of the light source was considered satisfactory and reported as such in the
literature [336] [337].

5. Fifth assumption deems the temperature of the solar cells and the physical states of the

QDs (regarding degradation) irrelevant for the simulated outcomes. The default testing
temperature in SCAPS-1D is set to 26.85°C (300 K), while all in-lab characterisation took

place at a localized 25.00°C. For the simulation, the slight difference of 1.85°C was

142



Chapter 6 - Simulation

assumed to be acceptable, and it was not changed to keep the default material properties

of the “example Si” solar cell model unchanged.

These assumptions collectively underpin the simulation’'s framework and allow for an exploration
of the broader impacts of LDS QDs on pc-Si solar cells within a macro-scale context. Further
interpretation on the relationship between mathematical methodologies and the assumptions
employed is explored below.

The modified AM1.5G solar irradiance was calculated in accordance with the following equation:
P =Po —Pat Qg
(6-1)

o @y = Modified AM1.5G solar irradaiance
o @y = Original AM1.5G
e @4 = LDS Absoprtion

e @p = LDS Emission

Since it was assumed that 100% incident irradiance is absorbed and remitted by QDs [328], [334],

[335], and PL was measured in true photon count, the equation can be rewritten as ratios of both:

Ou =9 —(qo A )+(<p . (pE)
=
° 0 Pamax © PEMax
(6-2)

This implies that the original irradiance was gradually absorbed until reaching full absorption at
the wavelength that presented with the highest absorption intensity. Areas of modification are
expected to align with the PL spectra (absorption and emission) taken for both PA SiQDs and
PQDs.

Example of modification of the AM1.5G solar irradiance based on the PL profile of LDS CsPbls
PQDs is shown below in Table 6.1. Figure 5.1 was used to extract absorption (solid line) and

emission (dotted line) data in count per second (cps).

Following this, for the LDS PA SiQDs, the PL profile of the original batch from March 2022 was
utilised for parameter extraction. This is illustrated by the red curves (both solid and dotted lines)

in Figure 4.5. The reason for choosing the original PA SiQDs sample is that the pc-Si solar cell
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sample with the optimum concentration of 0.01 mg, sample Q2, was enhanced using this March
2022 batch.

Table 6.1 AM1.5G Solar irradiance modification by LDS using PL profile: CsPbls PQDs.

a b C d e f g h i

530  1.54E+00 | 1.83E+06 1'271'5' 2 87E+02 1'%2'5' 1.30E+00
1.16E+07 1 36E- 2.44E+06 9.78E-

680  L40E+00 | 1.59E+06 395 | 2.38E+06 95| 2578400

* a- Wavelength (nm), b- AM1.5G Global (Wm?nm™),

c- Absorption (cps), d- Max Absorption (cps), e- Absorption ratio,
f- Emission (cps), g- Max Emission (cps), h- Emission ratio,

i- Modified AM1.5G Global (Wm2nm™)

Referring to values shown in Table 6.1, the modified AM1.5G solar irradiance at 680nm is
calculated as follows:

1587746) ( 2382643) _

Pm =140 = (1'40 *T1647043) T\ * 2437113

(6-3)

The example shown in equation 6-3 portrays the effects of LDS as shown by the employment of
CsPbls PQDs for the purpose of enhancing pc-Si solar cells by the generation of extra red photons
in the visible/near-infrared (NIR) region of the visible light, which is of a heightened response by
this specific type of solar cells as discussed in Chapters 1-5.

6.3. Results and Analysis

As mentioned earlier, SCAPS-1D provides a one-dimensional approach to calculate electrical
changes in solar cell models. In this context, the integration of PL profiles directly into the
simulation allowed for the incorporation of the complex sum of outcomes resulting from LDS and
optical enhancements brought about by the direct implementation of LDS QDs layers. This
modification of the solar irradiation permitted the inclusion of optical changes within the confines
of the strictly electrical Si solar cell simulation model [330], [338], [339].

The simulated electrical outcomes exhibit a remarkable concordance with the actual experimental

results, as will be demonstrated below.

In line with the simulation methodology outlined in subsection 6.2.1 and assumptions in

subsection 6.2.2, the AM1.5 Global solar irradiance was modified to replicate the LDS effects
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induced by PA SiQDs and CsPbl; PQDs on the incident solar irradiance received by the pc-Si
solar cells. As previously detailed, the assumption was made that the cells fully absorb the
modified spectrum (with 0% losses), in addition to the full absorption of the irradiance by the QDs,
resulting in a 100% LDS efficiency [328], [334], [335].

Based on the PL spectra of both QDs, as presented in their respective chapters, it was expected
that both QDs would generate the modified profiles illustrated in Figure 6.1, in accordance with
their PL behaviours. PA SiQDs were projected to modify the spectrum with nearly sharp peaks at
415 nm for absorption and 495 nm for emission. Conversely, PQDs exhibited a peak modification
at 690 nm for emission and a broader profile spanning from 300 nm to 660 nm for absorption,
with a significant alteration occurring between 450 nm and 660 nm.

Modified: PA SiQDs
Modified: PQDs
——AM1.5 Global

N
3

Irradiance [W/mzlnm]
N

Q
3
1

O 1 1 1 1 1 1
300 400 500 600 700 800 900 1000

Wavelength [nm]

Figure 6.1 AM1.5 Global solar irradiance: Original spectrum, and modified spectra by PA SiQDs and PQDs
(separately).

The Jsc electrical parameter has been extracted from the J-V (current-voltage) characteristics for
the two simulated Si solar cell samples and the best performing experimental samples Q2, P3, and
P28 both before and after the application of PA SiQDs and PQDs. This is displayed in Table 6.2.

The corresponding J-V characteristics for all five samples before and after the application of QDs

for LDS are presented in Figures 6.3 and 6.4.
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Table 6.2 SCAPS-1D: Simulated and Real Jsc electrical results.

PA SiQDs
Si solar cell Concentration (mg/ml) Barjsc (ml';‘lz:?ni())ated % Increase
Simulated 0.01 35.762 36.173 1.15
Q2 0.01 31.031 31.360 1.06
CsPbl; PQDs
Simulated 0.01 35.762 36.390 1.76
P3 0.01 33.979 34.504 1.55
P28 0.01 32.855 33.362 1.40

Table 6.2 presents results from the simulated Si solar cell model using SCAPS-1D, expressed in
terms of Jsc. Jsc is a density reading that is independent of the cell area and focuses solely on
irradiance intensity. Experimental results were initially obtained as Isc (area-specific short circuit
current) for each cell, as depicted in Table 4.1 for Q2, and Table 5.3 for P3 & P28. Subsequently,
these values were converted to Jsc by dividing the Isc by the pc-Si solar cell's area of 39 mm x 39

mm. Therefore, Jsc is expressed in mA/cm2,

The results show a significant alignment between the simulated and experimental outcomes of best
performing cells, indicating a reasonable agreement. For PA SiQDs modified AM1.5G solar
irradiance, the simulated Si solar cell exhibited a 1.15% increase in Jsc based on a simulated LDS
layer concentration of 0.01 mg/ml. This is slightly higher than the experimental sample Q2 by

0.09% (absolute percentage difference).

For PQDs modified AM1.5G solar irradiance, the simulated Si solar cell demonstrated a 1.75%
increase in JSC based on a 0.01 mg/ml simulated LDS layer. This is again slightly higher than the
experimental samples P3 and P28, by 0.21% and 0.36% respectively (absolute percentage
difference). The increase in the simulated results can be attributed to the superior distribution of
PQDs in the liquid PL sample used for irradiance modification compared to the direct results
obtained from cells where, in LEVA, clustering occurs, resulting in streaks of PQDs, as observed
in Figure 5.14. Other causes can be due to losses, like optical losses (reflection, escaping light by

re-emission) which were not accounted for as explained by the assumptions.

The J-V characteristics curves, shown in Figures 6.3 and 6.4, visually illustrate the close agreement
between the experimental and simulated samples in terms of expected electrical enhancements in

the Jsc on each cell. This confirms the effectiveness of both the direct DC and LEVA deposition
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methods in harnessing the LDS characteristics of PA SiQDs and PQDs, respectively, to enhance

the electrical performance of pc-Si solar cells.

These enhancements are achieved by downshifting incident solar irradiance photons from the UV-
blue region to the Vis-NIR region of the spectrum, increasing the number of photons that match
the higher spectral response of pc-Si solar cells in the visible region of 450-550 nm for PA SiQDs,
and the NIR region of 650-950 nm for CsPbls. This phenomenon was explained in detail in the
Methodology chapter (Chapter 3) and is based on the typical spectral response of pc-Si solar cells
[20], [21], [22]. The spectral response of the “example Si” solar cell is preregistered and provided
by SCAPS-1D.

As expected, CsPbls PQDs performed relatively better than SiQDs due to their more favourable

LDS emission peak at 692 nm which is better absorbed by Si solar cells.

However, it is crucial to elucidate the distinctions in the form of the I-V curves between simulated
ideal cells and real-life lab-measured ones, as depicted in Figures 6.3 and 6.4. The imperfections
present in the Silicon used and the physical structure of pc-Si are more common when compared
to its direct competitors, especially mono-Si solar cells, let alone ideal cells. This is directly caused
by the manufacturing process of pc-Si solar cells, where Silicon ingots are melted together,
resulting in a crystal formation with a higher defect density [340]. In contrast, the Czochralski
(C.Z.) growth process is used for mono-Si solar cells, where Silicon ingots are grown into high-
purity uniform crystals. Therefore, mono-Si solar cells exhibit higher quality and efficiency, as

discussed in Chapter 1.

To visualize these differences, Figure 6.2 showcases an I-V curve of an ideal solar cell (red curve)
and how parasitic series and shunt resistances, and characteristic defects affect its performance.
With an ideal cell’s I-V curve stretching towards the upper right corner of the graph, defects and
errors can manifest on the curve [136]. If the upper half of the I-V curve shifts downward (as
indicated by blue curve 1), this signifies a decrease in the shunt resistance (Rsn) of the cell. Such
a decrease can be attributed to manufacturing defects in the crystal or the cell surface, or variations
in material quality and purity [341]. This results in each cell being unique and typically deviating
from the ideal “example Si” cell demonstrated in simulations. A reduced Rs, leads to increased

surface leakage currents or junction leakage across the cell.

Conversely, a lateral shift of the curve's right side towards the left (represented by black curve 2)
indicates an increase in the total series resistance (Rs) of the cell. This increase is due to cumulative
ohmic resistances, including the base semiconductor material (Si), the contact resistance at the

metal-semiconductor junctions on the grid fingers, the grid fingers themselves, and the busbar
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resistance [341]. The combination of these factors elevates the overall resistance, a phenomenon

discussed in Chapter 3 and illustrated in Figure 3.8.
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Figure 6.2 Ideal Si solar cells and physical defects: Rsh and Rs.
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Figure 6.3 SCAPS-1D: J-V characteristic of Si simulated solar cell, sample Q2. Before (solid line) and after (dotted
line) application of PA SiQDs.
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Figure 6.4 J-V characteristic of Si simulated solar cell, samples P3 and P28. Before (solid line) and after (dotted line)

application of PQDs.
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Patterns in electrical enhancements in both simulated Si solar cells and best performing

experimental cells show further similarity in terms of Voc, this is presented in Table 6.3.

Table 6.3 SCAPS-1D: Simulated and Real Voc electrical results.

PA SiQDs
Si solar cell concentration (mg/ml) Bare LDS coated % Increase
Voc (V)

Simulated 0.01 0.620 0.621 0.16

Q2 0.01 0.582 0.583 0.17
CsPbl; PQDs

Simulated 0.01 0.620 0.621 0.16
P3 0.01 0.617 0.617 0.00
P28 0.01 0.618 0.618 0.00
P25 0.01 0.610 0.611 0.16
p27 0.01 0.613 0.614 0.16

Both simulated Si solar cells demonstrated a 0.16% increase in Voc due to the implementation of
LDS QDs. In contrast, their experimental counterparts showed varying results, with two cases (
P3, and P28) displaying no increase in Voc, and the other case (Q2) exhibiting a slight increase of
0.17%.

Other samples discussed in Chapter 5, P25 & P27, related to PQDs coated pc-Si solar cells, exhibit
a closer agreement with the simulated results for Voc. These results offer further validation of the
simulation methodology's reliability in constructing an accurate electrical model for LDS-coated

Si solar cells.

The consistency between the 0.17% increase observed in experimental sample Q2 and the identical
0.16% increase observed in samples P25 and P27, when compared to the 0.16% increase in the
simulated cells, provides strong evidence for the accuracy of the simulated model in predicting
real-world experimental outcomes. This alignment extends to specific details and patterns of
electrical enhancements, including the significant increases in Jsc across all cases and the relatively

smaller increase in Voc.

In both simulation and real experimentation, it was anticipated that the change in Voc would be
considerably lower than that of Jsc (or Isc). This expectation arises from the fact that the
introduction of LDS QDs as external layers on top of the pc-Si solar cells does not alter the

electronic properties of the semiconducting Si or its resistive characteristics [36].

This alignment provides compelling evidence of the capacity of LDS QDs layers to enhance the

performance of pc-Si solar cells through LDS and improved light trapping and improved optical
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coupling. It confirms the role of LDS in increasing charge separation, which directly correlates

with an increased Voc.

The causes behind the unexpected increase in the Voc were explored in the Literature Review
subsection 2.1.4. It is stated that LDS layers not only compensate for direct optical losses, such as
variations in spectral response at different wavelengths, but also mitigate other optical loss
mechanisms affecting electrical performance. These mechanisms include recombination losses,
increased surface reflectance, and heightened non-radiative recombination due to absorption by
the ARC [36], [132]. One method of achieving this is by avoiding non-radiative exciton
recombination processes [24], [133], such as Auger [134] and Shockley—Read—Hall [135]
recombination. By mitigating losses through minimizing non-radiative recombination, LDS can
indirectly increase the Voc by enhancing the effective lifetime of the charge carriers, contributing

to voltage generation.

However, it is noteworthy that previous work, reported at the beginning of the chapter and
similarly utilising the modification of incident solar irradiance, presented contrasting results. One
study reported that the Voc remained unchanged [328], while another reported an increase of
0.32% when using 1mM of CdSe/ZnS LDS QDs [174].

Additionally, the heightened charge separation can be directly linked to the increased number of
photons aligning with the higher spectral response of pc-Si solar cells in the Vis-NIR region, as
well as the effects of enhanced light trapping and increased radiative recombination [180], as

shown by the significantly increased Jsc.
6.4. Model Accuracy and Economical Feasibility

It is important to assess how the simulated results compare to the whole array of experimental
results and not only the best performing LDS coated pc-Si solar cells. To visualise that, Figure 6.5

showcases all experimentally generated electrical enhancement results for 28 pc-Si solar cells
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driven by the LDS of PA SiQDs and CsPbl; PQDs, compared to their simulated counterparts,

expressed as a percentage increase of the Isc.
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Figure 6.5 Percentage increase of Isc in 28 experimental pc-Si cells against their 2 simulated counterparts from the
SCAPS-1D model; 3 PA SiQDs coated cells and simulated cell in blue, and 25+1 CsPbls PQDs coated cells (by LEVA)

and simulated in red.

It is noteworthy that all cells showed consistent Voc increases ranging from 0% to 0.17%, except
for Q3, which exhibited a 0.33% decrease due to degradation in the PA SiQDs used for this sample
(refer to subsection 4.3.3).

However, regarding lsc, which is dependent on LDS, it is evident that increases in the electrical
parameters varied across the samples. For PA SiQDs-coated pc-Si solar cells, the increases ranged
between 0.55% and 1.06%, while for CsPbl; PQDs-coated ones (by LEVA), the range was 0.34%
to 1.55%. The Relative Error (RE), based on the Absolute Error (AE), ranged from 7.83% to
48.70% for PA SiQDs-coated cells and from 11.93% to 80.68% for CsPbl; PQDs-coated cells,
with Mean Absolute Error (MAE) of 0.35 and 0.84, respectively.

This indicates that the simulated results did not closely match the entire range of results for either
LDS QD material.

Nevertheless, considering the highest-performing cells, the model closely matched the
experimental results, with an AE of 0.21 between the simulated solar cell results for both materials
and their corresponding highest-performing experimental cells: Q2 for PA SiQDs and P3 for
CsPbl; PQDs, with RE of 7.83% and 11.93%, respectively. Bearing this in mind, it can be
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reasonably concluded that, since the simulation model assumed no optical losses compared to
those occurring in real-world experimental pc-Si cells, the simulated results likely represent the
upper limit for the experimental electrical enhancements that LDS-coated pc-Si solar cells could
have achieved under ideal conditions. This also concludes that while no experimental cells reached
this threshold, the implemented experimental methodology successfully approached it, as

evidenced by the highest-performing solar cells.

One possible reason for the model closely matching the experimental results is the alignment of
the number of active LDS QDs in the liquid sample used for PL spectrometry with the number of
LDS QDs deposited on the pc-Si solar cells. This created a realistic PL profile, which was directly
used to produce the simulated results through SCAPS-1D. However, since SCAPS-1D is one-
dimensional, it is challenging to draw definitive conclusions from it, making it important to
investigate three-dimensional models that can accurately account for the optical interactions

between incident light and LDS QDs, such as ray tracing.

Finally, regarding cost-effectiveness, calculating the LCOE can aid in assessing the economic
feasibility of incorporating QDs as LDS devices onto commercial pc-Si solar cells. For example,
with the commercial cost of acquiring CsPbls PQDs being £3.5/mg (4.375 USD/mg), this adds
£33.6 (42 USD) to an average solar panel containing 60 156 mm solar cells. The PCE of one of
the coated solar cells (sample P24) was calculated at 1.5%. Assuming the current LCOE is 0.049
USD/kWh and the PQDs last for over assumed operational lifetime of a panel with no degradation,
the new LCOE can be estimated at 0.07 USD/kWh. As this higher LCOE indicates, it is presently
not feasible to use CsPbl3 PQDs to improve the performance of pc-Si solar cells. However, if the
cost of these QDs were assumed to be negligible due to the commercialisation of the LDS
material's synthesis process, the increased PCE could potentially reduce the LCOE to 0.048
USD/KWh. Thus, with a 2.1% reduction in the LCOE, it would be economically beneficial and

advantageous to introduce QDs as LDS devices on commercial solar cells.
6.5. Chapter Conclusion

To conclude this chapter, the developed simulation method has demonstrated its reliability for
assessing the robustness of experimental techniques and validating the obtained results. Both

simulated and laboratory-derived data have been effectively employed for mutual validation.

Nonetheless, the minor disparities between the simulated and experimental outcomes can be
attributed to the assumptions made during the construction of the simulation. For example, the

second assumption suggested that the distribution of QDs in solvents tends to be more uniform
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than that on solar cells. This difference in uniformity may be explained by drying patterns observed

in solvent-based experimental setups.

However, even with the incorporation of significant assumptions, the close alignment of real-life
experimental results with the simulated model underscores the reliability of the simulation. It
further reaffirms the authenticity of the experimental results obtained in the Solar Energy Lab.
While ray tracing simulation models were considered, the developed experimental-numerical
model employed throughout this chapter has demonstrated its robustness in representing real
experimental conditions, which are otherwise difficult to quantify at the time of experimentation.
The use of the Edinburgh Instruments FS5 spectrofluorometer for obtaining readings from the
LDS QDs “mimicking” solutions (as detailed in the second assumption) was a significant step

toward accurately modelling the LDS layer.

The agreement observed in the Jsc results and the notable alignment in Voc measurements offer
compelling evidence of the success achieved in the experimental endeavours. The investigation
into the utilisation of QDs as LDS devices for enhancing the electrical performance has yielded
results characterized by reliability, reproducibility, and repeatability.
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7 . Discussion

In this chapter, Chapter 7, the results generated in the preceding technical Chapters 4, 5, and 6 will

be further discussed, connected, and analysed.
7.1. PASIQDs and CsPblz PQDs: Cross Comparison

The general outcome for this doctoral research supports the use of LDS QDs to electrically
enhance the performance of pc-Si solar cells through optical and chemically non-altering means

which was characterised by adding LDS layer on top of these cells.

The LDS PA SiQDs used in Chapter 4 exhibited a 415/495 nm excitation/emission PL profile,
they still proved useful in enhancing pc-Si solar cells. This is a straightforward example of how
an LDS material that has any downshifted emission wavelength that falls within the Vis-NIR
region proves useful in enhancing pc-Si solar cells. The closer the emitted wavelength to the
spectral response peak in near-infrared (NIR) region (850-950 nm), the more effective LDS
becomes in enhancing these cells, refer to Figure 1.4. This was shown later in the following
chapter, Chapter 5, which is aimed at the usage of CsPbl; PQDs that possess a higher PL LDS
profile of (<680nm)/690 nm. With the presented LDS profile, it is evident that LDS CsPbl; PQDs
proved to be significantly more effective than PA SiQDs in generating higher quality results,

surpassing the 0.9% increase in lsc 62.5% of the time, compared to 20% with PA SiQDs.

However, in terms of the application of LDS coatings, CsPbl; PQDs were straightforward in
concentration control compared to PA SiQDs. This discrepancy can be attributed to variations in
the chemical synthesis techniques employed for both QD groups. As discussed in subsection 2.2,
PQDs tend to exhibit more efficient synthesis processes, resulting in a notably purer product in
comparison to SiQDs. These differences in synthesis methods and their implications were
elaborated upon in Chapter 2, where various fabrication approaches for each QD group were

discussed in detail.

Nonetheless, for the PA SiQDs in specific, the employed Si-halide reduction chemical method
[226], [54], [96], [97] generated varied amounts of the by-product Naphthalene, which is used as
a reduction agent, and allowed it to bind to the target product of PA SiQDs. The final PA SiQDs
product before purification consisted of 90% Naphthalene, where 97% of that was successfully
removed using a purification cycle that consisted of three thermally-dependant processes.

However, subsection 4.2.2. detailed how extended exposure to high temperatures, up to 250°C,
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made it challenging to quantify and measure the level of thermal degradation and determine the
concentration of affected PA SiQDs.

In subsection 4.3.3, the study investigates the use of a PA SiQDs sample from the November 2022
batch, which underwent a single purification cycle, to enhance pc-Si solar cells. This sample
showed improved PL properties, with an emission peak at 495 nm compared to the 447 nm peak
of the March 2022 batch. Despite this improvement, a fivefold increase in sample concentration
was needed to maintain sufficient electrical enhancement. This is evident when comparing
samples Q4 and Q5, treated with 0.05 mg from the November 2022 batch, to Q2 and Q3, coated
with 0.01 mg from the March 2022 batch. Although direct comparison is challenging due to the
eight-month synthesis gap, both were expected to need similar deposition concentrations for
equivalent electrical enhancement. Contrary to expectations, the November 2022 batch required a

higher concentration despite its higher PL intensity and better emission peak.

The results imply that a single thermal purification cycle may degrade the PA SiQDs. This
degradation wasn't clear in Figure 4.18, which compared PL of PA SiQDs after one and multiple
purification cycles. However, this difference may stem from a change in the ground-state
equilibrium of PA SiQDs during storage. The purification process might have accelerated
environmental degradation, such as oxidation, which is generally slow, as observed in the March
2022 sample (85 days: sample Q3). Accelerated degradation likely occurred between the

characterisation of liquid and solid samples, spanning a few days to up to a week.

Therefore, it is with no doubt that the purity of the acquired CsPbl; PQDs is one of biggest factors
behind the multiple successful reproducible results when compared to the in-house synthesised
PA SiQDs.

It is worth noting that the novel LEVA methodology was investigated as potential coating method
for PA SiQDs. With its success in employing CsPbls PQDs as LDS layer, which was resulted by
hosting the PQDs in light-trapping LEVA films, LEVA was also tested to coat pc-Si solar cells
with PA SiQDs.

However, results were inconclusive and showed no trend or reproducibility. This raised the
question on the compatibility of LEVA with PA SiQDs, and after careful consideration it was
narrowed down to two causes. First being the degradation caused by the purification cycle as only
the November 2022 batch was included in these tests given that the March 2022 batch was old and

unreliable at that stage of experimental work.

Consequently, LEVA’s incompatibility in hosting PA SiQDs was further justified by the second
cause, which is Naphthalene. It was emphasised in Chapter 5 that the LEVA generated EVA thin
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film managed to effectively harvest the electrical enhancements by enhancing the optical trapping
environment for the PQDs and therefore setup a fully-fledged LDS ecosystem, which was visually

represented in Figure 2.5 and further explained in Figure 5.8.

Given this, it is highly probable that Naphthalene acted as an optical trapping environment for PA
SiQDs, similar to the LEVA films with PQDs. This explains why the direct DC of PA SiQDs was
effective, as Naphthalene suspended the QDs in a three-dimensional optical system like LEVA. In
contrast, the LEVA method worked well with pure PQDs but faced difficulties with impure PA
SiQDs. Naphthalene interfered optically with LEVA due to poor mixing, creating random

refraction points and leading to inconclusive results.

Thus, Naphthalene, though an impurity, might have enhanced the LDS effect of PA SiQDs.
However, since it was abundant and of unknown concentration in the final PA SiQDs product, it
remains an impurity that must be eliminated or avoided by modifying the synthesis procedure.
Theoretically, the LEVA method should enhance the LDS effect of PA SiQDs if the sample were
as pure as CsPblsz PQDs. This observation forms the basis for some recommendations discussed
in subsection 8.3.

Following up, Table 7.1 and 7.2 display the differences in generated electrical results by the coated
pc-Si solar cells as products of using the DC/Thermal Encapsulation method and the LEVA
coating method with both LDS QDs materials, the PA SiQDs or CsPbl; PQDs.

Table 7.1 Thermally Encapsulated pc-Si solar cells: LDS coating by the DC method. Soldered (Tier 2), LDS QDs Coated
(Tier 3), and Thermal Encapsulation (Tier 4).

* This % increase value is only indicative of the enhancements presented by thermal encapsulation only and not LDS
coating.

CO?tEd . Tier 2 .
Electrical Soldered with Tller 2to Encapsulated t0 Tier T_|er 3to
Samples Parameter Cell QDsby Tier3% Cell 4% Tier 4%
(Tier 2) DC Increase (Tier 4) Increase™
. Increase
(Tier 3)
SiQDs coated
Q2 Isc (A) 0.472 0.477 1.06 0.528 11.86 10.69*
PQDs coated
P2 Isc (A) 0.536 0.481  (-10.26) 0.543 1.31 12.89%*
Thermal Encapsulation Reference Cell
R2 Isc (A) 0.548 N/A 0.595 8.58 N/A
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Table 7.2 LEVA coated pc-Si solar cells: Soldered (Tier 2), and LDS QDs coated in LEVA film (Tier 3).

Electrical Tier2to
Samples Soldered Cell (Tier 2) LEVA coated (Tier3)  Tier 3%
Parameter
Increase
PQDs coated
P3 Isc (A) 0.517 0.525 1.55
P26 Isc (A) 0.502 0.509 1.39
P28 Isc (A) 0.500 0.507 1.40
SiQDs coated
Q6 Isc (A) 0.501 0.506 1.00
Q6b Isc (A) Equal toca?: reused 0.502 0.20
Q7 Isc (A) 0.499 0.500 0.20
LEVA Reference Cells
R4 Isc (A) 0.505 0.506 0.20
R5 Isc (A) 0.501 0.502 0.20
R6 Isc (A) 0.501 0.502 0.20

Direct DC of PA SiQDs yielded positive results, with reproducible increases in the lsc of pc-Si
solar cells ranging from 0.59% to 1.06%. However, this method faced challenges with CsPbls
PQDs, resulting in a significant 10.26% reduction in sample P2, primarily due to the use of a
much higher 1 mg/ml concentration. Subsection 5.3.3 explains that while the optimal mass for
PA SiQDs and PQDs (in LEVA) was 0.01 mg, the higher masses of 1 and 2 mg aimed to counter
the rapid phase shift of CsPbl; PQDs at lower concentrations during DC deposition.

A 0.01 mg CsPbl; PQD coating deposited directly via DC degraded before |-V characterisation
on the vacuum chuck. High-intensity solar simulator light may have also accelerated this phase
shift. This rapid shift made DC deposition of PQDs challenging and their characterisation nearly
impossible, as each cell needed roughly 20 minutes for full 1-V characterisation. Additionally,
higher concentrations might form radiant LDS coatings under UV light, but it does not guarantee

that a portion of the PQDs does not degrade, which is unquantifiable in this case.

Moreover, it was discussed in subsection 5.3.3 how these relatively very high concentrations create
a highly active LDS layer that mimics shading and significantly increases reflectance on the coated
solar cells by trapping and reflecting more photons than needed, thus significantly reducing the

electrical performance of the cell [157].
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On the other hand, it is shown in Table 7.2 how the LEVA method was used to deposit CsPbls
PQDs in a protective and transparent host layer. Although the method was developed for the use
with CsPbl; PQDs, it was also employed to be used with PA SiQDs.

Nevertheless, when the one-cycle purified November 2022 PA SiQDs sample was used in
conjunction with LEVA, no consistent outcomes were observed. Instead, the results exhibited
significant variations, with some solar cells demonstrating an increase in lIsc of nearly 0.2% and
up to 0.99%, in a seemingly random and unpredictable manner. Consequently, the data collected
from these trials could not yield a meaningful and conclusive outcome, except for identifying
Naphthalene as a potential factor contributing to the inconsistent results. For instance, sample Q6
showcased two results, one being 0.99% increase in the Isc and the other being 0.2% when
redeposited (cell reused) using the same concentration. This was followed by 0.2% by sample Q7,

where in all three scenarios 0.01 mg of CsPbl; PQDs was deposited in 1 ml of LEVA.

Recommendations for potential improvements in the utilisation of LEVA with PA SiQDs will be

deliberated in subsection 8.3.

The LEVA method showcased an outstanding consistency in harvesting the LDS of CsPbls; PQDs,
but not at all for PA SiQDs due to the Naphthalene impurity that interferes with the light trapping
properties of the optical EVA host layer created by LEVA.

It is noteworthy that even after subjecting sample P2, of degraded electrical performance, to
thermal encapsulation at 100°C, mimicking the standard encapsulation process performed on
sample Q2, it displayed a remarkable increase caused by the optical enhancement presented by
lamination layers themselves and not LDS. This Isc increase for sample P2 was calculated at
12.89% and occurred between LDS coated (Tier 3) and encapsulated (Tier 4) states. For reference,
sample Q2 exhibited a 10.69% increase between the same Tiers. While the primary focus is on the
overall increase in the Isc caused by the LDS phenomenon from the soldered state at Tier 2 to full
thermal encapsulation in Tier 4, it is essential to highlight how thermal encapsulation optically

aided both sample P2 and sample Q2 in this specific context.

As established in Chapter 5, it was anticipated that most of the PQDs would transition from the

PL-active black a phase to an inert yellow 6 phase when exposed to temperatures exceeding 80°C

[295], [296], [297].

The results presented in Table 7.1 suggest that the remaining PL-active CsPbls exhibited LDS
activity within the encapsulated solar cell structure. While visually in the laboratory, the cell
appeared unresponsive to UV light, the similarity of the outcomes achieved by sample P2 in this

context to that of Q2 provides credible evidence of LDS activity, as observed in encapsulated Q2.
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However, it was not feasible to quantify or measure PL parameters on the encapsulated P2 cell in
this case since the concentration of PQDs in either phase remained unknown, and encapsulated
solar cell samples are irretrievable after thermal encapsulation (lamination). PL measurements
were still conducted on the solid solar cell sample P2; however, the intensity of the LDS light was

too faint to be recorded.

Interestingly, the literature reports that a CsPbl; PQDs sample with a significantly higher
concentration (43.25 mg/ml) required 4 hours for the PL of these QDs to decrease by 90% when
exposed to a temperature of 100°C [297]. This suggests that PQDs may undergo a more prolonged
phase transition under thermal influence when they are clustered together. Nonetheless, the
experimental measurements were insufficient to definitively confirm this hypothesis, as a
significantly lower concentration of 1 mg of CsPbl; PQDs was used on samples P2. Furthermore,
as mentioned earlier, the PL measurements on sample P2 yielded no results. It is noteworthy that
the duration of the thermal encapsulation process varied between 15-20 minutes per cell, ensuring
no bubble formation in the EVA layer between the 3.2 mm Pilkington OptiWhite glass and the pc-
Si solar cell. An illustration of the solar cell sandwich (Glass-EVA-Cell-Tedlar) resulting from the

thermal encapsulation process (Tier 4) was presented in Figure 3.5.

These results underscore the distinct challenges posed by PA SiQDs and CsPbls PQDs. PA SiQDs
presented challenges related to sample purity, while CsPbl; PQDs posed challenges in
safeguarding against degradative phase shifting. Despite both QD groups operating on the same
underlying principles, the challenges they presented led to two different approaches for their

implementation while maintaining consistent outcomes.

For PA SiQDs, achieving sample purity posed a significant challenge. The purification cycle,
involving three thermal processes, notably enhanced the sample's purity by effectively removing
Naphthalene, achieving a purification rate of 97%. However, challenges emerged concerning the
thermal stability of these SiQDs, as prolonged exposure to high temperatures did lead to sample
degradation. While the literature did not extensively mention similar issues related to LDS QDs
sample purity, one of the thermal processes (rotary evaporator) within the purification cycle
followed the procedures outlined in the referenced work [54], [96], [97]. This work, however,

did not delve into investigating the effect of temperature on the thermal stability of PA SiQDs.

7.2. Reported vs Experimental Outcomes: Novelty, Challenges, and

Solutions
The electrical enhancement results demonstrated by PA SiQDs in this PhD thesis align well with

reported literature findings. The investigation took a step further by introducing thermal
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encapsulation as a separate step, demonstrating the feasibility of utilising LDS QDs in a
commercially reproducible and up-scalable setup. The experimental results obtained for the
increase in lsc, 1.06% for sample Q2 and 0.75% for sample Q1 (QD size: 6 nm), are consistent
with increases reported in the literature for the use of SiQDs to enhance Si solar cells: 1.3% [53]
(QD size: 6.4 nm) and 2.3% [47] (QD size: 3 nm).

Concerning CsPbl; PQDs, the challenge of safeguarding against degradative phase shifting due to
exposure to air and high temperatures presented hurdles in depositing these QDs onto pc-Si solar
cells followed by thermal encapsulation. The LEVA coating method protected CsPbl; PQDs from
air exposure, extending the lifespan of the PL-active black a phase and enabling experimental
characterisation of PQDs coated pc-Si solar cells. Chapter 5 explains how the LEVA film improves
optical properties, enhancing the LDS effect through better optical coupling and light trapping.

The electrical enhancement results demonstrated by CsPbl; PQDs align well with reported
literature findings, where out of the 25 generated samples, all demonstrated a positive increase in
Isc. Notably, the average increase was 0.93%, with 10 samples surpassing the 1% mark. In the
literature, analogous CsPbCl3:Mn?* PQDs were reported to achieve increases of 3.42% [166],
5.10% [157], and 5.17% [211] in the Isc of Si solar cells. Similarly, MAPbBrz PQDs were reported
to achieve increases of 2.07% and 4.03% [26]. It is worth noting that CsPbl; PQDs were not
specifically reported in the literature for LDS-only enhancement of Si solar cells through direct
surface deposition. Instead, they were documented in doping hybrid-structured tandem solar cells,
where they were chemically included in the cells’ architecture. This approach can also apply to
other analogous PQDs, as solar cell surface modification and doping to host these QDs are

recommended to stabilize their photochemical and chemical characteristics [25].

While depositing CsPbl; PQDs through the LEVA method allowed for the direct harvest of PL,
achieving full encapsulation of the cell in the thermal encapsulation fashion shown in PA SiQDs-
coated cells while keeping the PQDs intact proved challenging. Instead, a mechanical pressure
approach was tested. In this method, a freshly LEVA-coated pc-Si solar cell (LEVA film not fully
dried) was pressed in a solar cell sandwich between the 3.2 mm Pilkington OptiWhite glass and
Tedlar white backsheet using a clamp. The cell was then left to allow the LEVA film to dry by the

evaporation of the solvent Toluene.

However, this method did not succeed in creating a fully encapsulated solar cell. Toluene's only
escape path was the side of the solar cell sandwich, creating evaporation pathways that ultimately
delaminated the LEVA film completely off the cell. Figure 7.1 displays the results of this
mechanical encapsulation approach, showcasing full delamination that occurred first from the

sides of the sandwich and then slowed down towards the centre. It is important to note that the
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darker central spots may appear in full contact with the cell, but they are fully delaminated. The
reason behind these spots is the slowing down of the Toluene evaporation rate at the end of the
process, caused by the central force point of the clamp being in that spot. An ideal example was

displayed in Figure 3.5, represented by thermal encapsulation.

BRSO | LT e e i

Figure 7.1 Mechanical solar cell encapsulation using LEVA as an encapsulant. Mechanical pressure applied using a
clamp.

Subsection 5.2.1 detailed the application of a modified vacuum lamination process that eliminates
the need for high temperatures, relying instead on vacuum pressure to create the solar cell
sandwich. This method is essentially a variation of the mechanical solar cell encapsulation shown
in Figure 7.1. The key difference in setting up vacuum lamination and mechanical encapsulation
lies in the state of the LEVA film. Instead of using a fresh LEVA coating, an almost dry LEVA
film (around 20% Toluene remaining) can be employed to hold the solar cell sandwich together
through temporary adhesion. The sandwich is then processed in a vacuum laminator, where the
vacuum maintains the structure while expelling Toluene. This approach was inspired by the work
reported by Klampaftis et al. (2011) [184], with the main distinction being the avoidance of high
temperatures, as the process in this study does not exceed 155°C. It is worth noting that the LEVA
method shows similarity to the reported work by Song et al (2022) [166], but the EVVA films are
externally generated and applied to the outer layer of an unconventionally constructed cell
sandwich, layered as Cell-Glass-Film and held together with aluminium tape with no encapsulant
between the Si solar cells and glass. While it was possible to apply an external approach using the
LEVA method, the focus is on investigating an alternative to thermal encapsulation. This

alternative should be capable of both safeguarding the CsPbl; PQDs and maximising the optical
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benefits of encapsulation. Such benefits include enhanced optical coupling and reduced refractive
index mismatch between the solar cell layers and air. These enhancements are particularly
pronounced when using solar glass as the top encapsulation layer. This was demonstrated in cells
Q2 (LDS), R1, R2, and R3, which exhibited significant increases in Isc of 11.86%, 8.26%, 8.58%,
and 8.47%, respectively, as a result of thermal encapsulation with 3.2 mm Pilkington OptiWhite
solar glass. While LEVA films themselves were effective in enhancing optical coupling, their
impact was not as significant as that of thermal encapsulation. The limited enhancement is
substantiated by the reflectance measurements presented in Figure 5.7. There, sample R6
demonstrates a reduction in reflectance, while sample P28 exhibits a further reduction, attributable
to the incorporation of LDS PQDs. This observation highlights the necessity for situating LEVA
films between the glass and solar cells, as opposed to their external application atop the glass, to
optimise the benefits conferred by LDS.

Furthermore, with the assistance of mathematical modelling, Chapter 6 provided a simulation of
results that exhibited high resemblance between the modelled and LDS-coated (Tier 3)
experimental results concerning the electrical enhancements of pc-Si solar cells. These
encompassed enhancements achieved through direct DC coating with PA SiQDs and via LEVA
coating with CsPbls PQDs. Although certain assumptions were made, the model validated the

successful application of different QDs, accommodating their distinct characteristics.

Taking these considerations into account, it is crucial to highlight the limitations introduced by
these assumptions. The five assumptions formulated for the simulation model in subsection 6.2.2
aimed to standardise the characteristics of instruments used and align obtained parameters. For
example, the first assumption posited that the electrical parameters of the real and simulated Si
solar cells are equal. This approach implies that the model, while not a fully comprehensive
representation of the apparatus used, is accurate enough to illustrate how the optical effects
introduced by the LDS QDs can enhance the electrical performance of pc-Si solar cells. It is
important to note that these assumptions were necessary to address challenges related to measuring
discrete parameters crucial for a more comprehensive model. Some of these challenging
parameters include the refractive indices and extinction coefficients of materials, the total layer
thickness, the particle volume concentration, and the average size and size distribution of the LDS

particles within the layer [213].

The adopted methodology effectively addressed this gap by portraying the LDS phenomenon as a
macro effect, akin to a filter, modifying the incident solar irradiance of AM1.5G. Utilising the
optically-sensitive Si solar cell model “example Si” provided by SCAPS-1D [330], the extracted

electrical parameters effectively capture the optical enhancements introduced by LDS. Since the
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assumptions are general and do not specifically manipulate the input or output of the simulation,
the results offer a relatively accurate representation of how the optical LDS phenomenon can

enhance the electrical performance of Si solar cells.

It is crucial to acknowledge that the original work documented in the literature [328] and similar
models [174], [191], which served as inspiration for the simulation method outlined in Chapter 6,
reported more favourable results, some of which are significant. In Chapter 6, the reported
increases in the Isc were 1.76% and 1.15% for two simulated samples enhanced by CsPbls PQDs
and PA SiQDs, respectively. These values differ from the reported substantial increases of 13.13%
on a GalnP solar cell [328] and 10% on a pc-Si solar cell [174].

This discrepancy arises from the incorporation of optoelectrical interactions within the layers of
the solar cell architecture itself, including an LDS layer. This would have been feasible in this
thesis if the material parameters of the experimental pc-Si solar cells were known or provided by
the manufacturers. Unfortunately, this information was not available, necessitating the
establishment of the first assumption, which assumed the full equivalence between the SCAPS-
1D provided solar cell “example Si”” and the actual pc-Si solar cells used in the experiments.

The work presented in this research delves into the innovative and novel use of PA SiQDs and
CsPbls PQDs for enhancing pc-Si solar cells through LDS. The physical and PL characteristics of
these QDs differ from the average values reported in the literature. Specifically, the PA SiQDs
measured 6 nm, surpassing the reported average of ~3.8 nm, while the CsPbl; PQDs were 12 nm,
larger than the ~7.2 nm average. It is deduced that size is not the primary factor in choosing the
right LDS QDs; rather, their quantum, PL, and surface functionalisation properties take priority.
For example, PA SiQDs exhibit greater thermal stability due to PA surface capping, yet they have
a lower average emission peak at 495 nm, which is 115 nm below the reported average of ~610
nm. With direct DC application, three cells demonstrated an increase in lsc ranging from 0.59-
1.06%. These results align with reported electrical enhancements in similar DC setups, such as
~1.3% [53], ~2.3% [47], 4-5% [49], and 6.48% [144].

Regarding the CsPbl; PQDs, they exhibited a higher emission peak at 692 nm, compared to the
reported average of ~566 nm. Although this emission peak is more favourable for enhancing c-Si
solar cells, these PQDs are thermally unstable and degrade rapidly under thermal encapsulation.
However, the novel room-temperature LEVA coating method successfully coated pc-Si solar cells
without damaging the PQDs, achieving an average increase of 0.93% and a maximum of 1.55%
in Isc. Literature reports similar increases with CsPbClz:Mn?" PQDs, achieving 3.42% [166],
5.10% [157], and 5.17% [211] in the Isc of Si solar cells. In comparison, MAPbBr; PQDs reported
increases of 2.07% and 4.03% [26].

164



Chapter 7 - Discussion

Furthermore, the significance of the synergistic relationship between encapsulation and the LDS
phenomenon deserves emphasis. This combined effect was evident in the thermally encapsulated
pc-Si solar cell sample Q2 and its reference counterparts. Notably, the expected average increase
of 8.44% in the Isc due to encapsulation was further enhanced to 11.86% with the addition of
LDS using PA SiQDs. A similar trend was observed in cells coated with CsPbl; PQDs using the
LEVA method, where reference samples exhibited an average lIsc increase of 0.2%, whereas

those with LDS coating achieved an average of 0.93%.

In terms of reflectance, both types of LDS QDs demonstrated comparable effects. Samples coated
with PA SiQDs using DC showed a remarkable decrease in reflectance, with a 61.8% reduction in
specular reflectance and a 44.4% reduction in diffuse reflectance at 377 nm. Likewise, CsPbls;
PQDs LEVA coated cells displayed a 63.7% decrease in diffuse reflectance and a 22% decrease
in specular reflectance at the same wavelength. These findings align with previously documented
research, which reported similar decreases in reflectance within the 350-450 nm, which is the
typical target absorption range for LDS materials chosen to enhance c-Si solar cells. Such
reductions, typically observed when SiQDs and PQDs are used to enhance the efficiency of Si
solar cells through LDS, are attributed to the effective implementation of LDS [144], [162], [214].
Prior studies have recorded a dominant decrease of approximately 20% in reflectance between
300-400 nm [50], around 33% at 370 nm [47], and an 8.5% reduction between 360-370 nm [210].

Conversely, for both PA SiQDs and CsPbls PQDs, an increase in reflectance was observed in the
480-660 nm range. This finding aligns with prior research, which has identified similar increases
in the 400-650 nm spectrum [50]. These results are consistent with well-documented trends in the
literature regarding the use of LDS materials for enhancing c-Si solar cells' efficiency.
Specifically, increases in reflectance have been observed in the broader range of approximately
450-700 nm. Researchers attribute these changes in reflectance to the effective implementation of
LDS, a correlation that has been consistently reported across studies [26], [157], [166], [212].

Concluding this chapter, it further discussed, connected, and analysed the results presented in
Chapters 4, 5, and 6. Additionally, it laid the groundwork for future work and recommendations
aimed at extending the scope of this research. These recommendations will be detailed and
explained in the subsequent and final chapter, Chapter 8, which focuses on Conclusion and Future
Work.
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8 « Conclusion, and Future Work

Chapter 8 concludes the doctoral research presented in this thesis and outlines the major findings

and recommendations for future work.
8.1. General Conclusion

The primary focus of the PhD thesis revolved around investigating the use of LDS PA SiQDs and
CsPbls PQDs in enhancing the electrical performance of 39 x 39 mm pc-Si solar cells. This was
achieved through the direct deposition and implementation of LDS PA SiQDs and CsPbl; PQDs
onto the surface of these solar cells, creating active optical enhancement layers. Importantly, this

process did not involve any chemical alterations to the cells themselves.

By carefully controlling the concentration of deposited QDs, it was possible to demonstrate the
optimal concentrations for enhancing electrical performance. The research revealed that the ideal
mass for depositing PA SiQDs and CsPbl; PQDs was 0.01 mg.

Scalable deposition methodologies, including direct DC and the innovative LEVA approach, were
thoroughly explored. Both methods successfully achieved reproducible electrical enhancements

while addressing the purity and stability challenges specific to their respective LDS QD materials.

This project introduces a novel approach by investigating PA SiQDs as LDS electrical
enhancement devices through direct deposition on pc-Si solar cells using the DC method. The
study also effectively addressed scalability and demonstrated commercial viability by thermally

encapsulating pc-Si solar cells in an industry-standard process.

The project further breaks new ground by exploring CsPbl; PQDs as an externally applied LDS
layer on pc-Si solar cells at room temperature. Based on the literature, this specific application had
not been previously examined, as most research focuses on tandem solar cell architecture or LED
applications. The LEVA coating methodology enabled the reliable and reproducible enhancement
of electrical performance while protecting the PQDs from rapid phase shifting (degradation) due

to exposure to air and light.

Reflectance measurements demonstrated significant reductions in specular and diffuse reflectance
for both QD types, confirming the LDS effect. PA SiQDs reduced specular reflectance by 75.7%
and diffuse reflectance by 43.1% between 350 nm and 450 nm. CsPbl; PQDs achieved reductions
in diffuse reflectance by 58.2% and specular reflectance by 9.2% between 350 nm and 400 nm,

with a 64.5% reduction in diffuse reflectance between 400 nm and 930 nm.
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By successfully reproducing results using both PA SiQDs and CsPbl; PQDs, while considering
the different setups and approaches, the set of objectives was effectively achieved. This
demonstrated the controlled implementation, engineering, and optimization of the optical LDS
phenomenon facilitated by these QDs and their and their potential for electrical enhancement

through the introduction of the LDS phenomenon in pc-Si solar cells.
8.2. Major Findings

The major findings of this thesis can be concisely summarized as follows:

1. Successful demonstration of consistent and reproducible electrical enhancements in
pc-Si solar cells using the optical LDS phenomenon offered by PA SiQDs and CsPbl;
PQDs.

The work presented in Chapters 4 and 5 showcases the precise control of electrical enhancements
in pc-Si solar cells through the strategic implementation of LDS QDs at specific concentrations
and via reliable methods. The optimal deposition concentration of QDs was determined to be 0.01
mg/ml, ensuring the most significant electrical enhancements when 1 ml of the QD mixture was

applied to the commercial pc-Si solar cells.

In Chapter 4, applying PA SiQDs via direct DC to three cells achieved an increase in the Isc by
0.59-1.06%. Challenges in replicating experiments with PA SiQDs, due to Naphthalene content,
were mitigated by a purification cycle, which removed 97% of Naphthalene but caused thermal
degradation. Still, a fivefold increase in concentration led to a 0.40-0.78% rise in lsc, with further

discussion in subsection 8.3.

Chapter 5 investigated the application of 100% pure LDS CsPbl; PQDs for the efficiency
enhancements of pc-Si solar cells, for the first time. Using a room-temperature novel LEVA
method, a deposition of 0.01 mg/ml concentration resulted in a maximum lsc improvement of
1.55% across twenty-five pc-Si solar cells, with an overall average increase of 0.93%, where 10

samples exceeded the 1% mark.

2. Demonstration of an LDS-based thermal encapsulation process that is suitable for

commercial scaling.

Chapter 4 involved the lamination of PA SiQDs coated pc-Si solar cells into a solar cell sandwich
using a thermal encapsulation process, as illustrated in Figure 3.5. This encapsulation process
emulates the method employed in the commercial production of final solar panel products. It
serves as an essential evaluation of the potential for upscaling the implementation of LDS QDs in

the existing solar cell industry.
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For reference purposes, samples denoted as R1, R2, and R3 were created to highlight the
successful integration of PA SiQDs into a downscaled, commercially mimicking pc-Si solar cell
sandwich. This was proved by the 11.86% increase in the Isc of sample Q2, versus 8.44% for

reference samples.

Findings underscore the undeniable potential for introducing enhancing LDS QDs into existing

high-temperature commercial production lines.

Regarding degradation, sample Q2, characterised via I-V measurements 74 and 91 days post
thermal encapsulation, exhibited a consistent drop of 0.19% in both instances. This suggests that
the encapsulation effectively prolonged the shelf life and stabilised the deposited PA SiQDs,

despite repeated exposures to the 1000 W/m? solar light simulator or storage in open-air.

For reference, encapsulation of solar cells and modules is an ongoing research field that focuses
on researching protective materials that also further enhance the electrical properties of the cells
and modules especially when considering Cell-to-Module losses [342], [343].

3. Development of an innovative coating method that is both protective and enhances
the optical performance of LDS CsPbl; PQDs.

The LEVA film prevented the phase shift (degradation) of the PQDs from their PL-active black o
phase to an inert yellow 6 phase. It achieved this by avoiding thermal encapsulation and direct
exposure to air, which is known to induce phase shifting. Additionally, the LEVA film enhanced
the optical performance of the LDS PQDs by improving their light trapping capabilities. This
optical enhancement was instrumental in harnessing the electrically enhancing potential of these
PQDs.

The LEVA method was devised as a solution to the limitations encountered with the DC method,
where PQDs rapidly underwent phase shifting when exposed to air, especially at the low but
optimal deposition concentration of 0.01 mg. Higher concentrations were unsuccessful in
preventing rapid air-induced phase shifting and made it challenging to determine the exact quantity
of LDS-active PQDs. The LEVA method addressed these issues by maintaining a constant amount
of LDS-active PQDs. While there is no exact mention of this specific issue in the literature, similar
approaches have been employed to address similar challenges with analogous PQDs by
incorporating them directly into encapsulants but mixed at relatively high temperatures [166],
[212].

Although the LEVA method initially protected CsPbls PQDs from immediate phase shifting upon

air exposure, this protection lasted only a few days. Subsequently, the coated cells demonstrated
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a notable performance decline and the PQDs ceased to illuminate under UV light (almost entirely).
Table 5.6 presents this effect, showing an average 0.74% reduction in the Isc of 5 cells, 10 days
after the LDS LEVA coating.

4. Sufficient evidence provided to support that the electrical enhancements facilitated
by optically active QDs are driven by LDS, as demonstrated using the SCHOTT
BG42 bandpass filter for PA SiQDs and the LEVA method for CsPbl; PQDs, and

simulation.

The improved light trapping observed in LDS coated pc-Si solar cells plays a significant role in
the electrical enhancements achieved. To comprehend this phenomenon, it is essential to visualize
the LDS coatings as a three-dimensional layer in which QDs are suspended at various depths and
in different cluster formations. Moreover, even distribution of QDs throughout this layer is crucial.
In this thesis, it was established that LDS coatings enhance the electrical performance of Si-based
solar cells by optically downshifting photons from the blue region of the solar spectrum to red
photons, where the cells exhibit higher spectral response. This improved overall spectral response
leads to more efficient photon absorption and increased photocurrent generation (measured by the
Isc).

The efficiency of this optical ecosystem benefits from the complexity of QD dispersion within the
layer. The QDs act as "focal points" that trap photons within the cells, especially at greater depths
within the layer. This light trapping effect is achieved through the isotropic reemission of LDS
QDs, where a photon that is outwardly reflected by the cell surface has a chance of being re-
emitted back towards the cell if reabsorbed by a QD on the way out of the LDS layer.
Consequently, evenly dispersing QD suspensions within an LDS layer significantly enhances light

trapping in coated cells.

To further confirm that the observed light trapping is indeed a result of LDS, rather than Rayleigh
scattering, a different approach was taken for each material: PA SiQDs and CsPbl; PQDs.

In the case of PA SiQDs, as detailed in Chapter 4, there was some challenges introduced by the
presence of Naphthalene as an impurity, where it persisted to stay even after exhaustive
purification cycles. Chapter 7 suggested that Naphthalene might have contributed to the enhanced
QD performance by potentially acting as a host layer. To ensure that the light trapping was LDS-
induced, the cells in this chapter, including reference cells, underwent 1-V characterisation under
a blue bandpass filter, SCHOTT BG42. Using this filter specifically isolates the impact of PA
SiQDs on pc-Si solar cells, focusing on their LDS characteristics. It attenuates solar radiation at

377 nm, where a notable reflectance drop was observed (Figure 4.7), while permitting more of the
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excitation wavelength for LDS. This approach tests the effectiveness of PA SiQDs in enhancing
pc-Si solar cell performance through LDS. This was further explained in subsection 4.3.3.2. The
results revealed that the encapsulated sample Q2 (0.01 mg PA SiQDs) displayed a 13.68% increase

in Isc compared to reference sample R1, which showed an increase of 11.57%.

The validation process for CsPbl; PQDs was more straightforward. These PQDs were 100% pure,
allowing for a direct comparison between LEVA reference pc-Si solar cells and PQDs LEVA cells.
Both sets of cells were coated with the same LEVA film in terms of thickness and material
quantity. Any disparities in results could therefore be attributed to the presence or absence of LDS
CsPbl; PQDs. Chapter 5 showed that three reference samples (R4, R5, and R6) exhibited an
average lsc increase of 0.2%, while twenty-five PQDs-coated cells achieved an average Isc
increase of 0.93%. with the highest-performing cells, P3 and P28, demonstrating 1.55% and 1.40%

increases respectively.
8.3. Future Work and Recommendations

Here, a set of recommendations, based on this doctoral thesis, are presented to establish the basis
of future research beyond this thesis on the topic of LDS SiQDs and PQDs for performance

enhancement of pc-Si solar cells.
1. Improving the synthesis of PA SiQDs to produce a pure sample.

Since the amount of Naphthalene present in the synthesised PA SiQDs samples was unknown, it
is recommended to separate the two by improvising a synthesis method that produces pure PA

SiQDs samples.

A starting point would be improving on current post-synthesis purification thermal processes such
as vacuum-assisted rotary evaporator (rotavapor) which uses damage-free temperatures of below
100°C (safe for PA SiQDs). Improvising the process can be by using a lower partial pressure
(below 200 mbar) and the increasing the operation time to allow for as much Naphthalene as

possible to be extracted.

Other recommended method would be based on particle size and molecular weight, such as
molecular weight cut off (MWCO) where the PA SiQDs will be filtered out of the final sample

containing impurities.

Continuing with this line of investigation, upon obtaining a pure sample of PA SiQDs, the
systematic addition of Naphthalene can be carried out and examined as an optical host. This

approach serves to complement the following recommendation provided in this subsection and
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addresses the uncertainty introduced by Naphthalene when present as an impurity of unknown

concentration.
2. Explore the employment of Naphthalene as an optical host layer.

As discussed in Chapter 7, it is deductible that the direct DC method worked with PA SiQDs and
not PQDs due to the presence of Naphthalene. Which hosted the PA SiQDs just like the LEVA
film did with the pure CsPbl; PQDs sample. Therefore, it can be safely assumed that the presence
of this impurity was vital for the harvesting of LDS from the PA SiQDs. Hence, further optical
analysis is recommended to understand the benefit and the possibility of using Naphthalene as a
host for LDS QDs, which also could potentially allow testing the DC method with CsPbl; PQDs

at low concentrations by hosting them in Naphthalene instead of LEVA.

Exploration of the optical benefits and mechanisms in Naphthalene, LEVA, and thermal
encapsulation (EVA and solar glass) is recommended through ray-tracing simulations [37], [138],
[326], [327] and the methodology set for experimental work for this thesis. With the systematic
and methodical addition of these optical hosts to pure LDS QDs coatings, the enhanced light
trapping can be quantified and further investigated.

3. Advance the LEVA method to include full solar cell encapsulation.

By employing a heat-less modified vacuum lamination process, it is feasible to enhance the LEVA

method for full solar cell encapsulation, similar to the thermal encapsulation process.

This involves wetting the surface of a dry LEVA-coated cell with Toluene. Afterward, the treated
cell is placed within a solar cell sandwich structure inside a heat-less vacuum lamination process
that aids the slow extraction of Toluene. This was inspired by the literature [184] where the

vacuum lamination process originally reached temperatures of 155°C.

The tiny amount of Toluene serves to facilitate the adherence of the LEVA film to the frontal solar
glass. Meanwhile, the vacuum laminator ensures an even distribution of force and, importantly,
promotes the complete evaporation of Toluene. The end result is an encapsulated pc-Si solar cell,

and notably, this entire process is accomplished without the application of heat.
4. Exploration of different commercially available LDS QDs.

Having effectively employed PA SiQDs and CsPbl; PQDs to enhance the electrical performance
of pc-Si solar cells, it is advisable to consider exploring alternative LDS QDs with desirable traits

like heat resistance, high purity, and red LDS emission.
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Immediate suggestion for PQDs would be the use of analogous forms, such as CsPbCls:Mn?* PQDs
[157], [166], [211], and MAPbBr; PQDs [26] which showcased better resistant to higher

temperatures close to the thermal encapsulation temperatures.

As for PA SiQDs, the immediate suggestion would be investigating synthesis processes that
produce pure forms of SiQDs, such as electrochemical etching and laser ablation [98], [107].

Furthermore, it is recommended to conduct further investigations involving different variants of
SiQDs and PQDs. This expanded research scope can potentially unveil both the advantages and
limitations of PA SiQDs and CsPbls PQDs, contributing to a more comprehensive understanding

of these materials especially for the enhancement of pc-Si solar cells.
5. Long-term planned degradation measurements.

Although short-term degradation results were presented in Chapters 4 and 5, it is advisable to
conduct comprehensive degradation experiments encompassing a range of parameters as
stipulated by the IEC 61215 and 61646 standards. These parameters include but are not limited to
light soaking, UV preconditioning, outdoor exposure, thermal cycling, humidity-freeze,

delamination, and more.

An optimal setup would investigate long term degradation on PA SiQDs thermally encapsulated
and CsPblz PQDs LEVA coated pc-Si solar cells and in different environmental conditions as

follows:

a. In normal storage conditions; dark, room-temperature, and open to air.

b. Outdoor storage in enclosed transparent compartments in several testing conditions: dry,
dry UV protected, moist (allowing full cycles from evaporation to condensation) and
shaded from direct sunlight.

c. Light-soaking according to IEC 61215 and 61646 standards.

d. Delamination according to IEC 61215 and 61646 standards.

Further aspects can be also tested, but these conditions are specifically recommended to investigate
the resistance and stability of the LDS QDs in different scenarios, and the longevity of

encapsulants.
6. Investigation of three-dimensional simulation models.

Investigating three-dimensional models is crucial, as they can accurately account for the optical
interactions between incident light and LDS QDs, such as ray tracing. As shown in Chapter 6,

While the alignment of active LDS QDs in the liquid sample used for PL spectrometry with those
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deposited on pc-Si solar cells produced a realistic PL profile for SCAPS-1D simulations, the one-
dimensional nature of SCAPS-1D has inherent limitations. Thus, it is essential to explore three-
dimensional models that provide a comprehensive understanding of light interactions with LDS
QDs.
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