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Abstract

The urgent need to address climate change has accelerated the global transition from fossil
fuels to renewable energy sources, with photovoltaics (PV) emerging as the fastest-growing
technology in this field. By 2023, PV systems accounted for three-quarters of newly installed
renewable energy systems, highlighting their central role in meeting global climate targets.
Among PV technologies, crystalline silicon (c-Si) solar cells dominate the market due to
their high efficiency, with silicon heterojunction (SHJ) solar cells demonstrating particularly
strong potential. However, the transition to sustainable energy solutions requires strategies
to reduce material usage, lower costs, and enhance the energy return on investment (ERol).
Reducing silicon wafer thickness has emerged as a promising approach, as theoretical studies
predict high efficiencies for wafers in the 79—110 um range. Despite the promise of thinner
wafers, their experimental performance under diverse scenarios remains insufficiently
explored, particularly for applications in tandem solar cells, indoor lighting, and module
integration. This thesis systematically investigates the performance of thin wafer based SHJ
solar cells under these different utilization scenarios, addressing the challenges and

opportunities.

In the first part of this work, the impact of wafer thickness on the performance of single-
junction SHJ solar cells was examined experimentally. Here, several SHJ solar cells of wafer
thicknesses ranging from 60 to 170 pm were studied and their performance compared to
theoretical predictions. In line with theoretical predictions, the implied open circuit voltage
(iVoc) was observed to increase as the wafer thickness reduced with some cells approaching
the fundamental limit. However, contrary to predictions, the implied fill factor (iFF) was
observed to reduce for thinner wafers due to the increased effect of surface recombination.

Additionally, the short circuit current density (Jsc) was observed to reduce for thinner cells
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due to increased infrared light loss. The tradeoff majorly between the gains in Voc and losses
in Jsc resulted in a broad range of comparable high efficiency for cells between 75 pm and

170 pm.

In the second part of this work, the use of thin SHJ solar cells as bottom cells in perovskite-
silicon tandem configurations was studied. Taking into considerations the major losses
associated with thinner cells (surface recombination and infrared light loss), the potentials
of increased passivation and light management were explored. Solar cells of wafer
thicknesses of 80 pm and 135 um were compared under standard AM1.5G and perovskite-
filtered spectra. Under AM1.5G, thicker passivating layers improved passivation resulting
in peak Voc values of 747 mV for 80 um cells and 741 mV for 135 um cells. However,
thicker passivation increased series resistance and parasitic absorption which resulted in
lower efficiency compared to the standard passivation. Between wafer thicknesses,
efficiency reduced slightly with thinner wafers, as the best 80 pm and 135 pum cells achieved
efficiencies of 23.3% and 23.8%, respectively. However, under the perovskite-filtered
spectrum, the effect of parasitic absorption was minimized due to the absence of short
wavelength light under bottom cell conditions. Despite a 40% reduction in wafer thickness,
the bottom-cell efficiency decreased only by 0.35%abs under the perovskite-filtered
spectrum. Light management improvements, including an ITO/MgF2/Ag back reflector and
MgF; anti-reflection coating, resulted in enhanced Jsc . The back reflector increased Jsc by
0.58 mA/cm? for 80 um cells and 0.52 mA/cm? for 135 um cells, while the anti-reflection

coating added ~0.3 mA/cm? across all cells.

In the third part of this thesis, the performance of thin SHJ solar cells under indoor lighting
conditions, such as low light and LED illumination, which are relevant for applications in
Internet of Things (IoT) devices, was studied. SHJ solar cells with thicknesses of 80 um,
100 um, 130 pm, and 170 um under both solar and LED illumination demonstrated generally
better open-circuit voltage, fill factor, and efficiency in the 80 pym and 100 pm cells under
typical indoor conditions (250 — 500 LUX). While the 80 um cells produced less power than
the theoretically optimal 1.8 um cells, they offered practical advantages due to their
enhanced durability.

In the final part of this thesis, the transition of thin-wafer SHJ cells into modules was

investigated, emphasizing laser cutting optimization, grid design, and mini-module
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performance. Laser cutting parameter sets were evaluated, with the optimized set achieving
higher Voc, FF, and overall efficiency, particularly for 80 pm cells. Grid design optimization
further improved efficiency by reducing shading losses and series resistance, achieving a
0.6%abs efficiency gain. Mini-modules fabricated with 80 pm and 135 pm wafers showed no
clear trends related to wafer thickness, as resistive losses introduced during soldering process

overshadowed intrinsic thickness differences.






Zusammenfassung

Der dringende Bedarf, den Klimawandel zu bekéimpfen, hat den globalen Ubergang von
fossilen Brennstoffen zu erneuerbaren Energiequellen beschleunigt, wobei die Photovoltaik
(PV) als die am schnellsten wachsende Technologie in diesem Bereich hervorsticht. Bis
2023 entfielen drei Viertel der neu installierten erneuerbaren Energiesysteme auf PV-
Systeme, was ihre zentrale Rolle bei der Erreichung globaler Klimaziele unterstreicht. Unter
den PV-Technologien dominieren kristalline Silizium-Solarzellen (c-Si) den Markt aufgrund
ihrer hohen Effizienz, wobei Silizium-Heterojunction (SHJ)-Solarzellen ein besonders
hohes Potenzial aufweisen. Der Ubergang zu nachhaltigen Energielosungen erfordert jedoch
Strategien zur Reduzierung des Materialverbrauchs, Senkung der Kosten und Steigerung des
Energieriickflusses (ERol). Die Reduzierung der Silizium-Wafer-Dicke hat sich als
vielversprechender Ansatz herausgestellt, da theoretische Studien fiir Wafer im Bereich von
79-110 pm hohe Effizienzen vorhersagen. Trotz des Potenzials diinner Wafer bleibt ihre
experimentelle Leistung in verschiedenen Szenarien, insbesondere fiir Anwendungen in
Tandem-Solarzellen, Innenbeleuchtung und Modulintegration, weitgehend unerforscht.
Diese Arbeit untersucht systematisch die Leistung von diinnen Wafer-basierten SHJ-
Solarzellen in diesen unterschiedlichen Nutzungsszenarien und adressiert dabei die
Herausforderungen und Chancen.

Im ersten Teil dieser Arbeit wurde experimentell untersucht, wie sich die Wafer-Dicke auf
die Leistung von einkontaktigen SHJ-Solarzellen auswirkt. Dazu wurden mehrere SHJ-
Solarzellen mit Wafer-Dicken von 60 bis 170 um untersucht und ihre Leistung mit
theoretischen Vorhersagen verglichen. Im Einklang mit den theoretischen Vorhersagen
wurde festgestellt, dass die implizierte offenen Klemmenspannung (i¥oc) mit abnehmender

Wafer-Dicke zunimmt, wobei einige Zellen dem fundamentalen Limit nahekommen. Im
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Gegensatz zu den Vorhersagen wurde jedoch beobachtet, dass der implizierte Fiillfaktor
(iFF) bei dinneren Wafern aufgrund des verstirkten  Einflusses  der
Oberfliachenrekombination abnahm. Zusétzlich nahm die Kurzschlussstromdichte (Jsc) bei
diinneren Zellen ab, was auf erhohte Verluste im Infrarotbereich zuriickzufiihren ist. Der
Kompromiss zwischen den Gewinnen bei Voc und den Verlusten bei Jsc fiihrte zu einem
breiten Bereich vergleichbar hoher Effizienzen fiir Zellen mit Dicken zwischen 75 pm und

170 pm.

Im zweiten Teil dieser Arbeit wurde die Verwendung von diinnen SHJ-Solarzellen als
Bottom-Zellen in  Perowskit-Silizium-Tandem-Konfigurationen untersucht. Unter
Beriicksichtigung der Hauptverluste diinner Zellen (Oberflichenrekombination und
Infrarotlichtverluste) wurden die Potenziale von verbesserter Passivierung und
Lichtmanagement erforscht. Solarzellen mit Wafer-Dicken von 80 wm und 135 pm wurden
unter Standard-AM1.5G- und Perowskit-gefilterten Spektren verglichen. Unter AM1.5G
verbesserten dickere Passivierungsschichten die Passivierung, was zu Spitzen- Voc -Werten
von 747 mV fiir 80 pum-Zellen und 741 mV fiir 135 pm-Zellen fiihrte. Dickere
Passivierungen erhohten jedoch auch den Serienwiderstand und die parasitére Absorption,
was zu einer geringeren Effizienz im Vergleich zur Standard-Passivierung fiihrte. Zwischen
den Wafer-Dicken sank die Effizienz bei diinneren Wafern leicht, wobei die besten 80 pm-
und 135 pm-Zellen Wirkungsgrade von 23,3 % bzw. 23,8 % erreichten. Unter dem
Perowskit-gefilterten Spektrum wurde der Effekt der parasitiren Absorption aufgrund des
Fehlens von kurzwelliger Strahlung minimiert. Trotz einer Reduzierung der Wafer-Dicke
um 40 % sank die Effizienz der Bottom-Zellen unter dem Perowskit-gefilterten Spektrum
nur um 0,35 %abs. Verbesserungen im Lichtmanagement, einschlieBlich eines
ITO/MgF»/Ag-Reflektors und einer MgF>-Antireflexbeschichtung, fithrten zu einer
Erhohung von Jsc. Der Reflektor erhohte Jsc um 0,58 mA/cm? fiir 80 um-Zellen und um
0,52 mA/cm? fiir 135 um-Zellen, wihrend die Antireflexbeschichtung iber alle Zellen

hinweg etwa 0,3 mA/cm? hinzufiigte.

Im dritten Teil dieser Arbeit wurde die Leistung diinner SHJ-Solarzellen unter
Innenbeleuchtungsbedingungen wie schwachem Licht und LED-Beleuchtung untersucht,
die fiir Anwendungen in IoT-Geriten (Internet der Dinge) relevant sind. SHJ-Solarzellen mit
Dicken von 80 pm, 100 pm, 130 pm und 170 pm zeigten unter sowohl Solar- als auch LED-

Beleuchtung im Allgemeinen eine bessere offenen Klemmenspannung, einen héheren
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Fiillfaktor und eine hohere Effizienz bei 80 pum- und 100 um-Zellen unter typischen
Innenbedingungen (250-500 Lux). Obwohl die 80 um-Zellen weniger Leistung als die
theoretisch optimalen 1,8 pm-Zellen erzeugten, boten sie praktische Vorteile aufgrund ihrer

erhohten Haltbarkeit.

Im letzten Teil dieser Arbeit wurde die Integration diinner Wafer-SHJ-Zellen in Module
untersucht, mit einem Schwerpunkt auf der Optimierung des Laserschneidens, der
Rastergestaltung und der Leistung von Mini-Modulen. Parameter fiir das Laserschneiden
wurden evaluiert, wobei das optimierte Set hohere Voc -, FF- und Gesamteffizienzen
insbesondere fiir 80 um-Zellen erzielte. Die Optimierung der Rastergestaltung verbesserte
die Effizienz weiter, indem Verschattungsverluste und Serienwiderstinde reduziert wurden,
was zu einem Effizienzgewinn von 0,6 %.bs fithrte. Mini-Module, die mit 80 pm- und 135
um-Wafern gefertigt wurden, zeigten keine klaren Trends in Bezug auf die Wafer-Dicke, da
durch den Lotprozess eingefiihrte Widerstandsverluste die intrinsischen Dickenunterschiede

iiberlagerten.

11



12



1. Introduction

The growing urgency of climate change necessitates a shift away from fossil fuels, which
are a significant source of greenhouse gas emissions. To move towards a more sustainable
future, the adoption of renewable energy has become essential in driving the global energy
transition. This pressing need for an energy transition to effectively address climate change
has resulted in an increased demand for renewable energy sources. Photovoltaics (PV) are
central to this effort, along with other renewable energy sources such as wind, hydro, and
geothermal power. Photovoltaics is currently the fastest-rising renewable energy source, and
in 2023, accounted for three-quarters of newly installed renewable energy systems.[1] As
reported by IRENA (2023), to align with the 1.5°C Scenario, global installed renewable
power generation capacity must increase three-fold, rising from 3,382 GW in 2022 to 11,174
GW by 2030. In this context, PV capacity alone is expected to increase from 1,055 GW in
2022 to over 5,400 GW.[2] As demand for PV continues to grow, the development of cost-
effective solar cells with high efficiency becomes increasingly important. Achieving these

advancements will be crucial to meeting the predicted high demand for solar energy.

Today's solar cell market features several key technologies, including crystalline silicon,
thin-film, and emerging perovskite cells. Thin-film solar cells, such as those made from
amorphous silicon (a-Si), cadmium telluride (CdTe) and copper indium gallium selenide
(CIGS), are known for their lightweight and flexible nature but generally offer lower
efficiency.[3] Perovskite solar cells are an emerging technology with the potential for high
efficiency and low production costs, though they are still largely in the research and
development phase.[4] Crystalline silicon cells, including monocrystalline and

polycrystalline types, dominate the market due to their high efficiency and reliability, with
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monocrystalline cells being the most efficient; these cells account for approximately 90% of

global solar cell installations.[5]

Efforts to increase the efficiency of c-Si solar cells are ongoing and crucial for advancing
renewable energy technologies. Although PERC (Passivated Emitter Rear Cell) solar cells
currently lead the photovoltaic (PV) market due to their high performance and cost-
effectiveness, they face a practical efficiency limit of around 24.5%, with mass production
efficiencies nearing 23.3%. [6, 7] To surpass this limit, researchers are focusing on
developing cell structures that accommodate better passivation of surfaces and interfaces.
One promising approach involves silicon heterojunction (SHJ) solar cells, which combine
silicon with thin layers of amorphous silicon to create a more efficient structure. SHJ cells
have demonstrated the potential to achieve efficiencies of up to 27.3% in laboratory

settings.[8]

Solar cells made from crystalline silicon have undergone significant advancements in recent
years. The significant cost reductions and performance improvements[9] achieved over the
past few decades have brought technology closer to its limits[10-12] and consequently, make
further technical and economic progress on the solar cell level very challenging yet highly
desirable. A potential way to enhance performance is to decrease the wafer thickness, which
is associated with various benefits. To begin with, the reduction of material usage per solar
cell area holds significant importance for global mass production. The reduction is motivated
by the reduction of material usage, costs, CO2 footprint[9] and supply chain resilience. For
example, the European Commission considers Si as both a strategic and a critical raw
material for green energy transition[13]. Utilization of thinner cut,[9, 14] exfoliated[15] or
prepared in kerfless ways[16, 17] wafers leads to the production of larger active solar cell
area per kg of Si. This approach has the potential to reduce costs and improve the energy
return on investment (ERoI).[9] Additionally, thinner solar cells gain mechanical
flexibility[ 18], making them well-suited for innovative applications such as building-
integrated[ 19] or vehicle-integrated[20] systems. Solar cells based on thinner Si wafers have
the advantage of requiring shorter diffusion lengths,[21] which reduces their sensitivity to
bulk defect recombination and with ideal surface passivation these cells are more likely to
achieve performance close to their intrinsic limits.[10] This improved capacity to withstand
defects in bulk creates the possibility of achieving greater efficiencies using cost-effective

materials, such as the upgraded metallurgical grade silicon.[22]

14



Introduction

Over the years, the thickness of crystalline silicon (c-Si) solar cells has been progressively
reduced, with predictions indicating that it could fall below 100 micrometers.[9, 23] Given
that industry-scale c-Si solar cells are expected to utilize the same feedstock for various
applications, it is important to assess the implications of wafer thinning not only for
traditional single junction silicon heterojunction (SHJ) solar cells but also for their roles as
bottom cells in perovskite/silicon tandems, indoor applications, and their transition from

cells to modules.

This thesis deals with the study of silicon heterojunction (SHJ) solar cells, with a primary
focus on the effects of wafer thickness on their performance. It examines the effect of varying
wafer thickness on the fundamental carrier dynamics such as carrier lifetime, and also on
more practical cell parameters, such as the open-circuit voltage, fill factor, short-circuit
current, and efficiency. The work is split into four parts: firstly, it investigates the impact of
wafer thickness on single-junction SHJ solar cells; secondly, it analyzes the performance of
thin SHJ cells as bottom cells in perovskite/silicon tandem configurations, evaluating how
passivation layer thickness and light management strategies influence their performance.
Additionally, the thesis assesses the performance of thin SHJ cells under indoor conditions,
particularly under low light and LED illumination. Finally, it explores how wafer thickness

affects the performance when soldered into shingle mini modules.
This thesis is structured as follows:

Chapter 2 provides a comprehensive understanding of solar cell technology and its core
principles. Section 2.1 introduces the fundamentals of semiconductors and the formation of
PN junctions. Section 2.2 covers important solar cell parameters with Subsection 2.2.1
discussing the electrical properties of solar cells, including efficiency (y), open-circuit
voltage (Voc), and short-circuit current density (Jsc), and fill factor (FF). Subsection 2.2.2
explores excess carrier dynamics such as charge carrier lifetime (7) while Subsection 2.2.3
addresses quantum efficiency of solar cells. Section 2.3 discusses various loss mechanisms
that limit the efficiency of solar cells with Subsection 2.3.1 covering optical losses, including
reflection, transmission, and parasitic absorption. Subsection 2.3.2 looks into recombination
losses. Subsection 2.3.3 discusses resistive losses, which result from resistance in the
materials and electrical contacts. Subsection 2.3.4 discusses thermalization losses, where

high-energy photons lose their excess energy as heat rather than contributing to the electrical
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current. Section 2.4 provides an overview of Silicon Heterojunction (SHJ) solar cells,
highlighting their structure and components. Section 2.5 explores the effect of wafer
thickness on solar cell performance. Section 2.6 addresses the fundamental performance
limits of crystalline silicon solar cells, looking at theoretical efficiency limits and the role of
wafer thickness in such limits. Section 2.7 introduces perovskite/silicon tandem solar cells,
discussing the prospects of thin wafer SHJ as bottom cells. Section 2.8 examines the potential
of thin SHJ solar cells for indoor applications. Section 2.9 discusses thin SHJ solar cells in

shingle modules.

Chapter 3 outlines the experimental methods used to fabricate and characterize SHJ solar
cells and mini modules. Section 3.1 describes the fabrication process of SHJ solar cells,
including wafer preparation and thinning, deposition of thin films, and other functional
layers. Section 3.2 covers the fabrication of mini modules, detailing the laser cutting and
soldering process. Section 3.3 focuses on the characterization methods employed to evaluate

solar cells and mini modules.

Chapter 4 examines the effects of wafer thickness on the performance of SHJ solar cells.
Section 4.1 begins with an analysis of how different wafer thicknesses influence carrier
lifetime. In Section 4.2, the impact of wafer thickness on key performance parameters is
explored. Section 4.3 further investigates how varying the tilt angle of the solar cells affects
performance in relation to wafer thickness. The chapter concludes with Section 4.4,
summarizing the overall findings and implications for optimizing wafer thickness to enhance

SHI solar cell performance.

Chapter 5 focuses on the performance of thin SHJ solar cells under specific conditions,
particularly when exposed to light filtered through a perovskite solar cell, emulating bottom
cell operating conditions. Section 5.1 explores the effects of varying passivation layer
thickness on cell performance, with Subsection 5.1.1 discussing light soaking effects,
Subsection 5.1.2 examining intensity dependence, and Subsection 5.1.3 analyzing
performance under a perovskite-filtered spectrum. Section 5.2 addresses light management
strategies, including Subsection 5.2.1 on optimizing back reflectors and Subsection 5.2.2 on
the effects of optimized back reflectors and anti-reflection coatings. Section 5.3 concludes
with a summary of how passivation and light management impact the performance of thin

SHJ solar cells under bottom cell conditions in perovskite/silicon tandems.
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Chapter 6 evaluates the performance of thin SHJ solar cells in indoor conditions. Section 6.1
examines how these cells perform under low light conditions and artificial LED illumination,

assessing their efficiency and potential applications in indoor settings.

Chapter 7 discusses the development and optimization of mini-modules made from thin-
wafer SHJ solar cells. Section 7.1 explores the optimization of laser cutting parameters for
both 80 um and 135 pum thick cells, comparing two parameter sets. Section 7.2 covers the
optimization of contact grid designs to minimize shading and series resistance. Section 7.3
compares the performance of series connected 2- to 7-cell shingle mini-modules made from
80 pm and 135 pm c-Si wafers. Finally, Section 7.4 summarizes the findings, highlighting

the benefits of thinner wafers for module performance.

Chapter 8 summarizes the research findings. It begins with a summary of the key findings
and then concludes with an outlook on future research directions, offering recommendations

for advancing c-Si solar cells based on thin wafers.
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2. Fundamentals

In this chapter, the fundamentals of solar cells, with a focus on semiconductor physics and
PN junctions, which are critical to their operation are introduced. Essential solar cell
parameters are introduced, along with various loss mechanisms, including optical,
recombination, and resistive losses. The concepts presented in this section are described with

reference to the fundamental principles outlined in refs.[24-27]

2.1. Semiconductors and PN junctions

In simple terms, a solar cell, also known as a photovoltaic cell, is a device that converts light
energy from the sun or any other light source into electricity. To understand the workings of
this device, a slight delve into semiconductor physics is needed. When individual atoms
come together to form a solid, their atomic orbitals overlap, causing their wave functions to
interact. This interaction transforms initially discrete, quantized energy levels into extended
states, resulting in the formation of multiple energy bands.[28] The band consisting of the
highest occupied electronic state is called the valence band while the band with the lowest
unoccupied energy state is the conduction band. These two bands are separated by a
forbidden region, known as the energy band gap E,, where no electron states are present. In
semiconductors, the band gap is large enough to prevent the movement of electrons from the
valence band to the conduction band but small enough to conduct when an external energy
is applied as shown in Figure 2.1. In metals, there is an overlap between the two bands and

the electrons flow freely between the bands without need for external energy. In insulators,
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however, the band gap is very large (approximately > 4 eV) and the transition of electrons

between bands requires tremendous amount of energy.

In addition to the band gap energy, another important parameter which determines the
electrical property of a semiconductor is the Fermi energy (Er). This quantity is defined as
the hypothetical energy level where there is a 50% probability of electron occupation at
absolute zero atmosphere and at any given time. The Fermi level is usually located within
the band gap and its proximity to the conduction band edge (Ec) or the valence band edge

(Ev) gives information about the concentration of electrons and holes, respectively, in a

material.
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Figure 2.1: Schematic diagram of the band structures of metals, semiconductors, and insulators,

showing the conduction band, valence band, energy band gap, and the Fermi energy.

Semiconductors can be classified into intrinsic and extrinsic semiconductors. Intrinsic
semiconductors are pure materials without any impurities or external dopants. In
thermodynamic equilibrium, the concentration of electrons () and holes (p) are equal. In
this case, the Er is located close to the center of the band gap. Extrinsic semiconductors
contain impurities that were either unintentionally introduced during the material production
process or intentionally added through doping to modify the material's conductivity. This
doping can either increase the concentration of electrons (n-type) or create more holes (p-
type). In silicon, the n-type semiconductor is produced by doping with an element that has
one extra valence electron such as phosphorus which introduces donor energy levels just
below the conduction band. Electrons in these donor levels require very little energy to
migrate into the conduction band, increasing the concentration of free electrons that

contribute to electrical conductivity. In contrast, p-type silicon is created by doping with an
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element that has one less electron than silicon, such as boron, which creates acceptor energy
levels just above the valence band. Electrons from the valence band require very little energy
to move into these acceptor levels, leaving behind mobile holes that act as positive charge

carriers.

When a p-type semiconductor is placed in contact with an n-type semiconductor, a PN
junction -which forms the basis of a diode and a solar cell —is formed at the interface between
the two materials. The electrons and holes being the majority charge carriers for the n-type
and the p-type materials, respectively, diffuse towards the region of lesser concentration
through the junction. As the electrons diffuse from the n-type side towards the p-type side,
they leave behind immobile positively charged ions. Similarly, the holes on the p-type side
leave behind immobile negatively charged ions. This results in the formation of an electric
field at the interface between the two semiconductors called the depletion region or space
charge region (SCR) as shown in Figure 2.2(a). On the energy axis (Figure 2.2(b)), it can be
seen as a band bending which creates a potential barrier that opposes the further diffusion of

majority charge carriers.
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Figure 2.2: Schematic representation of (a) formation of the space charge (depletion) region at the
interface of a p-type and n-type semiconductor due to the diffusion of majority carriers and the
resulting fixed ionized charges.; (b) carrier transport in a PN junction showing band bending and

the opposing drift and diffusion of electrons and holes along the energy bands.

When light is incident on a solar cell, the photons with energy equal to or greater than the

bandgap of the absorber material excite the electrons from the valence band into the
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conduction band leaving behind holes in valence band. This results in a splitting of the Fermi
energy level into two quasi-Fermi levels — one for the electron Eryand one for the holes Erp.
The positions of these quasi-Fermi energy levels are dependent on the concentration of
electrons and the holes within the conduction band and the valence band, respectively. The
difference between Eryand Erp gives the maximum open circuit voltage (Voc) a particular
device can have. Due to the existing electric field in the space charge region, the electrons
being the minority charge carriers on the p-side drift towards the n-side while the holes drift
from the n-side to the p-side. In the presence of an external circuit, the electrons are collected
from the n-side terminal, travel through the circuit (conducting electricity) and recombine

with the hole on the p-side terminal.

2.2. Loss mechanisms in solar cells

Loss mechanisms in solar cells play a crucial role in defining the device's overall
performance and efficiency. These losses can occur at different stages, such as light
absorption, charge carrier generation and collection, and the transport of electrical current.
While some losses are intrinsic and stem from fundamental properties of the material, it is
important to understand all mechanisms to minimize losses and optimize solar cell
efficiency. This section gives an overview of major loss mechanisms, including optical,
recombination, resistive, and thermal losses, highlighting their impact on the efficiency of

solar cells and strategies for mitigation.

2.2.1. Optical losses
Optical losses in solar cells pose significant challenges that have a direct impact on the short-
circuit current and by extension, the overall efficiency of the device. These losses occur
when incoming light photons are not successfully absorbed and utilized to generate electron-
hole pairs, ultimately reducing the potential power output. A comprehensive understanding
of these losses and the development of strategies to mitigate them is essential for optimizing
solar cell performance. Figure 2.3 shows the principal optical losses in solar cells which

include reflection, contact shading, transmission, and parasitic absorption.
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Figure 2.3: (a) Schematic representation of a solar cell showing the different optical loss pathways
and (b) a representative external quantum efficiency curve of a solar cell showing useful portions
of the light spectrum and portions lost to shading, reflection, transmission and parasitic absorption.

Adapted from [29]

o Front surface reflection: Reflection losses in crystalline silicon (c-Si) solar cells occur
when a portion of the incident sunlight is reflected off the cell's surface rather than being
absorbed by the silicon wafer. This is particularly important in c-Si cells due to the high
refractive index contrast between the air and the silicon wafer. For instance, a typical
silicon wafer has a refractive index of about 3.5, while air has a refractive index of
approximately 1.0, resulting in significant reflection at the air-silicon interface. To
minimize reflection losses, anti-reflection coatings (ARCs) are commonly applied. These
coatings typically have a refractive index that falls between that of air and silicon, which
reduces the amount of reflected light by producing destructive interference at specific
wavelengths. The thickness of the ARC is intentionally designed to enhance performance
throughout the solar spectrum, thereby improving the cell's ability to absorb light.
Additionally, surface texturing can be implemented to decrease reflection even more. In
c-Si solar cells, the wafer surface is typically etched to create a pyramidal or random
texture. This texturing enhances light incoupling and extends the path length of light
within the wafer by causing multiple reflections within the textured surface, thereby
increasing the probability of photon absorption reducing reflection losses.

¢ Contact shading: Metal contacts, which are essential for collecting and transporting the
generated electron-hole pairs, contribute to optical losses in c-Si solar cells. These
contacts, typically arranged as busbars and fingers on the front surface of the cell obstruct

a portion of the incident light from reaching the active silicon absorber. The size of the
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metal contact grid involves a compromise between minimizing optical shading and
reducing electrical resistance. One innovative approach to addressing contact shading is
the development of effectively transparent contacts (ETCs). ETCs are designed with a
triangular cross-section which encourages the reflection of the incident light onto the
absorber layer while maintaining a good conductivity.[30] Another approach is the
fabrication of solar cells with interdigitated back contacts. In this case, all the contacts are
situated on the rear side of the solar cell, eliminating the front-side shading.[31] However,
the fabrication of IBC cells is complex and costly, hence, traditional designs are still
more commonly used in the industry.

e Transmission: Transmission losses in solar cells occur when a portion of incident light
passes through the cell without being absorbed. These losses are primarily influenced by
the bandgap and thickness of the absorber material. Photons with energies below the
bandgap of the material cannot be absorbed, regardless of the material's thickness. For
crystalline silicon (c-Si) solar cells, which have a bandgap of approximately 1.12 eV, this
results in the loss of photons with energies below this threshold. Additionally, as an
indirect bandgap semiconductor, c-Si requires considerable thickness—typically in the
range of hundreds of micrometers—to achieve effective absorption of photons. This
presents a challenge for thin-wafer c-Si solar cells, where transmission losses can be
significant. To enhance light absorption and mitigate transmission losses, strategies such
as surface texturing and the incorporation of back reflectors are employed. Texturing
increases the effective path length of light within the silicon, while back reflectors reflect
transmitted light back into the absorber layer, providing a second opportunity for photon
absorption. However, even with back reflectors surface texturing, front surface escape
can still occur, where some internally reflected photons still leave the cell from the front
side.

e Parasitic absorption: Parasitic absorption losses occur when incident light is absorbed
by functional materials deposited on the solar cells. Instead of being absorbed by the
active absorber material to generate electron-hole pairs, a portion of the incoming light is
absorbed by materials such as passivation layers, transparent conductive oxides (TCOs),
and even anti-reflective coatings. Since these losses cannot be completely eliminated due

to their essential functions, it is important to optimize the thickness of these layers to
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strike a balance between their roles in passivation or conductivity and maintaining

transparency.

2.2.2. Thermalization
Thermalization occurs when photons with energy greater than the bandgap of the solar cell
material excite electrons from the valence band to deeper levels within the conduction band.
As these high-energy ("hot") electrons lose their excess energy, they quickly relax back to
the edge of the conduction band, emitting the excess energy as heat. This process leads to
significant energy loss, as the potential electrical energy is converted into heat rather than
being harnessed for electricity generation. Thermalization is one of the major fundamental
losses that limit the efficiency of conventional low-bandgap single-junction solar cells.[32]
To mitigate this loss and enhance the utilization of the solar spectrum, tandem solar cells are
employed.[33-35] In tandem cells, multiple layers of materials with different bandgaps are
stacked, with the higher bandgap material placed at the top. This configuration allows the
top cell to efficiently absorb higher-energy photons, while lower-energy photons that pass
through are absorbed by the bottom cells with smaller bandgaps. By better matching the
absorbed photon energy to the bandgap of each layer, tandem cells significantly reduce
thermalization losses and improve overall energy conversion efficiency, making them a
promising approach for achieving higher-efficiency solar cells. More of this will be
discussed in Section 2.7. There are several other strategies to reduce thermalization losses,
such as quantum dots[36], down conversion[37], and hot carrier solar cells[38]; however,

these methods are largely still in the research phase.

2.2.3. Recombination losses
In an ideal solar cell, all generated charge carriers are collected at the terminals. However,
in real situations, some electrons lose energy and recombine with holes before reaching the
external contacts, leading to losses in the cell’s open circuit voltage and by extension, the
overall efficiency. Figure 2.4 illustrates a PN junction and the various recombination
mechanisms that affect the efficiency of solar cells. These recombination mechanisms can

be broadly classified into intrinsic and extrinsic types.
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Figure 2.4: Schematic of a PN junction solar cell illustrating photogeneration, carrier
separation, transport, and dominant recombination mechanisms.

2.2.3.1. Intrinsic Recombination

In low-temperature processed cells such as silicon heterojunction solar cells, intrinsic
recombination is primarily governed by the fundamental material properties of the absorber
and is largely unaffected by external factors during fabrication. There are two types of
intrinsic recombination, and they are discussed below.

Radiative Recombination: In radiative recombination, the direct opposite of electron-hole
pair generation occurs. Here, an electron in the conduction band recombines with a hole in
the valence band and emits a photon in the process. The energy of the emitted photon
corresponds with the energy band gap of the absorber material. Since this recombination
type involves only one electron and one hole, the radiative recombination rate is proportional

to the product of the density of electrons and holes:
Ryqq = B(pn — pony) (2.1)

where B is the coefficient of radiative recombination and pn = (p, + An)(ny + An) and p,
and ngy are the hole and electron density in thermal equilibrium, respectively. The
corresponding radiative lifetime becomes:

e Tor T 2.2)

Trqd = ==
rad — p 4 Bpo+ngtAn
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Under low injection conditions i.e., when An < py + ng = Nyqp, the first part of the
denominator dominates and the higher the dopant concentration Ny,p,, the lower the radiative
lifetime. Consequently, for high injection conditions, i.e., when An >> py + ng, the second
part of the denominator dominates and 7,,4 depends only on the excess charge carrier
concentration. However, regardless of the injection conditions, the radiative lifetime in
indirect semiconductors is relatively long and does not limit recombination in crystalline
silicon solar cells. This is due to the inherently low value of the radiative recombination
coefficient B in indirect semiconductors, where phonon participation is required, as opposed

to direct bandgap materials, which exhibit much higher B values.

Auger Recombination: The Auger recombination is a non-radiative process that involves
three particles — two electrons and one hole (ee#) or one electron and two holes (e/h). In an
eeh process, an electron, while recombining with a hole, transfers its energy to another
electron in the conduction band and excites this electron into deeper states within the
conduction band. Eventually, the newly excited electron relaxes back to the conduction band
edge while releasing the excess energy in the form of phonons. A similar mechanism takes
place for the eih process except in this case, the energy transfer occurs within the valence
band. The net Auger recombination rate R4y, ger is the sum of the recombination rates of the
eeh and the ehh processes, each being proportional to the respective carrier densities

involved.
RAuger = Reen + Repn = Cp(pzn - Pgno) + Cn(nzp - n(z]po) (2.3)

where ), and C,, are the hole- and electron-related Auger coefficients, respectively. For n-
type c¢-Si under low injection conditions, the Auger recombination lifetime can be

approximated as:

1
CuN3

Tauger,li = (2.4)

And under high injection conditions,

1
Tauger,hi = (CptCn)Bn2

2.5)

From the equations, it can be concluded that probability of Auger recombination steeply

increases at high charge carrier concentrations which can be due to high injection conditions
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or high dopant concentration in the solar cell. In ¢-Si solar cells, the theoretical maximum

efficiency is mostly limited by the Auger recombination.

2.2.3.2. Extrinsic Recombination
Extrinsic recombination is governed by the existence of defects and impurities in the
semiconductor material and can be controlled by external endeavors in the production

process of the cell. The types of extrinsic recombination are discussed below:

e Shockley-Read-Hall (SRH) Recombination: In this type of recombination, the
electrons and holes recombine with the help of localized energy states or traps within the
band gap which are created as a result of impurities, intentionally added dopant atoms, or
defects within the crystal lattice. The tendency of a trap to capture an election or hole is
described by its electron or hole cross-section (on, 6p). When o, is much higher than o,
the trap captures an electron from the conduction band and after a short time, the electrons
are re-emitted into the conduction band and the probability of recombination is low. This
is also the same for holes when o, is greater than o.. However, when o, and o, are
comparable, the probability of recombination is much higher, and these kinds of traps are
called recombination centers. In this case, firstly, the electron falls from the conduction
band into the trap (electron capture) and emits vibrations within the lattice known as
phonons then the electron loses more energy and drops into the valence band (hole

capture).
The SRH recombination rate Rsgx is expressed as:

np-— niz
Tp(n+ n1)+ T (p+ p1)

(2.6)

Repy =

where n; and p; are the electron and hole concentrations in the conduction and valence
bands, respectively, if the trap energy level (E7) equals the Fermi energy level (Er).

The electron and hole lifetimes (7, 7,,) are defined respectively as:

1
onVenNT

T, = 2.7)

T, = : (2.8)

UpvthNT

where vy, is the thermal velocity of the charge carriers and Ny is the density of trap states

in the material.
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Surface Recombination: Surface recombination is a specific form of SRH
recombination that takes place at the surface of a semiconductor, where the crystal lattice
terminates abruptly, creating dangling bonds. These dangling bonds create some energy
states at the surface of the material which can be recombination centers for the generated
electron-hole pairs that migrate towards the surface. In monocrystalline silicon solar cells,
surface recombination dominates the bulk SRH recombination due to their high purity

and inexistent grain boundaries within the bulk.

2.2.4. Resistive losses

Resistive losses in solar cells occur due to electrical resistance within the device that hinders

the smooth flow of current. These losses mainly come from two sources: series resistance

and shunt resistance. Both types of resistance significantly influence the fill factor and the

overall energy conversion efficiency of the cell.

Series Resistance: Series resistance (Rs) in a solar cell is the internal resistance
encountered by electrons as they travel through the cell’s structure and external
connections. This resistance results from various factors, such as the semiconductor
material's intrinsic resistance, the contact resistance between the semiconductor and metal
grids, and the resistance of metal contacts and interconnections. High series resistance
negatively impacts the solar cell's performance by reducing its operating voltage, thereby
decreasing the fill factor and ultimately lowering the cell's overall efficiency. Rscan be
extracted for the IV curve as the slope of the steep side of the curve near the Voc.[39] To
minimize series resistance, care is taken to optimize material quality, improve contact
interfaces, and refine the cell's design to shorten the distance charge carriers must travel.
Shunt resistance: Shunt resistance (Rsy) is a parallel resistance to the solar cell's PN
junction that helps prevent leakage current by blocking unwanted paths, which often arise
from manufacturing defects or impurities. A low shunt resistance is detrimental to the
solar cell's performance, as it provides an alternative path for the current, reducing the
voltage across the cell and lowering both the fill factor and overall efficiency. Rsycan be
extracted from the IV curve as the slope of the steep side of the curve near the Jsc.[39]

The effect of shunt resistance is more pronounced under low light intensity because the
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lower generated current means that a larger percentage is lost through defects and
shunts.[40]

2.3. Solar cell parameters

The performance of solar cells is determined by several key parameters. For instance, the
current density—voltage (JV) characteristics provide valuable information about the electrical
performance of a solar cell, including the open-circuit voltage, short-circuit current density,
fill factor, and efficiency. To assess the potential of a silicon solar cell during the early
stages of the fabrication process, excess carrier dynamics are studied. To understand the
optical performance of a solar cell, the quantum efficiency is a crucial parameter. This
section will discuss the important parameters that define the performance of solar cells in

detail.

2.3.1. Electrical Properties
The electrical properties of a solar cell are typically described using its current-voltage (JV)
characteristics. Figure 2.5 shows a typical JI curve of a solar cell. The important parameters

obtained from this curve are discussed below.
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Figure 2.5: Illuminated current density - voltage (black) and power density - voltage (red)
characteristics of a solar cell showing the open circuit, short circuit and maximum power point

working conditions.

Short-circuit current density (Jsc): The short-circuit current density represents the

maximum amount of generated charge carriers flowing through the solar cell per unit area
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at short circuit. The Jsc is dependent on many factors, such as the intensity and spectrum
of the incident light, the absorption coefficient, the thickness of the absorber material and
the current collection efficiency of the device.

e Open-circuit voltage (Voc): The open-circuit voltage is the difference in potentials
between the two terminals of a solar cell as a result of accumulation of charge carriers when
there is no current flow (i.e., in open circuit conditions). In the absence of losses due to
imperfect contact selectivity, the Voc can be described as the difference between the two
quasi-Fermi levels in the PN junction. The Voc is majorly determined by the lifetime of the
electron-hole pairs and the temperature of the cell.

e Maximum power density point (Pypp): The maximum power density point is the point
on the JV curve where the cell generates the highest possible power. It is characterized by
a specific voltage (Vupp) and current (/upp), which correspond to the voltage and current at
which the product of these two values reaches its maximum. Operating at the Pypp ensures
that the solar cell delivers the highest possible energy output.

o Fill factor (FF): The fill factor is given as a ratio of the maximum power (Pupp) to the
product of the Jsc and the Voc. The FF is mainly affected by the series resistance, shunt
resistance and defect-assisted recombination present within the cell.

o Efficiency (1): The efficiency of a solar cell is defined as the ratio of the maximum power
output (Pypp) generated by the cell to the incident power input received from the sun or
any other light source. The efficiency gives comparable information on the performance of

a solar cell and can be expressed as Equation 2.9.

_ Jsc XVoc X FF
Pin

n 2.9

where P, is the is the power density of the light incident on the solar cell. Under standard

test conditions (AM 1.5g, 25 °C), Py, is 100 mW/cm?.

To explain the JV behavior of a solar cell, a two-diode model is used, with the corresponding

equivalent circuit shown in Figure 2.6.
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Figure 2.6: Equivalent circuit of a solar cell based on the two-diode model, including series

resistance, shunt resistance, and recombination current paths.

This model depicts the combination of the collected photo-current and the injected current
caused by the voltage at the PN junction as a constant current source parallel to two ideal
diodes. The first diode, representing the ideal diode according to Shockley's diode equation,
accounts for the diffusion current and is characterized by a saturation current density (Jo;)
influenced by recombination in the base, emitter, and their surfaces. The second diode,
characterized by the saturation current density Jy2, represents the recombination losses in the
space charge region of the solar cell, which are significant in understanding the non-ideal
behavior and efficiency losses in real solar cells. In addition to recombination losses, other
factors such as series resistance (Rs) in the bulk of the solar cell or the external contact, as
well as poor shunt resistance (Rsy), contribute to the overall performance of the solar cell
and are all represented in the two-diode model in Equation (2.2).[41]

JV) = Jox [exp (w) _ 1] + oz [ exp (q(V—J(V)Rs)) _ 1] pUORs

n,kT ny kT Rsy

(2.10)

where n, and n, represent the ideality factor for the first and second diodes and usually have

the values of 1 and 2, respectively.

2.3.2. Excess carrier dynamics

Understanding the excess carrier dynamics is essential for analyzing the recombination
processes that directly influence the efficiency of solar cells. Key parameters such as the

effective minority carrier lifetime (z.) and surface recombination velocity (S) which provide
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valuable insights into how long carriers remain in an excited state and how surface

interactions affect their recombination are discussed here.

o Effective minority carrier lifetime (zy):
The effective minority carrier lifetime refers to the average duration that a carrier remains
in an excited state following electron-hole generation before it recombines. The rate at
which this recombination takes place is given as the ratio of the excess charge carrier (4n)
to the effective lifetime (zep). In a non-steady-state condition, the rate of change in 4n is

given as the continuity equation in Equation (2.3).

=G(t) - @2.11)

Tff

d(An)

where G(t) is the generation rate of charge carriers.

The effective lifetime is then given as

An

W (2.12)

Tefr = P

This equation can be analyzed under two conditions: Under quasi-steady-state condtions,

the generation rate G(z) equals the recombination rate R(z), hence the rate of change of

excess charge carriers is zero and T.sf becomes — > In transient conditions, G(?) is zero,

G(
and the effective lifetime becomes dependent only on the rate of change of excess charge

carriers. More of this is discussed in Section 3.3.
e Surface recombination velocity (S)

The surface recombination velocity (S) quantifies the rate at which charge carriers
recombine at the surface of a semiconductor material, providing insight into the
passivation quality of the cell. The net sum of all losses due to recombination that takes
place in a silicon wafer is described by the effective lifetime (z,ff) of the wafer. In the
context of this work, isolation of the bulk and surface contributions to the effective
lifetime is of interest. A common expression for the effective lifetime with bulk and

surface lifetime components is[42]:

—= =+ = 2.13)

Teff - B w

where 75 is the bulk lifetime, S is the surface recombination velocity and W is the

thickness of the wafer. The second part of the equation represents the inverse of the
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surface recombination lifetime. Although this conditional “spatial” separation of
recombination channels does not describe types or mechanisms of recombination, it is
typical that surface recombination is dominated by Shockley-Read-Hall (SRH) or trap
assisted mechanism[43, 44] due to high density of trap states at the surfaces and
interfaces.[45, 46]. The surface recombination on the front and back surfaces can differ
due to the actions of n- and p-type layers; however, for the sake of simplicity, they are

assumed to have identical values. By using identical silicon wafers of varying thicknesses,

the value of 2§ can be determined as the slope of the linear fit of the plot of TL with
eff

respect to % The bulk lifetime, which is assumed uniform for all wafers, is obtained as

1

Teff

axis.

the inverse of the intercept of the fit on the

o Differential ideality factor
The differential ideality factor, n?;f f provides a valuable insight into how a solar cell
deviates from ideal diode behavior. It serves as a diagnostic tool for identifying the
dominant recombination mechanisms under various injection conditions. While the
recombination mechanisms are discussed in Section 2.2.3, key characteristics relevant to

this analysis are briefly introduced here.

The total recombination rate R in a semiconductor is generally expressed as the sum of

the radiative, Shockley-Read-Hall (SRH), and Auger recombination components:
R = Rrad + RSRH + RAug (214)

In crystalline silicon (c-Si) solar cells, radiative recombination is typically negligible
due to its relatively low probability. Therefore, the total recombination rate c-Si
simplifies to:

R ~ Remy + Ruue = 2= 4 € n2p + C,p? 2.15
~SRH+ Aug — +nnp+ ppn ( )

nTp+pTy

The quasi-Fermi level splitting which defines the implied open circuit voltage of the cell

is related to the charge carriers concentrations as:

AEp = qiVpe = kT 1n2—’; (2.16)

13
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Under low injection conditions (n = Np and p =~ An) for n-type c-Si:

Here, Auger recombination is negligible and SRH recombination is minority-carrier

dominated:
R~ 4 2.17)
T
Hence,
R o An o exp (F) (2.18)

This implies that nﬁif I~ 1.
Under high injection conditions (n ~ An > Np andp = An):

For SRH recombination,

An

R~ 2 (2.19)
AEy ~ kT 1nAn—’l;Z ~ 2KT 2 (2.20)

Hence,
R o An o exp (oF) 2.21)

This implies a symmetric SRH recombination of both the minority and majority charge

carriers within mid-gap trap. Here, nf;f I~ 2.
Under very high injection conditions (An > Np):
Here, Auger recombination is dominant hence, R becomes a three-particle process.
R =~ C,An3 (2.22)

Deriving from Equation (2.21),

R o An® o exp (22F) (2.23)

In this case, n?;ff ~ 2/3 .

Numerical simulations can be used to illustrate the behavior of nfl;f I under different
recombination regimes. In such simulations, the implied open-circuit voltage is computed

as a function of generation rate, which is varied systematically to represent different

35



Fundamentals

injection levels. At each generation level, the corresponding carrier concentrations n and
p are calculated, and the total recombination rate R is evaluated according to Equation
(2.15). The differential ideality factor is then calculated using:

diff _ idiVoc
id T kT dinR (2.24)

Figure 2.7 shows a simulation of nfdif ! for three distinct recombination conditions: (1) pure
SRH recombination, (ii) pure Auger recombination, and (iii) a combined case including

both SRH and Auger terms. The figure clearly demonstrates the expected transitions

ff approaches 1, consistent with minority-

carrier SRH recombination. As voltage increases, nidlf T rises toward 2, reflecting

S di
across injection levels. At lower voltages, n;,

symmetric SRH via mid-gap traps. At high voltages, typically above 700 mV [31], the

curve bends downward toward, indicating Auger recombination dominance.

N

Auger + SRH

Differential ideality factor, n&i

05 0.6 0.7 0.8
Implied open circuit voltage, iV

Figure 2.7: Illustration of differential ideality factor vs. implied open-circuit voltage

highlighting dominant recombination mechanisms across injection levels in c-Si solar cells.

To simulate the effect of wafer thickness, the effective lifetime can be adjusted to
represent typical lifetimes observed for different wafer thicknesses. The impact of wafer
thickness on recombination dynamics will be discussed in more detail in Section 4.1.

Using the quasi-steady-state and photoconductance measurement technique, the
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differential ideality factor n?dif I of a doped c-Si wafer can be calculated directly from
measured data using Equation (2.25)[47]:

diff _ 4 diVoc
Md " T r din(e) (2.25)

where ¢ is the implied intensity of the light pulse in suns.

e Implied current density-voltage (JV) characteristics

The implied IV characteristics represent the wafer's ideal performance as a solar cell,
assuming no additional recombination losses in further processing steps. The
photoconductance measurements can be used to obtain the implied JV characteristics of
Si wafers by generating a series of excess carrier concentrations (4n) in the wafer through
varying illumination intensities. For each 4n, the implied open-circuit voltage (iVoc) is

calculated using Equation (2.26):

WVoe = Lin [—(A’”N;’)A”] (2.26)
q n;

The photogeneration current density J,, is derived based on the assumption of carrier

balance under steady-state illumination. Specifically, the rate at which electron-hole pairs

are generated is equal to the rate at which they recombine:

]ph = Jrec (2.27)

This steady-state condition allows J, to be expressed in terms of an effective minority

carrier lifetime:

qAnw
= 2.28
]ph Teff ( )

In quasi-steady-state and photoconductance (QSSPC) measurements, the implied short-
circuit current density (iJsc) is derived by comparing this recombination-based
photogeneration J,; against a calibrated reference value. For example, under 1-sun

AM1.5G illumination, a standard 380 um thick silicon wafer is expected to generate
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approximately 38 mA/cm?.[48] This reference allows the system to assign a
photogeneration current to each illumination level. In the case of this work, the QSSPC

software expresses the photogeneration data as:
. A
i = 0.038 (Cm—z) = Jon (2.29)

By plotting the implied current density (i/) against the corresponding implied open-circuit
voltage (iVoc) for each excess carrier concentration, the implied JV curve is generated.
This curve represents the ideal electrical performance of the wafer, assuming only

recombination losses and no resistive, contact-related, or optical losses.

Following the reconstruction of this implied J¥ curve, the maximum power point (i/ypp,
iVupp) can be identified. The implied fill factor (iF/F), which provides an upper limit to
the fill factor that a solar cell made from the wafer could achieve, can be obtained as:
iFF = Yupe XWurp (2.30)
iJsc X Voc
It is important to note that implied values derived from QSSPC measurements are
fundamentally more reflective of the material’s chemical and recombination properties
rather than its actual electrical behavior, since no lateral charge transport occurs during
the measurement. Only generation and recombination processes are involved.
Nevertheless, the implied JV curve provides an important upper limit for the expected

electrical performance of the final solar cell.

2.3.3. Quantum efficiency
Quantum efficiency (QE) is a measure of the effectiveness of a device in converting incident
photons into electrical charge carriers. There are two primary types of quantum efficiency:
external quantum efficiency (EQE) and internal quantum efficiency (IQE). EQE is the ratio
of the number of charge carriers collected by the device to the number of incident photons,
including losses due to reflection. By integrating the EQE over the entire solar spectrum and

considering the photon flux (® (1)), the short-circuit current density can be derived as:

Jsc = q [ ®EQE()dA 2.31)
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The internal quantum efficiency (IQE), on the other hand, is the ratio of collected charge
carriers to the number of absorbed photons, excluding losses due to reflection but including

recombination losses within the device as is related to the EQE as

_ EQE
IQE =% (2.32)

The IQE provides insight into the intrinsic material quality and the effectiveness of the

photoactive layer in generating charge carriers from absorbed photons.

2.4. Silicon Heterojunction Solar Cells

Heterojunctions, unlike homojunctions, are defined by an interface that involves two
semiconductors with different bandgaps. Silicon heterojunction solar cells usually consist of
crystalline silicon (Eg = 1.12 eV) absorber sandwiched between intrinsic and doped
amorphous silicon (Eg = 1.7 eV) layers, creating an n/i/c-Si/i/p stack. SHJ solar cells are a
highly promising solar cell technology due to their high efficiency and low production costs
related to temperature and materials. These cells are anticipated to become the industry
standard for photovoltaic (PV) production, following the widespread adoption of passivated
emitter and rear contact (PERC) technology[6, 7, 23]. Since the initial report on
amorphous/crystalline silicon heterojunctions by Fuhs et al. in 1974[49], several research
have been done in the improvement and development of silicon heterojunction solar
cells.[31, 50-57] Currently, SHJ solar cells produced by LONGi company hold the world

record efficiency of 27.30% for single-crystalline silicon solar cells[8]

Figure 2.8(a) shows a typical schematic of SHJ solar cells. The absorber material is usually
made up of monocrystalline silicon which can be n-type or p-type[58]. N-type c-Si wafers
are the preferred absorber material due to their immunity to boron-oxygen defects and hence,
their lower light-induced-degradation (LID)[59], and their reduced susceptibility to
interstitial metallic impurities, such as iron.[60] Before further depositions, the absorber
wafer is usually texturized to create rough surfaces which improve the light absorption. The
texturing could be done using wet reagents such as KOH and NaOH or dry processes such

as Reactive lon Etching which employs sulfur hexafluoride/oxygen (SF6/02) plasmas.[61]
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Dangling bonds, which are comprised of unpaired electrons, are present on c-Si wafer
surfaces. These bonds act as sites for recombination and are particularly prominent in
textured surfaces. To suppress these surface defects, passivation layers are usually deposited
on both sides of the wafer. There are two approaches that can work together in effectively
passivating a surface. One of them is chemical passivation, where the vacant sites of the
dangling bonds are filled by depositing thin films, such as hydrogen-rich dielectric materials.
The second approach is field effect passivation, which involves the creation of an electric
field near the surface, causing the minority charge carriers to be repelled from it, thus
minimizing surface recombination.[62, 63] This can be accomplished by depositing highly

doped films of a specific polarity on the surface.

(a)
P n

a-Si:H (n")
a-Si:H (i)
c-Si(n)

a-Si:H (i)
a-Si:H (p*)
ITO

o &4 E

F

Energy

Figure 2.8: Schematic diagram of (a) a typical silicon heterojunction solar cell showing the
passivation, doped and conductive layers and (b) band diagram showing band bending caused by

each layer of the SHJ solar cell. Adapted from [64]

Hydrogenated amorphous silicon (a-Si:H) is widely utilized in SHJ solar cells due to its
exceptional passivation properties, slightly broader bandgap, developed deposition
technologies, and low-temperature (<200°C) deposition process, which enables the use of
extremely thin wafers without causing substrate warping.[64, 65] Firstly, a chemical
passivation is usually achieved by the plasma enhanced chemical vapor deposition (PECVD)

of thin intrinsic layer of a-Si:H, which results in the formation of Si-H and Si-Si bonds on
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the surface, thereby efficiently suppressing dangling bonds.[66] The buffering effect
originates from band offsets, which are the result of a disparity in bandgap energies between

¢-Si (1.1 eV) and a-Si:H (1.7 eV), as depicted in Figure 2.8(b).

To ensure field-effect passivation, an n-doped a-Si:H thin film is deposited on one side of
the wafer, directly on top of the a-Si:H(i) layer, while a p-doped a-Si:H layer is placed on
the opposite side. This creates a PN junction, resulting in the formation of an electric field,
which encourages the transport of minority charge carriers away from the surface and
reduces the likelihood of recombination, as demonstrated by the band-bending shown in
Figure 2.8(b).[62, 63] At the c-Si/a-Si:H interfaces, the energy barriers created by the narrow
spikes originating from the band offset can be overcome by band-to-band tunneling, trap-
assisted tunneling or thermionic emission.[67] In n-type SHJ solar cells, the emitter layer,
which is typically p-doped, can be deposited either on the front or rear side of the wafer.
However, frontside emitters require a complex evaluation of the optoelectrical performance
trade-off of the film layer, hence, it is more beneficial to deposit this layer on the rear side

to minimize the parasitic absorption of the short wavelength light on the front side.[68]

To facilitate the lateral transport of charge carriers towards the contacts, thin films of
transparent conductive oxides (TCOs) are typically applied on top of the a-Si:H layers. In
SHJ solar cells, various TCOs such as ZnO[69], In2O03[70] aluminum-doped zinc oxide
(AZO)[71] and indium tin oxide (ITO) have been investigated. At present, ITO is the most
commonly utilized TCO in the silicon solar cell industry due to its high transmittance,
electrical conductivity, carrier mobility, bandgap, and low refractive index.[72] At an
optimal thickness, ITO also serves as an anti-reflection coating on the front side and pairs
well with full back metal contacts for back reflection.[73] In addition, it has been reported
that ITO, positioned as a layer between the a-Si:H layer and the metal contact, prevents
passivation degradation over time in SHJ solar cells.[74, 75] Although front-side ITO
possesses anti-reflection properties, it still causes the parasitic absorption of some short-
wavelength and near-infrared photons when they hit the solar cell. In some cases, an
additional anti-reflection coating like MgF> is applied on the front side to form double layer
anti-reflection coating (DLARC).[76] Moreover, studies have revealed the occurrence of
parasitic plasmonic absorption in the rear-side TCO/metal interfaces, resulting in additional
Jsc losses.[77] To mitigate this issue, incorporating another interlayer of a low refractive

index dielectric material like MgF> on the rear side may also prove effective.[68]
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To finalize the stacks of a SHJ solar cell, highly conductive and degradation-resistant
metallic contacts are deposited on the front and rear side of the cell to ensure the efficient
collection of the produced electron-hole pairs. In SHJ solar cells, Ag pastes are favored as
the contact material due to their low curing temperature, which is necessary to safeguard the
already deposited amorphous layers from temperature-induced degradation.[64] Typically,
contact grids comprised of fingers and busbars are screen-printed onto the wafer to finish
the cell. On the front side, these grids are ideally kept as thin as possible to minimize
reflection losses. On the rear side, contact grids can also be screen-printed to produce bifacial

SHJ cells, or Ag can be evaporated entirely on the back to form back reflectors.

2.5. Wafer thickness effect on solar cells

Reducing the thickness of crystalline silicon (c-Si) wafers is key to advancing lightweight
and flexible solar modules while minimizing material costs. From the solar cell physics point
of view, the thickness of the wafer (/) is a crucial factor that determines the efficiency limit
of a crystalline silicon solar cell. The decrease in the thickness of solar cells leads to
significant changes in two key parameters that determine their efficiency. In Figure 2.9, a

schematic illustrates the effect of wafer thickness on these parameters.
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Figure 2.9: Schematic representation of the effect of wafer thickness on carrier concentration, light

absorption, quasi-fermi splitting and surface recombination in a solar cell.
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Firstly, there is an increase in transmission losses (including front surface escape in the case
cells with back reflectors) in thinner wafers which ultimately leads to a reduction in Jsc. On
the other hand, thinner wafers lead to nearly the same amount of carriers are generated in
smaller volume, which has been linked thermodynamically to a decrease in entropy
production per photon.[78] The higher concentration charge carries leads increased quasi-
Fermi level splitting and ultimately increasing the Voc. However, there is also an increase
in surface recombination effect on thinner wafers which negatively affects the overall

performance of the cells.

2.6. Fundamental performance limits of crystalline silicon

solar cells

The maximum possible efficiency of a solar cell is determined by the intrinsic properties of
its material. This can be studied through two primary aspects: generation and recombination.
The current-voltage characteristics of a solar cell based only on its intrinsic properties is

described by:

J=JL—Jrec =] — QWRinsr (2.33)

where J; is the photogenerated current, J,.. is the intrinsic recombination current, q is the
elementary charge, W is the thickness of the material and R;;,;,- is the intrinsic recombination
rate. The photogenerated current, J; is fundamentally limited by the bandgap E; and the

absorptance 4 of the material and is expressed as:
Ju=a/; ®(E)AGE)AE (234)

For theoretical limit calculations, light absorption is typically modeled using Lambertian
randomization, which assumes a mean path length of 4n,. W, where n,. is the refractive index
of the solar cell.[79] In more detailed considerations, additional factors such as free-carrier

absorption and photon recycling further influence photogeneration.

From the recombination point of view, as discussed in Section 2.3.3, the recombination
mechanisms in a solar cell include radiative recombination, Auger recombination, and

defect-assisted recombination (both bulk and surface). To calculate the efficiency limit of a
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solar cell, it is assumed that the material is defect-free and has perfectly passivated surfaces
and hence, only intrinsic recombination is considered in the analysis. The intrinsic
recombination rate is related to the excess carrier concentration An and the intrinsic carrier

lifetime ;¢ and is defined as:

Riner = = ATL( - + - ) (2.35)

Tintr Trad TAuger

The intrinsic carrier lifetime for radiative 7,4 and Auger 74,4, recombination can the

calculated using Equations (2.25), (2.27) and (2.28) already discussed in section 2.3.2.

Assuming a narrow base and ideal contacts, the quasi-Fermi level splitting, which is the

maximum output voltage, is related to the excess carrier density as:
14
np = (ng + An)(po + Ap) = nlexp (ISTT) (2.36)

For an n-type silicon material, as used in this thesis, the output voltage V" can be expressed
in terms of the donor concentration N, as:

oo kel (M) (2.37)

q n;

By integrating the appropriate functions in Equation (2.31), the I-V characteristics of a solar
cell at the highest achievable performance constrained solely by the intrinsic properties of
the material can be determined. From there, the theoretical limits for all solar cell parameters

can be extracted.

The limiting efficiency of silicon solar cells has been predicted based on various theoretical
studies. The maximum efficiency of single junction solar cells based on the thermodynamic
principle detailed balanced studies was first analyzed by Shockley and Queisser in 1961.[80]
The Shockley-Queisser model considers the absorption of photons with energy equal to or
above the material bandgap, the generation of electron-hole pairs by each absorbed photon,
and the collection of all generated charge carriers from the device.[32] In this analysis,
theoretical limits are determined only based on the bandgap of the material and radiative
recombination. However, in c-Si solar cells, Auger recombination and parasitic free carrier
absorption (FCA) contribute considerably to non-radiative intrinsic losses. Taking these

losses into consideration, Green [81] and Tiedje [82] further calculated the limiting
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efficiency specific to c-Si solar cell establishing auger recombination as the limiting factor
over radiative recombination. Over the years, new calculations have been reported taking
into account factors such as Coulomb-enhanced Auger recombination [83], Coulomb-
enhanced radiative recombination [84] and improved parameterizations combining both

effects [85] to obtain more accurate predictions on the limiting efficiency of c-Si solar cells.

In the most recent and widely accepted model, Richter et al. [10] calculated the limiting
efficiency for c-Si solar cells not only for undoped c-Si but also for n-type and p-type base
c-Si at different dopant concentrations and at different wafer thicknesses. Like previous
models, this model does not take into consideration the effects of surface and defect-assisted
recombination while also assuming perfect anti-reflection on the front side and perfect back

reflectors with Lambertian light trapping. The following were considered in the formation

of the Richter model:
i) An updated and internationally accepted solar spectrum [86]
it) Improved optical parameters for undoped c-Si based on experimental data presented

by Green [87]
iii) New parameters for free carrier absorption obtained by Riidiger et al. [88]
iv) Improved parametrization for intrinsic recombination (radiative and Auger) [85]

V) Effect of band gap narrowing (BGN) [89]

Considering n-type wafers (which is studied in this thesis) in the theoretical estimation of
Richter et al., a maximum efficiency of 29.43% with an optimal thickness of approximately
110 pm at very low dopant concentration (<10'%) was reported.[10] In a subsequent work
Veith-Wolf et al.[11] built upon the calculations of Richter et al. by conducting a more in-
depth analysis of light trapping, even thinner, W = 78.7 um wafers are expected to achieve

the highest efficiency of 29.47% for n-doped c-Si wafers.

Figure 2.10 shows a range of limits for silicon solar cell parameters according to Richter’s
parameterization.[ 10] The two solid black lines are the range of wafer resistivities (or dopant
concentrations) used in this study. As mentioned in the previous section and shown in Figure
2.10(a), a decrease in wafer thickness results in an increase in the Voc which is attributed
mainly to the increase in charge-carrier concentration. Additionally, the impact of dopant
concentration on the Voc limit is evident, as an increase in dopant concentration causes a

drop in Voc with the effect becoming more pronounced as the wafer thickness increases.
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The increase in FF with decreasing thickness in Figure 2.10(b) is directly related to a

geometric relationship between FF and Voc estimated by Green[90] and consequently

revised by Leilaeioun et al.[91] as:

voc—In 20
FF = JocTIn20_ (2.38)
voc+voc/20
in which
Voc
Voc = ——— 2.39
0C ™ (niqkt/q) ( )
osaH{a ' ' 1 b '
{a) (b) s com
3 em 120
Nyge = 1.6 % 10'% cm™)
0.80F _
g 1 Qem 88 S\i
o .
=
> 076 1Qem .0 | [, i L
Lfof (Nggp = 5.0* 10"%em™) / ................... ]
Ideal divde imig  Tttreeea,,
{84
072}
c }
€
Lambertian scattering
_ limit
&
£ 40
o
<
E
o 36}
__)AA
Studied range
3z} k»
1 I 1 1 1 1 1 24
1 10 60 170 1000 10 60 170 1000
Wafer thickness W [um] Wafer thickness W [umj

Figure 2.10: (a) open circuit voltage Voc; (b) fill factor FF; (c) short-circuit current density Jsc and
(d) efficiency # plotted with respect to wafter thickness W for n-type crystalline silicon solar cells.
Solid lines represent the limits calculated by Richter et al. [10]. Dotted line represents fill factor
limit at ideality factor n,s =1. Shaded area shows studied wafer thickness range (60 — 170 nm) in
this thesis. Yellow stars show the maximum theoretical efficiencies for the dopant concentration

range in this study.

An important point to note is that at high carrier concentrations where the Auger
recombination is dominant, the local ideality factor (nig) of a cell approaches the value of

2/3, thereby resulting in a limit of FF that surpasses the usual FF of “ideal diode” with niq =
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1. The Auger-recombination-limited lifetime leads to exceptional FF values in simulations
of Richter et al.,[10] Andreani et al.[21] and Kowalczewski et al.[92] which depending on
wafer thickness go beyond the expected FF value from ideal diode with ideality factor of 1
by 3-4%.bs. This potential has been demonstrated experimentally by Yoshikawa et al., where
Suns-Voc data show pFF of 85.6%[31] which surpasses the predicted 85.4% for an ideal
diode at comparable Voc values. In other words, high-quality passivated thin solar cells can
operate at the Auger limit even in normal sunlight conditions, which is usually only seen in

concentrator devices.[93-95]

The reduction in Jsc for thinner wafers, as shown in Figure 2.10(c), is geometrically linked
to the assumed Lambertian optical path length of 4n,.W. Even with optimized light trapping,
thinner cells inherently generate lower Jsc compared to thicker cells due to their reduced
ability to absorb and retain light. Figure 2.10(d) shows that the trade-off between the Voc
and the Jsc and the slight contribution from FF results in a limiting efficiency curve with an
optimal thickness that varies based on the dopant concentration of the cell. The maximum
theoretical efficiency attainable for the cells in this research is estimated to fall between
28.81% at 63 um for those with a higher dopant concentration (5 x 10'> cm™) and 29.18%

at 83.2 um for cells with lower dopant concentration (1.6 x 103 cm™).

In Chapter 4, the influence of wafer thickness on the performance of silicon heterojunction
(SHJ) solar cells is investigated experimentally. The study examines the potential and losses
in experimental SHJ solar cells fabricated on wafers with thicknesses ranging from 60 pm

to 170 um and compares the results to the theoretical efficiency limits.

2.77. Perovskite/Silicon Tandems

A strategy to exceed the theoretical limit of any single junction solar cell is to use multi-
junction tandems that incorporate two or more semiconductor materials with varying
bandgaps.[96, 97] To optimize the utilization of the solar spectrum, the top layer of such
tandems should be a semiconductor with a higher bandgap that enables the transmission of
lower energy photons to the lower bandgap bottom layer, while absorbing high energy
photons with minimal loss due to thermalization compared to conventional c-Si solar

cells.[33, 98] With a bandgap of 1.12 eV, exceptional stability and electronic properties,
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crystalline silicon (c-Si) solar cells are a suitable choice for use as the bottom cell in double
stack tandem structures.[98, 99] Group III-V semiconductor materials such as GaAs and
GalnP have been reported to be promising for the use as the top cell in such tandems due to
their wide tunable bandgap and high efficiencies.[100] However, the poor availability and
high cost of production of these types of solar cells prevent their use for large scale
utilization. An alternative candidate for top cells due to their low manufacturing cost, high
absorption in the visible light spectrum and a high open circuit voltage (Voc) is the perovskite
solar cell.[101] In addition, with a tunable bandgap between 1.48 and 2.23 e¢V,[102] there is
considerable flexibility to optimize light transmission to the bottom cell effectively. These
qualities make the Perovskite/Silicon (Pero-Si) tandem a promising tandem combination in

terms of efficiency, cost, and scalability for terawatt production scale.[103-107]

The thickness of Si wafers has been progressively decreasing from 400 um in 1990[9] to
approximately 150 um at present, and it is expected that the wafer thickness will continue to
decrease for at least the next decade.[23, 108] Based on this, it is anticipated that Si-bottom
cells for Pero-Si tandems will be fabricated on wafers that are less than 100 um in thickness
in the future. A major concern with thin SHJ solar cells a bottom cell is the transmission loss
of some infra-red light, which is more enhanced for thinner cells. In this case, employing
light trapping techniques is essential to avoid substantial reductions in Jsc. A section of this
thesis has been allocated to investigate the consequences of wafer thinning on the

functionality of the bottom SHJ cell when it operates under the perovskite-filtered spectrum.

Figure 2.11 shows a schematic of a typical perovskite / silicon heterojunction tandem solar
cell showing near infrared light transmitted to the bottom cell and the solar spectrum showing
the portion available to the bottom cell. In Pero-Si tandem cells, only the long wavelength
portion of the solar spectrum reaches the Si bottom cell. As a result, the losses related to
short wavelength light, such as parasitic absorption by the functional layers on the front side
of silicon solar cells, are no longer relevant because this portion of the spectrum is already
absorbed by the perovskite top cell. From the point of view of SHJ solar cells as the bottom
cell, it allows the freedom of optimization of the stacked layers such as the passivation layer,

doped layer, and the transparent conductive layer.
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Figure 2.11: (a)Schematic of a typical perovskite / silicon heterojunction tandem solar cell showing
near infrared light transmitted to the bottom cell and (b) Solar spectrum showing the portion that

travels to the bottom cell calculated from perovskite transmittance data from ref [109].

As previously discussed, one of the significant losses associated with silicon solar cells stems
from recombination caused by the cells' imperfect surfaces.[110] The utilization of thicker
passivation layers reduces the effects of surface recombination, thereby, increasing both the
Voc and FF of the solar cell. Under AM1.5G illumination, concerns about Jsc losses due to
parasitic absorption and FF losses due to series resistance may emerge. However, under the
new spectrum, the front side parasitic absorption is diminished while the resistive losses are

reduced due to lower light intensity.[111, 112]

In Chapter 5, a thorough examination of thin SHJ cells as bottom cells in Pero-Si tandem
devices is presented. The effect of passivation layer thickness on Vocand FF under the new
light spectrum is studied. The analysis takes into account the impacts of spectral effects, light

intensity, and the usage of back reflectors to enhance light trapping.

2.8. Thin SHJ solar cells for indoor applications

The increasing demand for self-powered, low-power microelectronic devices, such as
sensors, meters, wearables, and actuators for indoor use, is primarily due to the growth of
the Internet of Things (IoT).[113-116] It is predicted that approximately 75 billion
interconnected wireless devices will be in use by 2025, and using wired power or regular
batteries will not be practical.[117] Harnessing energy from indoor ambient lighting using
photovoltaic devices is a practical approach for supplying power to wireless electronic

devices with low power requirement.
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Typical indoor lighting is 300-3,000 times dimmer than direct sunlight, while in some
outdoor settings such as nighttime sidewalk lighting, the illumination level can be 30,000
times dimmer than direct sunlight.[114, 118] In contrast to natural sunlight, which
approximates a blackbody with a broad emission spectrum, artificial indoor lighting such as
light emitting diodes (LED) typically has a narrower spectrum of radiation concentrated in
the visible part of the spectrum, as illustrated in Figure 2.12b. Given that c-Si solar cells have
a bandgap of 1.1 eV, this means that most of the light emitted by the LED lamp will be
absorbed by the solar cell, thus minimizing any losses resulting from thermalization caused

by high-energy photons and transmission through the rear of the solar cell.
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Figure 2.12: (a) Schematic representation of solar cell under LED lighting and (b) External
quantum efficiency of a typical c-Si solar cell with normalized AM1.5G and LED spectra .

For a uniform representation of the intensity of artificial lighting such as LED lamps, the
intensity is measured in lux, which is the illuminance or the amount of visible light falling
on a surface. This unit considers the human eye's sensitivity to the different wavelengths of
light. To calculate illuminance in lux, the spectral power density distribution P(A) for the
respective light source is considered. Additionally, the photopic luminous efficiency
function V(2), which represents the relative sensitivity of the human eye to different
wavelengths of light under daylight conditions and peaks at 555 nm, is taken into
account.[119-121] The luminous flux (¢) in lumens/m? or lux can then be determined by
integrating the product of P(A) and V(L) over the visible spectrum (from 380 nm to 780 nm),

using the formular in Equation (2.38):
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780 nm
P =683 fsso nm

P(A)-V(A)dar (2.40)
Here, 683 has a unit of lumens/W and is a constant that represents the maximum luminous

efficacy of light at 555 nm.

According to theoretical calculations, the optimum thickness of c¢-Si solar cells under white
LED at 250 lux, which is a typical illumination level of a well-lit office, is 1.8 pm.[118]
However, given that such thickness of ¢-Si is achievable only through expensive bottom-up
processes such as epitaxial growth method, it is important to consider the use of practical
thin c-Si solar cells produced using the existing mainstream processes. Additionally,
ultrathin c-Si wafers tend to be more fragile and prone to breakage, making them less suitable
for certain applications. In Chapter 6, a brief experimental study of the effect of wafer
thickness ranging between 80 and 170 um under indoor LED lighting and compared to AM
1.5G is discussed.

2.9. Thin SHJ solar cells for shingle modules

Interconnecting solar cells into modules is an important step toward making photovoltaic
devices applicable in practical systems. Of particular interest in this work is the integration
of silicon heterojunction (SHJ) mini modules with electrochemical (EC) cells for solar fuel
production at the laboratory scale. To enable direct solar-to-fuel conversion, SHJ solar cells
must be configured into modules that provide sufficient voltage to drive electrochemical
reactions under ambient conditions. These reactions, such as CO: reduction and water
splitting, typically require operating voltages greater than 1.5 V[122] when considering both
thermodynamic requirements and kinetic overpotentials, whereas individual SHJ cells
usually provide open-circuit voltages below 0.75 V. This makes it necessary to connect at

least three cells in series to meet the voltage demands of electrochemical cells.

Figure 2.13 shows the polarization curve of an artificial leaf device, adapted from recent
work, which illustrates the current-voltage characteristics of an electrochemical cell
converting carbon dioxide and water into hydrogen and formate.[123] Also shown in the
figure are the current—voltage (IV) curves of silicon heterojunction mini modules composed
of one to five cells connected in series. The curves show that configurations with only one

or two cells do not provide enough voltage to drive the electrochemical reactions, while
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modules with three or more cells reach the required voltage range for effective operation.
This highlights the need to carefully match the voltage output of the photovoltaic module
with the operating requirements of the electrochemical cell. The figure also illustrates the
importance of coupling efficiency: the closer the maximum power point of the photovoltaic
module (indicated by the black dots) is to the operating point of the electrochemical cell

(marked by the red dots), the better the coupling factor and the higher the overall system

efficiency.
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Figure 2.13: Current—voltage characteristics of silicon heterojunction mini-modules consisting of 1
to 5 cells in series (black curves) and the polarization curve of an electrochemical cell (red curve)
converting COz and H-O into hydrogen and formate.[123] The black dots indicate the maximum
power points of each photovoltaic configuration, while the red dots represent the corresponding

operating points where the PV and EC characteristics intersect.

As discussed in Section 2.5, thin-wafer-based SHJ solar cells typically achieve higher open-
circuit voltages than thicker-wafer-based cells, largely due to their increased charge carrier
concentration. This difference could be even more significant when cells are connected in
series to form a module, as the total Voc is the sum of the Voc values of the individual cells.
Thin wafers, with their inherently higher Voc, offer the potential for substantially greater
voltage output at the module level compared to modules made with thicker cells. Of
particular interest is how the Vipp evolves in these modules, as it directly impacts their
operating voltage and overall power conversion efficiency. Exploring this aspect provides

valuable insights into the performance potential of thin-wafer modules. As the industry
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continues to explore thinner wafers for cost reduction and improved performance,
understanding how their advantages translate from the cell to the module level could provide
valuable insights for advancing photovoltaic designs.

(a) Sgtlndnf::ti\g:e (b) Soldered

busbar-to-bushar
connection

Figure 2.14: Schematic illustration of cell interconnection in (a) conventional solar modules using

soldered interconnect ribbons and (b) shingle modules with busbar-to-busbar overlapping cells.

In conventional series-connected solar modules, individual cells are joined together using
cell interconnectors. This connection typically involves a wire that is soldered to the busbars
and connecting the top and bottom of each cell, collecting the current generated along the
busbars as shown in Figure 2.14(a). The shingle modules on the other hand involve a direct
soldering of the positive terminal of one cell and the negative terminal of the adjacent cell,
eliminating the need for wires, as illustrated in Figure 2.14(b). In this arrangement, the front-
side busbar of each cell, which would otherwise cause shading losses and reduce the active
area, is positioned along the cell’s edge and overlapped by the rear busbar of the neighboring
cell. This design removes the inactive spaces and gaps present in conventional modules,
allowing the active area of each subsequent cell to fill what would otherwise be unutilized
space.[124, 125] In other words, shingle modules have a greater active area, enabling them

to achieve higher efficiencies than conventional modules.

In Chapter 7, the evolution of small-scale 80 pm cells into modules is compared with that of
thicker 135 pm cells, examining the impact of processes like laser cutting and the
performance changes (especially the Voc and the Vmpp) as the number of interconnected
cells increases. These small-scale modules have been particularly valuable for direct
integration with electrochemical cells at the lab scale, where meeting specific voltage

requirements is crucial for achieving high solar-to-fuel efficiency.

53



54



3. Experimental details

3.1. Silicon Heterojunction Solar Cell Fabrication

In this section, the experimental procedures involved in the fabrication of SHJ solar cells
used in this thesis are described, with Figure 3.1 displaying the process flow. Initially, the
wafers are thinned, textured, and cleaned using a wetbench process before the deposition of
the amorphous intrinsic and doped layers through the Plasma-enhanced chemical vapor
deposition (PECVD) technique. Then, ITO layers are sputtered onto the surfaces using a
magnetron sputtering device, followed by the screen printing of silver contact grids on both
sides of the wafer to produce bifacial cells. Although the cell fabrication process typically
ends at this stage, in Chapter 5, further steps are taken to improve light trapping within the
cells. For instance, the electron beam evaporation method is employed to deposit MgF» on
the front side, acting as an anti-reflection layer, and on the rear side to support back reflection

with the full back Ag, which is also done using the magnetron sputtering process.

c-Si (n)
Wetbench thinning, texturing, cleaning PECVD i ™. FESHE
layer layer
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Figure 3.1: Process flow for the fabrication of silicon heterojunction solar cells
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Wetbench Process

The initial stage in the preparation of wafers prior to deposition is the wetbench process. For
the purposes of this thesis, monocrystalline Czochralski-grown M2 and M2+ n-type (100)
silicon wafers with resistivities ranging from 1 to 3 Qcm, procured from LONGi, were
utilized. The wetbench process entails three primary steps: thinning, texturing, and cleaning
of the Si wafers. Following each step, the wafers are rinsed with deionized water using a
quick dump rinser (QDR) and left to air dry. Initially, the wafers are thinned using a saw
damage removal (SDR) process, which entails immersing them in a dilute KOH solution. To
achieve wafers of varying thicknesses, the SDR time was adjusted. The etching rate during
the thinning process was assessed by analyzing the weight loss of the wafers. During the
development stage of the wafer thinning experiment (which is not included in this thesis),
three methods were employed to measure the wafer thickness: calculating it from the wafer
weight, using cross-sectional scanning electron microscopy (SEM), and measuring it
mechanically at the LOANA solar simulator. The uniformity of wafer etching was
determined using cross-sectional SEM. The thinning process appeared to be highly uniform,
with a variation in thickness of only 2 pm for the thinnest wafers. Following calibration, the
thickness of the wafer was routinely estimated by calculating it from the wafer weight. After
thinning, the wafers are textured using anisotropic etching with dilute KOH and an additive
called cellTex ultraTN from ICB GmbH & Co. KG. Next, the wafers were treated in a
solution of dilute HCI with ozone gas. Finally, the wafers are cleaned in a mixture of HF,
HCI, O3, and H20, rinsed, and left to dry. Ideally, the wafers are then immediately transferred
to the PECVD system for the thin film depositions to prevent formation of oxide films on

the wafer surfaces.

Plasma-enhanced chemical vapour deposition

Plasma-Enhanced chemical vapor deposition (PECVD) is a commonly utilized method for
producing high-quality, thin films on substrates at a lower temperature than traditional
chemical vapor deposition (CVD) processes. The PECVD generally entails injecting a
mixture of precursor gases into a vacuum chamber with a substrate present. Then, using a
radio frequency generator is utilized to ignite plasma in the gas mixture, which breaks down

the precursor molecules into reactive components. These species can then interact and settle
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on the substrate to create a film.[126] Figure 3.2 shows a schematic representation of the AK

1000 Inline PECVD device used for this thesis.
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Figure 3.2: Schematic top view of the AK 1000 Inline PECVD system

The PECVD device consists of five chambers which includes three process modules (PM 1,
PM 2 and PM 3) and two loading modules (LM 1 and LM 2). The substrates are loaded and
unloaded in and out of the device through LM 1 and LM 2. Each chamber has the capacity
of depositing on nine M2 size wafers at a time. In the process chambers, the process gases
are introduced through a gas pipe and the gas distribution is integrated with the upper
electrode which is powered by the radio frequency generator. The substrates are placed in
the lower electrode which is grounded. Both electrodes are maintained at a temperature of
200 °C. To facilitate the plasma process, the substrate electrode is raised and brought into
contact with the upper chamber, creating a separate plasma discharge chamber called the S-
Cube as shown in PM 2.[127] This chamber is evacuated by a separate backing pump, while

the vacuum pressure is regulated by a butterfly valve.

The solar cells used in this thesis employ wafers that undergo the following process. Initially,
the wafers are loaded onto LM 2 and transported to PM 3, where intrinsic and n-doped a-
Si:H are deposited sequentially. Following this, the wafers are returned to LM 2, flipped,
and then transported to PM 2 for the deposition of the rear-side i-layer. Lastly, the wafers
are transported to PM1 via LM 1, where p-doped a-Si:H is deposited. The process gases for
the intrinsic a-Si:H layer are hydrogen (H2) and silane (SiH4). To achieve the n-doped and
p-doped layers, phosphine (PH3) and diborane (B2Hg) are admixed to the intrinsic gases

respectively.
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Magnetron sputtering

Magnetron sputtering is a deposition technique that utilizes a gaseous plasma, generated and
confined near a solid target containing the material to be deposited. The plasma’s energetic
ions erode the target's surface, causing the emission of atoms that travel and settle on a
substrate to form a thin film. During the standard procedure of sputtering deposition, the
chamber is initially evacuated to a high vacuum state for the purpose of minimizing the
partial pressures of all background gases and possible impurities. Upon attaining the base
pressure, an inert gas like argon is introduced into the chamber, and a pressure control system

is employed to sustain the overall pressure.[128]

The cathode is typically situated directly behind the target while the anode is connected to
the chamber and serves as electrical ground. To generate plasma, a high voltage is applied
between the cathode and the anode and this results in the acceleration of electrons away from
the cathode. These electrons then collide with the atoms of the sputtering gas and result in
an electrostatic repulsion which displaces electrons from their atom, thereby ionizing the
sputtering gas. The positively charged ions in the plasma are then attracted to the negatively
charged target at a high velocity, leading to the erosion of the target surface and the release
of atoms. Consequently, the liberated atoms with sufficient kinetic energy travel and settle
on a substrate to create a thin film. To enclose the electrons within the plasma, a strong

magnetic field is utilized during the sputtering process.[128]

For the purposes of this thesis, the magnetron sputtering process was used in the deposition
of ITO and the full back Ag contact. The ITO films were deposited using a cylindrical target
composed of 97:3 wt.% In203:SnO; target with a substrate temperature of 200 °C while
100% Ag target was used to sputter the full back Ag contact at 25 °C.

Screen printing

The most common method for applying metal contacts onto the surface of c-Si solar cells is
the screen printing process.[129] This technique involves using a patterned or screen to print
a metal paste, in this case, Ag, onto the c-Si wafer. The screen comprises a structured

emulsion mask layer on top of a finely woven steel mesh that has been stretched and secured
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by a metal frame. The emulsion mask layer is structured in a way that creates the desired

contact pattern on the solar cells through the openings.[130]

To initiate the process, the wafer is placed on the printing table and secured in place. The
screen is positioned directly above the wafer, and the paste is applied onto the screen using
a flood blade, which fills the mesh evenly. A squeegee is used to press paste through the
open areas of the mesh screen, which results in the pattern of the mesh being transferred onto
the sample. To achieve low lateral grid resistance without additional shadowing, the cell’s
front side undergoes a double print which increases finger height. Figure 3.3 shows the
screen printing designs used in this thesis. Following the screen printing process, the cells
are typically dried for 10 minutes at 150 °C. Subsequently, cells with Design A were
annealed at 170 °C for 40 minutes, while the Design B cells for mini modules were annealed
at 200 °C. The higher annealing temperature for the latter cells is to ensure better adhesion
of the Ag paste, which allows for firm soldering of the shingle cells. After the annealing

process, the cells are allowed to cool down and then flipped for printing on the other side.

{a) ~ ()

= Mini-celi
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Figure 3.3: Screen-printed front-side metallization layouts for (a) Design A: full-size SHJ solar

cells and (b) Design B: segmented mini-cell layout designed for shingle module integration.

The reference cell in Design B was employed for single cell studies in Chapter 4 while the
minicells were used for tilt angle, indoor LED (Chapter 6) and minimodules studies (Chapter
7). The Design A was used for the studies of SHJ solar cells for Pero-Si tandem applications
in Chapter 5. The minicell design consists of 32 mini cells which are cut using the laser

cutter and then soldered to produce shingle cells. More information on this will be discussed
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in Section 3.2. The reference area consisting of 5 busbars is used as a reference to the mini

cells to estimate the losses involved in the laser cutting process.

Electron beam evaporation

Electron beam evaporation is a technique for physical vapor deposition that involves the
bombardment of a target material with an electron beam generated by an electron gun
consisting of charged tungsten filament in a high vacuum chamber. When this occurs, the
atoms from the target material vaporize and then form a precipitate that coats everything in
the vacuum chamber, including the substrate material forming a thin film.[131] In this thesis,
electron beam evaporation was applied to deposit magnesium fluoride (MgF2) layer on both
sides of already screen-printed cells to act as an anti-reflection coating (ARC) and support
layer for back reflection. To prevent any negative impact on the cell's electrical properties,
the metal contacts at the sides of the cell are covered during the deposition process, thus

ensuring that the MgF» does not have any adverse effect on the cell's performance.

Light soaking technique

Light soaking in solar cells involves exposing the cell to prolonged, continuous illumination
to enhance or stabilize its performance. In SHJ solar cells, light soaking is used to enhance
passivation at the silicon interface and boost carrier transport properties. The process is split
into two effects: heating effect and light effect. The heating effect works on improving the
conductivity of the TCO layer while the light effect works on improving the passivation
quality of the amorphous silicon layers. More detailed discussion on this process can be

found in Ref. [132].

The light soaking system is made up of a chamber containing a heating table that can contain
4 M2 cells per batch. An automatic rail system is used to position and move the cells to the
preheated chamber. To maintain good thermal contact, the cells are suctioned firmly on the
table using a vacuum pump connected to the heating table. The process temperature is set
and can be synchronized over the illumination and the heating table by air circulation. To

maintain a consistent temperature on the cells throughout the process, a pyrometer is utilized
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to monitor the cells' temperature. An LED panel is used as a light source and to prevent
overheating of the LED, a water cooler is used to maintain its temperature below 30 °C. The
chamber walls are mounted with mirrors to prevent scattering losses. For the purposes of
this thesis, after screen printing and the Ag full-back sputtering, the cells were treated to a
simultaneous light-soaking and annealing process at an intensity of 55 kW/m? and at a
temperature of 190 °C for 90 seconds. The effects of this process on the performance of the

solar cells can be found in Chapter 5.

3.2. Minimodule Fabrication

To produce minimodules, the cells with the screen-printing design shown in Figure 3.3(b)
are cut using a picosecond laser cutting machine. Thereafter, the individual cells are
characterized and the cells with similar electrical properties are soldered together using
adhesive solder paste to form shingle modules. In this section, the fabrication processes of

the shingle modules are discussed.

Laser-Cutting Process

In this work, the Ultrashort Pulse InnoSlab Laser from the PX series by Edgewave was used.
This laser operates at a wavelength of 532 nm. Several parameters are important in
optimizing the laser-cutting process, namely, the percentage power, pulse-repetition
frequency, cutting speed and the number of repetitions. The power which governs the
intensity of the laser beam is determined by the total optical energy produced per second.
The pulse-repetition frequency (fpuise) is the number of pulses per second that hit the sample’s
surface, and it is controlled by adjusting the frequency at which a gate - which can allow or
block the laser - is opened and closed. The cutting speed (v) measures how fast the laser
moves across the surface of the solar cell while the number of repetitions (7) is how many
times the laser beam passes over the same spot. All these parameters affect the cutting depth
and the smoothness of the edges of the cut cells. The effect of these parameters on cutting

80 um and 135 um cells are discussed in Chapter 7.
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Shingle modules preparation

The soldering process of silicon mini shingle modules produced in this thesis uses a low-
temperature solder alloy composed of Tin, Bismuth, and Silver (Sn42Bi57Ag1). This solder
melts and facilitates bonding at a temperature range of 160°C to 180°C. The low soldering
temperature is particularly important for silicon heterojunction cells, which require low-
temperature processes to preserve the amorphous silicon layers. For the busbar-to-busbar
interconnection, the paste was applied only to the front side of each silicon cell and placed
in the soldering machine. The next cell was then carefully positioned so that its rear busbar
connected precisely with the front busbar of the previous cell, which had already been coated

with the paste.

Temperature
display

Silicone
press pad

Heating wire

Solar cell stage

Figure 3.4: Custom-designed soldering machine used for producing shingle mini-modules,
featuring temperature-controlled heating elements, silicone press pad, and toggle clamps for precise

alignment and secure interconnection of overlapping solar cells.

The soldering machine was designed for precise alignment and controlled heating, as shown
in Figure 3.4. Its lower stage consists of a silicone cell holder, which aligns the rear busbar
of one cell perfectly with the front busbar of the adjacent cell. The upper part features a

silicone pressing pad with embedded heating wires, positioned to apply heat exclusively to
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the busbar area. A toggle clamp secures the upper press pad to the lower stage, maintaining
alignment and consistent pressure during soldering. To supply heat to the soldering machine,
a DC power supply was used. The soldering current was gradually increased until the
temperature of the heating wires reached about 180°C to 200°C. This temperature was then
maintained for about 20 seconds to ensure the heat transfer between the cells was sufficient

to melt the solder paste and create a strong, reliable joint between the cells.
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Figure 3.5: Images of representative modules showing the 2-, 3-, 4-, 5-, 6-, 7- cell modules

configurations produced.

Using this method, 2-, 3-, 4-, 5-, 6-, 7- cell modules of 80 and 135 um thicknesses were
prepared. The copper wires were soldered separately to the front busbar of the outermost cell
and the rear busbar to the innermost cell to enable external connections. The 6-cell modules
were created by soldering two 3-cell modules together in series using copper wires, while
the 7-cell modules were formed by connecting one 3-cell module and one 4-cell module in

series. This configuration was used to reduce the effect of light inhomogeneity, which is
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more pronounced away from the center of the solar simulator stage, during measurements.

Figure 3.5 shows the representative cells of all configurations used in this thesis.

3.3. Solar Cell and Module Characterization

Photoconductance Measurement

Photoconductance lifetime tester WCT 120 by Sinton Instruments is a widely accepted tool
for assessing the quality of crystalline silicon wafers used in solar cell manufacturing. By
evaluating the charge carrier dynamics of silicon solar cells early in the production process,
the device offers valuable insights into the potential efficiency of solar cells. During a
measurement, the Si wafer is placed on a stage with an induction coil embedded underneath,
which generates a radio-frequency electromagnetic field coupled to the wafer. An infrared
light pulse generates excess charge carriers (4n) within the wafer and the recombination of

these carriers causes a decay in photoconductance which is detected by the device.

The Sinton WC-120 system offers two primary measurement modes: quasi-steady-state and
transient. In the quasi-steady-state mode, the sample is exposed to a prolonged light pulse,
ensuring that the excess minority carrier density remains nearly constant over time. Under
these conditions, the generation and recombination rates are equal. In quasi-steady-state
conditions, the generation rate is equal to the recombination rate, and hence, Equation (2.4)

in Section 2.2.2 becomes

An
Teff = 5o (3.1)

For accurate quasi-steady-state measurements, the flash lamp's decay constant must be at
least ten times longer than the excess minority carrier lifetime. Therefore, this method is
restricted to samples with 7,5 less than 200 ps and is not suitable for the high-quality Si

wafers used in this thesis.

In this thesis, the transient method which allows for wafer with 7, greater than 200 pus was
used to obtain the effective lifetime. In this case, G(t) = 0 since the decay recorded occurs
after the flash has been turned off and the system is no longer in steady state. Hence, Equation

(2.4) reduces to
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—-An
Teff = aany (3.2)
dt

From the measured lifetime and excess carrier concentration, additional relevant parameters,
including the surface recombination velocity and implied I-V characteristics, were extracted

using the relevant relations described in Section 2.2.2.

Current density — Voltage (JV) Characteristics

In this thesis, two different solar simulators were used for characterizing the solar cells due
to considerations of simulator compatibility with the size and contacts of the solar cells. For
the cells discussed in Chapters 4 and 5, respectively, the LOANA solar cell analysis system
from PV-Tools GmbH with a Wavelabs Sinus 220 light source was utilized. To analyze the
mini cells and shingle modules under both indoor LED and AM1.5G conditions discussed

in Chapters 6 and 7, a solar simulator manufactured by Wacom (SunSim2) was utilized.

Using the LOANA solar simulator, three distinct modes of current-voltage (JV)
measurements were employed—dark-JV, Jsc-Voc, and light-JV—each tailored to analyze
specific parameters of silicon heterojunction (SHJ) solar cells. Dark-JV measurements were
conducted to determine the shunt resistance (Rsy) in the absence of illumination and to derive
information about the two saturation currents (Jo; and Jyp2). This mode is crucial for
understanding the diode characteristics and leakage currents of the solar cells, providing
insight into the intrinsic electrical behavior without the influence of photo-generated carriers.
Jsc-Voc measurements were performed at varying light intensities to obtain the short-circuit
current (Jsc) and open-circuit voltage (Voc) values, which were subsequently plotted to
generate a JV curve. This method leverages the fact that Voc and Jsc are not influenced by
series resistance (Rs) at values less than 10 Qcm?.[133] Consequently, the Jsc-¥oc mode is
instrumental in determining the pseudo-fill factor (pFF) of the Voc solar cell. The pseudo-
fill factor represents the fill factor (FF) the cell would exhibit if series resistance effects were
negligible. Light-J/ measurements were utilized to evaluate key performance parameters of
the solar cells under standard illumination conditions. This mode allows for the direct
determination of Jsc, Voc, FF, and overall cell efficiency (7). The light-JV" characteristics

reflect the real-world operational performance of the solar cells, incorporating the effects of

65



Experimental details

both series and shunt resistances, and providing a comprehensive assessment of the cell's

efficiency.

To investigate the performance of SHJ solar cells as bottom cells in perovskite-silicon
tandem configurations, a custom light setup was developed to replicate the spectral
conditions experienced by the bottom cell. This was achieved by generating a perovskite-
filtered spectrum based on semi-transparent perovskite transmission data from Zhang et
al.[109]. The transmission data was modified to a consistent 95% transmission rate between
800 nm and 1200 nm as shown in Figure 3.6. This adjusted transmittance spectrum was then
multiplied by global irradiance values corresponding to each wavelength of light. The
resulting spectrum was then reprogrammed into the LOANA system by finely tuning the
intensity of LEDs emitting light at different wavelengths, ensuring that the emitted spectrum

replicated the desired perovskite transmission profile.
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Figure 3.6: Perovskite-filtered spectrum obtained as a product of the solar spectrum and the
transmittance of perovskite solar cell reported by Zhang et al.[109] and adjusted to 95%

transmittance from 800 nm to 1200 nm

The mini cell and shingle modules used in Chapters 6 and 7 were tested under AM1.5G solar
illumination using a class-A sun simulator manufactured by Wacom, which utilized a
combination of xenon and halogen light sources. For the LED indoor tests, the experimental
setup remained similar, except that the light source was replaced with an Osram 5.5W LED

spotlight emitting "cool white" light at 4000 K. This light source was positioned at a
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calibrated 20 cm away from the sample stage. Prior to each measurement session, the
intensity and spectral characteristics of the LED were carefully measured using a spectral
analyzer. Each measurement began at least 15 minutes after turning on the LED bulb to
ensure stable operation and reliable, consistent results throughout the testing process. For

measurements at different light intensities, neutral density filters sized 20 x 20 cm were used.

Quantum Efficiency and Reflectance

In this thesis, two different systems were used to measure the external quantum efficiency
EQE and reflectance R of the cells due to size and contact compatibility. For the cells used
in Chapter 5, the LOANA system from PV-Tools GmbH was used while the Grating
Monochromator Quantum Efficiency (GM.QE) setup for the single cell modules measured
in Chapter 6. Before measuring the cells, a reference photodetector with a known spectral
response is used to calibrate the system. This step ensures that the light intensity at each
wavelength is accurately known. During measurements the solar cells are set under short-
circuit conditions and illuminated. Using a diffraction grating monochromator, the
wavelength of the incident light is varied. A bias light, which simulates the intensity of light
at 1-sun is used which allows the solar cell to maintain a consistent electrical response
throughout the measurement. The monochromator alternates between illuminating the solar
cell with monochromatic light and interrupting it with the brighter bias light. This
modulation allows the system to distinguish between the current generated specifically by
the monochromatic light and any background or baseline current produced under steady-

state conditions with the bias light.

Photoluminescence

Photoluminescence (PL) is a powerful, non-invasive technique that enables the detection of
specific impurities in semiconductors and offers spatially resolved insights into the quality
of solar cells. Since it does not require physical contact or cell encapsulation, PL can be
applied throughout various stages of the solar cell fabrication process. In this method, the
sample is illuminated with a light source which is typically a laser with photon energy

exceeding the material's band gap. This excitation generates excess electron-hole pairs,
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which can recombine either radiatively or non-radiatively. The radiative recombination of
these carriers results in the emission of photons, primarily in the near-infrared for crystalline
silicon. The resulting PL image typically appears as a grayscale or false-color intensity map,
where bright regions indicate high radiative recombination corresponding to areas with
longer minority carrier lifetimes and better material quality. In contrast, darker regions
represent non-radiative recombination sites such as surface damage, impurities, or
processing defects. For instance, darkened edges in the image may signal increased edge

recombination due to laser cutting damage or poor passivation.

For the PL experiments in this work, a Princeton Instruments NIRvana 640 InGaAs camera
was used to detect near-infrared luminescence emitted by the solar cells. The camera was
fitted with a 1050 nm band-pass filter with a full width at half maximum (FWHM) of 30 nm
to effectively block scattered light from the 808 nm excitation laser. An integration time of
10 milliseconds was used to collect sufficient signal while avoiding saturation. To enhance
image quality, a background image captured under identical conditions without illumination
was subtracted from each measurement. This ensured the removal of thermal and sensor

noise from the final PL images.
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4. Wafer Thickness Effect on SHJ Solar
Cells

In this chapter, the experimental results on the impact of wafer thickness on the performance
of SHJ solar cells are discussed. Here, several SHJ solar cells of thicknesses ranging from
60 to 170 pum were prepared as discussed in the previous chapter. To isolate and identify
losses, the solar cells were investigated at different stages of preparation. In the first section
of this chapter, the lifetime studies of the sample wafers after passivation layer deposition
but before ITO deposition were discussed. In the next section, the study's focus was on
analyzing and comparing the impact of wafer thickness on the solar cell parameters before
and after the metallization process. Specifically, the study examined the gains and losses
associated with different wafer thicknesses. Finally, the performance of representative cells
of different thicknesses at different tilt angles was discussed. This investigation sheds light
on how wafer thickness and orientation relative to sunlight affects the performance of the

solar cells. Some of the results presented in this chapter have been published in ref.[134]

4.1. Effect of wafer thickness on excess carrier lifetime

Figure 4.1 shows a plot of the effective carrier lifetime, 7,fr against the excess carrier
density, An reconstructed from lifetime measurements. The colored lines represent the
lifetime curves for representative Si wafers of 80, 100, 130 and 170 um thickness with
resistivity of approximately 1 Qcm. The white dots labelled “MPP” represent the 7.sr and
An points where the implied power from the implied JV curve generated from the

measurement is maximum while the white dots labelled “iVoc” represent the T.¢ and 4n

points where the iVocis at 1 sun. The dashed lines represent the Auger lifetime limit curves
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based on models by Kerr-Cuevas [12], Richter [85], and Veith-Wolf [11]. From the plot, the
influence of surface recombination is clearly visible at low injection levels as 7, s; reduces
with decreased thickness for a broad range of the excess carrier density, An, which is most
pronounced at An below 5x10'* cm™. At low injection levels, Tof; is limited by SRH
recombination mostly at the surfaces. With the reduction of wafer thickness, the surface
recombination gains significance and thereby reducing 7,y as the volume of the Si bulk is
reduced and imperfect surfaces get closer to each other. At higher injection conditions (4n
> 10'6 cm), the effect of Auger recombination takes over and the influence of the wafer

thickness becomes less significant.
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Figure 4.1: Effective carrier lifetime 7,5 vs excess carrier density An at different thicknesses (80 —

170 um with measured resistivity approximately 1 Qcm. The dashed lines represent the Auger
lifetime limit from different models at 1 Qcm.[11, 12, 85]

Using the PV lighthouse recombination calculator,[135] simulations of the Auger-limited
lifetime were performed using the bandgap narrowing parametrization by Schenk,[89]
dopant ionization model by Altermatt et al.,[136] and radiative recombination model by
Trupke et al.[137] The results of simulations also presented in Figure 4.1 for models by Kerr-
Cuevas,[12] Richter[85] and Veith-Wolf.[11] show that the experimental lifetime is well
below the Auger limit at low carrier density where SRH recombination dominates. The
simulated values of the 7,7 approaches the experimental values at higher carrier density,

however there are still noticeable differences in values and slopes between the experimental
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data and simulation. The current device apparently requires a more detailed modelling to
account for the carrier density distribution. In all four lifetime curves, the points of the one-
sun implied Voc are deep in the “Auger regime” — the high carrier density region where
Auger recombination plays a dominating role. Here, it is expected that the theoretical
predictions[10-12, 21, 85, 92] based on Auger recombination limit are most relevant for the
experimental data. At the same time, it can be seen in Figure 4.1 that the implied FF' (MPP)
points of all thicknesses are deep in the carrier density range dominated by SRH
recombination, therefore, the predictions made with Auger limit are less relevant for the fill
factor. In other words, the implied Voc in high quality SHJ solar cell precursors is very close
to the fundamental Auger limit while the iFF is to a large extent limited by the quality of the

wafer passivation.

An alternative way to present the transition between SRH and Auger recombination regimes
is to calculate the differential ideality factor n?dif f using Equation (2.25). Figure 4.2 presents
the differential ideality factor from both experimental measurements and simulations,
enabling a direct comparison between the two. The simulation was performed by calculating
the implied open-circuit voltage i¥oc and corresponding nf;f T as a function of generation
rate, using the approach described in Section 2.3.2. To ensure meaningful comparison with
the measured data, the effective minority carrier lifetime used in the simulation for each
wafer thickness was matched to the corresponding measured effective lifetime, namely
Teff= 3.7 ms for the 170 pm wafer and 7,7 = 2.2 ms for the 80 um wafer. The simulation

also assumed a wafer dopant concentration Np of 1.56 x 10'° cm™

, corresponding to the base
doping level of the wafers used in this study. The Auger recombination coefficients, C, and
C, were adopted from the empirical parameterization by Black and Macdonald[138]. The

key input parameters utilized in the simulation are summarized in Table 4.1.

Although the simulated curves in Figure 4.2 do not align quantitatively with the measured
data, they capture the general shape and the transitions in recombination behavior across
different injection levels. The mismatch likely results from the simplified assumptions made
in the simulation, such as treating the wafer as a uniformly doped bulk with constant lifetime
and not including the layered structure of the actual SHJ precursors. Still, the simulation
offers meaningful qualitative insights. One noticeable feature is the systematic shift in iVoc

between the different wafer thicknesses, both in the measured and simulated data. This shift
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is a direct consequence of the wafer thickness effect: thinner wafers exhibit higher iVoc, as
their reduced volume results in higher excess carrier density and larger quasi-Fermi level

splitting at a given illumination level.

Table 4.1: Simulation parameters used for modeling differential ideality factor

Parameter Value

Ch 1.56 x 103% cm®s™! [138]
(O 5.54x 103 em®s [138]
Np 1.6 x 10" cm™

Tnp (170 pm) 3.7 ms

Tnp (80 um) 2.2 ms

At lower injection levels, nfgf T from measured data exhibit significant scatter and noise
compared to the smooth simulated curves. This is a well-known limitation of the QSSPC-
based differential ideality factor extraction. At low injection, the signal-to-noise ratio in
photoconductance measurements deteriorates due to the low excess carrier concentration,

resulting in greater measurement uncertainty.[139] In addition, the numerical derivative
diVoc
din(e)

. di ..
inn; ;f T under these conditions.

becomes highly sensitive to small fluctuations in the signal, further amplifying noise

In the SRH-dominated regime, the simulated n?dif !

curves show slightly higher values
compared to the experimental data. As mentioned earlier, one possible explanation for this
discrepancy is the difference in material structure between the simulated and actual wafers.
The simulations are based on single-crystalline wafers with uniform doping, whereas the
SHIJ precursors used in the measurements include both passivated and doped layers (intrinsic

and doped a-Si:H layers).
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Figure 4.2: Measured and simulated differential ideality factor, n?;f T as a function of

voltage, V for 80 pm and 170 pm wafers, indicating the maximum power point and open

circuit voltage.

At high injection levels, where Auger recombination dominates, the simulated nfdif T curves
show the expected convergence toward a universal trend, driven solely by intrinsic Auger
recombination, which depends only on the carrier density. In contrast, the experimental
curves for different wafer thicknesses do not fully converge to the same dependence at high

voltage. This indicates that in practical SHJ precursors, additional effects beyond intrinsic

Auger recombination are present.

Regarding the positions of key operating points, the region near the iVoc at 1 sun typically

around 0.73-0.76 V for these wafers, corresponds to the high injection Auger-dominated
regime, where the measured n?;f T yalues remain below 1. In contrast, the implied fill factor
(MPP) region lies at intermediate voltages where measured n?dif Tis in the range of
approximately 1.2—1.4, consistent with a regime still influenced by SRH recombination. The

presence of SRH recombination near the MPP highlights that in practical SHJ devices, the

fill factor remains limited by recombination processes beyond the fundamental Auger limit.
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These observations confirm that while Auger recombination dominates at high injection, the
real device behavior is influenced by additional factors not captured in simple Auger-limited
models. Zero-dimensional predictions of the Auger limit are therefore insufficient to fully
describe the realistic behavior of SHJ devices. Further work is needed to incorporate these
effects into more advanced modeling approaches in order to better understand and approach

the practical performance limits of SHJ solar cells.
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Figure 4.3: Inverse effective lifetime vs inverse wafer thickness. The bulk lifetime and the surface
recombination velocity, S are determined from the intercept on 1/ 7, axis and the slope of the

fitted red line, respectively.

To determine the contributions of bulk and surface recombination in the cells, the inverse
effective lifetime 1/7.5; was plotted against the inverse wafer thickness 1/W, as illustrated
in Figure 4.3 and described by relationship described in Equation (2.5). The actual wafer
thickness is displayed on the top x-axis for easier data interpretation. The effective lifetime
values utilized for this plot are representative of 7,5 values at excess carrier density, 4n of
1 x 10" cm™. The plot shows a significant scatter in lifetime for each given wafer thickness
which indicates some variability in the bulk wafer quality. However, it is evident that a
decrease in wafer thickness leads to a decrease in the effective lifetime of the wafer. With a

linear fit to the data presented, a bulk lifetime 75 of approximately 7.2 ms and a surface
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recombination velocity S of approximately 1.4 cm s™! were determined from the intercept on
1/7¢ 55 axis and the slope of the fitted red line, respectively. Considering that the bulk lifetime
is a factor of 2-3 higher than the total effective lifetime, it can be concluded that at the
injection level which is near the maximum power point as demonstrated in Figure 4.1, the

recombination in SHJ solar cells is dominated by surface SRH recombination.

So far, the analysis was based on photoconductance lifetime measurements on the solar cell
precursors. The following section explores the development of solar cell parameters at key

preparation stages all the way up to the final solar cell.

4.2. Effect of wafer thickness on cell parameters

4.2.1. Open circuit voltage

To achieve a high Vo, it is essential to initially provide a high excess charge carrier density,
which results in a high quasi-Fermi level splitting of the electrons and holes. Secondly, a
high contact selectivity, which is the ability of the contact to accept one type of charge
carriers over the other, is needed to extract these charge carriers at their corresponding
terminals. Figure 4.4 shows a plot of the implied open circuit i¥oc and open circuit voltage
Voc of several SHJ solar cells plotted with respect to the wafer thickness W ranging from 60
to 170 um and wafer resistivities ranging from 1 to 3 Qcm. The theoretical Voc limits at

these resistivities are also plotted as the two solid black lines in the graph [10].

The implied open circuit voltage iVoc gives the upper limit of the expected open circuit
voltage of the manufactured solar cell and the values were calculated out of the effective
lifetime data under 1-sun conditions. The iVoc points shown were obtained after the
deposition of the amorphous intrinsic and doped layers but before the deposition of the ITO.
The trend of the iVoc follows the theoretical predictions and increases with reduction of
wafer thickness with some absolute values of iVoc getting very close to the theoretical limit.
For a 60 pm wafer with a resistivity of 2.2 Qcm, a high iVoc value of 766 mV was recorded,
which is remarkably close to the Voc limit of 3 Qcm c-Si cells modeled by Richter et al.[10]
After ITO depositions, very little losses in the iVoc values were observed (not shown).

However, a substantial voltage drop was observed for the actual Voc values obtained after
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the solar cells were finalized with screen printed contacts. This drop was especially

significant at wafer thicknesses lower than 64 pm.
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Figure 4.4: Implied open circuit {Voc and open circuit voltage Voc plotted with respect to the wafer
thickness . The measured samples have resistivities ranging from 1 to 3 Qcm. The solid black
lines represent theoretical limits for Si wafers with 1 Qcm and 3 Qcm resistivities according to

parametrization by Richter et al.[10]

Among several mechanisms reported in the literature as listed by Dumbrell et al.,[140] the
most relevant for SHJ solar cell technology is related to the contact shadowing.[140-142]
The light shadowing from the front contact leads to inhomogeneous generation of
photocurrent which results in internal currents from the open regions with high generation
to the shadowed regions under the metal contacts. The related voltage drop then is observed
as the difference between iVoc and externally measured Voc. This shadowing effect is
reported to be of particular significance in front junction solar cells.[140-143] In the rear
junction solar cells studied in this work, the significance of this effect needs additional
confirmation. Finally, part of the difference between iVoc and Voc can be explained by the
imperfect selective function of the doped layers — carrier selectivity of the contacts[144-146]
especially in the high voltage case of thinned wafers. The reduction of externally measured
Voc compared to the iVoc i.e. the internal chemical potential of electron-hole pairs, naturally
becomes more significant as the wafers are getting thinner and that therefore issues with

carrier selectivity of the contacts must be settled in order to preserve the gain in quasi-Fermi
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level splitting in thinner wafers. An alternative explanation is that at such low thicknesses,
there is a higher possibility of wafer damage during metallization process which may also
result in this drop on Voc.[147, 148] A similar voltage loss behavior was obtained by Sai et

al., for wafer thicknesses less than 70 um.[149]

4.2.2. Fill factor
Figure 4.5 shows a plot of the implied fill factor iFF, pseudo fill factor pF'F and the fill factor

FF of the same cells with respect to the wafer thickness. In predictions by Richter et al., as
shown by the solid black lines, a slight increase in fill factor with reduced thickness is
expected for the studied wafer thickness range.[10] However, as it has been shown in Section
4.1, the implied fill factor (iFF) is predominantly governed by SRH recombination at the
interfaces and theoretical predictions[10, 11, 92] are of little relevance here. Not
surprisingly, the results in Figure 4.5 show a trend opposite to the theoretical predictions —
iFF slightly decreases with the wafer thickness reduction. Unlike the iVoc, the iFF is limited
by the SRH recombination dominated by the surface defects and not Auger recombination.
This result is consistent with the experimental results obtained by Richter et al.[150] To
approach intrinsic limits especially for thinner wafers, significant improvements of
passivation of the wafer surfaces is needed. Similar to the iVoc after ITO depositions, very

little change in iFF values were observed for all wafers (not shown).

After the finalization of the solar cells, the pseudo FF (pFF) out of Jsc-Voc measurement
and final FF from [V measurements are estimated. The pFF represents the diode F/F without
the effect of series and shunt resistance. The drop from iFF to pFF is smaller in the case of
the reference wafer thickness (170 um) and increases as the wafer thickness is reduced.
Similar to Voc, this increased drop from iFF to pFF for thinner wafers could be as a result
of increased effect of contact shadowing[140-142], carrier selectivity of contacts[144-146]
and possibly defects caused during the metallization process.[147, 148] The final FF values

for all wafer thicknesses drops from the pF'F due to the effect of series resistance.
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Figure 4.5: Implied fill factor iFF, pseudo fill factor pFF and fill factor FF plotted with respect to
the wafer thickness W. The measured samples have resistivities ranging from 1 to 3 Qcm. The solid
black lines represent theoretical limits for Si wafers with 1 Qcm and 3 Qcm resistivities according

to parametrization by Richter et al.[10]

4.2.3. Short-circuit current density
The short-circuit current density Jsc is strongly dependent on the optical properties of the
functional layers of the solar cell, including the thickness of the Si wafer. Figure 4.6 shows
the Jsc values of the cells of different thicknesses with the solid black line representing the
theoretical limits based on the Lambertian scattering model which assumes the maximum
optical path length enhancement within the cell.[79] There is a significant difference
between the theoretical limit and the measured short-circuit current densities which is related
to the rather optimistic Lambertian scattering usually implied in the models as well as
reflection and shadowing caused by the front metal contact in real solar cells. In addition to
these, noticeable Jsc losses are also related to the parasitic absorption of some of the light by

the passivation and doped layers on the front side of the SHJ solar cells.
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Figure 4.6: Short-circuit current density Jsc plotted with respect to the wafer thickness . The
solid black lines represent the Jsc theoretical limits for Si wafers parametrization by Richter et al.

[10] based on Lambertian scattering model[79]

However, despite the large difference between measured values and theoretical predictions,
the trend of measured Jsc, which decreases as wafer thickness decreases, is consistent with
theoretical predictions. The decrease at the lower thicknesses is a direct result of reduced
absorption in the long light wavelength region due to reduced optical path length in the solar
cells. To improve the Jsc in thinner cells several light trapping strategies such as back
reflectors and anti-reflection coatings need to be employed. In the next chapter further

discussions on Jsc enhancement are explored.

4.2.4. Efficiency

Figure 4.7 shows the final efficiency of the cells at different wafer thicknesses. The trade-
off between the decrease in Jsc values and the increase in Voc with reduced wafer thickness
results in a broad maximum of efficiency. Richter et al., predicted a maximum efficiency at
about 110 pm thickness with minimal loss between 60 to 170 um.[10] The measured results
in Figure 4.7 show a similar range of efficiency values between 75 to 170 um with the best
cell efficiency of 22.3 % (Voc = 745 mV, Jsc =37.43 mA cm™' and FF = 80%) obtained at

75 pm although there is no direct link between the work of Richter and the present results
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due to the significant influence of SRH recombination on the FF of the experimental solar

cells.
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Figure 4.7: Efficiency 5 plotted with respect to the wafer thickness W. The measured samples have
resistivities ranging from 1 to 3 Qcm. The solid black lines represent theoretical limits for Si

wafers with 1 Qcm and 3 Qcm resistivities according to parametrization by Richter et al.[10]

Considering the scatter in the data and flat trends, no optimum thickness can be identified.
Instead, it can be seen that the wafer thickness can be varied over a significant range without
compromising efficiency. Harrison et el., also reports a broad range of high efficiency for
solar cell thicknesses between 90 to 160 um.[147] At lower thicknesses, the decrease in Jsc
and the possibility of higher defectivity dominate the increased Voc, which results in a
decrease in efficiency. With improved surface passivation and higher carrier selectivity of
the contacts, there is potential for even higher efficiency in thinner wafers. However, with
the existing passivation technology, it is clear that it is possible to reduce by half the
thickness of the standard wafers majorly used in the manufacturing of silicon solar cells with

no loss and possibly gain in efficiency values.

4.3. Tilt angle performance

Moving beyond the normal AM1.5G standard, it is interesting to explore how solar cells of
varying thicknesses perform under different angles of incident solar radiation. This allows

for a better understanding of how these cells behave in such scenarios. To perform this

80



Wafer Thickness Effect on SHJ Solar Cells

experiment, single 21mm by 17 mm mini cells described in screen printing section of
Chapter 3 were used to ensure acceptable homogeneity of incident light at different angles.
For ease of contacting, copper bands were soldered onto the front and rear busbars of the
cells like in the standard module preparation. The cells of different thicknesses were placed
on a rotatable stage in the solar simulator. Starting from a zero-degree tilt angle which
represents a flat horizontal surface, the stage was tilted to one side and each measurement

taken at 15° tilt angle intervals.

Figure 4.8 shows the plots of the different solar cell parameters of cells of different thickness
with respect to the tilt angle. In Figure 4.8(a), the measured Voc is shown alongside
calculated values that account for the logarithmic dependence of Voc on Jsc. Specifically,
the calculated curves use the relation:

_ kT, (Isc(6°)
AV =n (]SC (00)) 4.1

where J5-(6°) is the short-circuit current density at a given tilt angle and Js-(0°) is the
reference value at normal incidence. This approximation isolates the contribution of reduced
photogeneration on Voc, illustrating that much of the voltage drop observed with increasing
tilt can be attributed to reduced carrier generation rather than intrinsic recombination losses.
The close match between measured and calculated highlights the dominant role of
illumination intensity in determining Voc at varying angles. However, the measured Voc
remains slightly lower than the calculated Jsc-dependent values, particularly at higher tilt
angles. This discrepancy can be explained by additional real-world effects not captured in
the simplified model. First, as tilt angle increases and irradiance decreases, the cells enter a
low-injection regime where Shockley-Read-Hall (SRH) recombination becomes more
prominent, especially at the surfaces. Additionally, shunt resistance effects are more
impactful under these low-light conditions, as leakage currents through shunt paths become

relatively more significant and suppress the open-circuit voltage.

The fill factor (FF) in Figure 4.8(b) does not exhibit a clear dependence on wafer thickness
and tilt angle. This lack of correlation may stem from the complex interplay of dependencies
(Voc, Jsc, Vupr, and Jypp), which can lead to varying degrees of influence. The major effect
is observed in Figure 4.8(c) which shows that at tilt angles greater than 30°, Jsc values for

all cells converge and wafer thickness effect on Jsc becomes of less importance. This effect
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is directly translated into the overall efficiency of the cells in Figure 4.8(d) which also shows
a convergence towards higher tilt angles. The direct implication of this is that although losses
in Jsc are observed for thinner cells under AM1.5, these losses are of less importance on the

field at different angles of incidence without solar trackers.
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Figure 4.8: a) open circuit voltage Voc; b) fill factor FF; c) short circuit current density Jsc and d)
efficiency 7 plotted with respect to the tilt angle of 1-cell minimodules of different wafer

thicknesses W (80, 100, 130 and 170 pm) as indicated on the graph.

4.4. Summary

In this chapter, the effect of Si wafer thickness on the performance of silicon heterojunction
solar cells was investigated experimentally. Experimental trends were compared to the
recent theoretical predictions of the efficiency limit in Si solar cells determined by the Auger
recombination. Lifetime measurements revealed that despite the high-quality passivation in
SHI solar cells the carrier lifetime at carrier density below 5x10'3 cm™ is dominated by the
surface recombination which becomes more significant as the wafer gets thinner. A

reduction of wafer thickness leads to the reduction of the effective carrier lifetime. The points
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of 1-sun iFF for all studied solar cell precursors are dominated by the surface passivation,
thus reduction of wafer thickness leads to the gradual reduction of iFF as opposed to the

Auger limit predictions.

At higher excess carrier density, all solar cell precursors show transition to the Auger
dominated regime which is supported by the differential ideality factor approaching
characteristic value of 2/3. The 1-sun iVoc for all studied solar cells belong to the Auger
dominated region. Therefore, experimental iVoc closely reproduces theoretical trends and
best values are very close to the theoretical Auger limit. Overall, solar cell precursors show
that maximum power point of modern SHJ solar cells is still strongly affected by the surface
recombination and this effect is stronger in thinner wafers. Approaching fundamental limits
of iFF will take even further passivation improvement. On the other hand, iVoc is to a large
extent Auger limited in highly passivated SHJ solar cells and is very close to the theoretical

limit.

As the solar cells are finalized, both FF and Voc show noticeable loss which increases with
thickness reduction even excluding effects of parasitic resistances. This loss is attributed to
contact shadowing and imperfect selectivity of the contacts which is critical in high voltage
SHJ solar cells on thin wafers. Short-circuit current predictably reduces with thickness
reduction due to weaker absorption in the long wavelength region. The short-circuit current
density Jsc follows the theoretically predicted trend while absolute values are significantly
lower than the limit based on Lambertian scattering, which leaves significant space for

optimization.

Even though some challenging improvements have to be made to attain fundamental limits,
the solar cells of various thicknesses show high efficiency. A broad range of high efficiency
was observed for thicknesses ranging from 75 to 170 pm with a maximum of 22.3% obtained
at 75 pm. This result shows the opportunity to reduce the wafer thickness down to approx.
75 um without noticeable reduction in of efficiency. A further reduction of the wafer
thickness would take additional improvement in the passivation quality, contact selectivity,

and eventually light trapping.

The chapter concludes by addressing the performance of representative cells of different

thicknesses at various tilt angles. This part of the investigation sheds light on how wafer
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thickness and orientation relative to sunlight affects the performance of the solar cells. It can
be observed that at tilt angles greater than 30°, the Jsc, and by extension the efficiency, of
solar cells with different thicknesses converge. This implies that while thinner cells exhibit
losses in Jsc under AM1.5 conditions, these losses become less significant in real-life field

applications without solar tracking devices at certain sun inclinations.
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5. Thin SHJ solar cells as bottom cells in
Pero-Si tandems

Large-scale production of Pero-Si tandems in the future is expected to use Si wafers thinner
than 100 um for both economic and sustainability reasons. Based on this projection, in this
chapter, the performance of SHJ cells on 80 um thick wafers under bottom cell conditions
in Pero-Si tandem was examined and compared to those on the more common 135 pm thick
wafers. This study consists of two sections dedicated to passivation and light management.
In the first section, the passivation layer thickness effect on the performance of SHJ cells
prepared on 80 pm thick wafers in comparison to 135 pm thick reference were studied. These
cells will be referred to as “80 pm cells” and “135 pm cells”, respectively, for the sake of
brevity. First the 80 pm and 135 um cells are compared under AM1.5G standard test
conditions. Then, these cells are studied under perovskite-filtered spectrum - the spectrum a
bottom cell would experience in Pero-Si tandem under AM1.5G standard test conditions.
Additionally, to resolve any spectrum-specific influence on the operation of the SHJ cells
measurements done under the “Perovskite-filtered” spectrum were compared to the
measurements under attenuated AM1.5G spectrum so that the cells received same total
photon flux in both cases. In the second section, the application of one-dimensional back
reflectors and the MgF» anti-reflection coating were addressed to improve light trapping in
SHJ bottom cells based on the thin and reference wafers with different thickness of the
passivation layer from the first part of the study. Some of the results presented in this chapter

have been published in ref.[151].
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5.1. Passivation Layer Thickness Variation

In this section, the effect of passivation layer thickness on 80 pm and 135 pm SH1J solar cells
under AM1.5G, attenuated AM1.5G, and perovskite-filtered spectra were studied. The
structure of the SHJ solar cell is schematically presented in Figure 5.1(a). Each passivation
layer on both sides of the wafer consists of two films of intrinsic hydrogenated amorphous
silicon. The first layer (il) is a rapidly deposited porous buffer layer which prevents epitaxial
crystallization on the interface and a denser second layer (i2) is deposited to make up the
actual passivation layer[68]. Only the i2 layer thickness is varied in this study by tripling the
deposition time on the front side and/or doubling the deposition time on the rear side as
shown in the table in Figure 5.1(b). For the sake of brevity, the cells will be addressed as
follows: cells with the reference i-layer thickness on both sides will be referred to as
"standard cells," those with a thicker i-layer only on the p-side as "p-side cells," those with
a thicker i-layer only on the n-side as "n-side cells," and those with a thicker i-layer on both

sides as "both sides cells."
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Figure 5.1: (a) Silicon heterojunction solar cells schematic showing the two intrinsic amorphous
silicon passivation layers; (b) passivation layer thickness variations on the front and / or rear side

studied.

The performance of the 80 um and 135 um cells with the different passivation layer thickness
combinations before light curing and annealing is summarized in Figure 5.2. As already
observed in the Chapter 4, Figure 5.2(a) shows that under AM1.5G the solar cells made on
thinner wafers produce higher open-circuit voltage (Voc) compared to the thicker cells[134,

152] because of increased excess charge carrier concentration in thinner wafers[10, 134,
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152]. The lower implied fill factor (iFF) in thin cells in Figure 5.2(b) is attributed to
increased impact of the surface recombination and reduced short-circuit current density (Jsc)
in Figure 5.2(c) is a result of reduced IR light absorption in thinner wafers. Under AM1.5G,
the 80 um cells with standard passivation gain approximately 4.4 mV in Voc over the 135

um cells of the same passivation and lose about 0.37 mA/cm? in Jsc.
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Figure 5.2: (a) Implied open circuit i¥oc and open-circuit voltage Voc; (b) iFF, pFF, and FF; (¢c)
short-circuit current density Jsc; and (d) efficiency 1 plotted for the different passivation layer
variations for wafer thicknesses of 135 and 80 um under AM1.5G spectrum and before light

soaking and annealing process. Solid black lines represent the theoretical limit[10].

From the passivation layer thickness point of view, as expected, the highest iVoc of 758 mV
and iFF of 86.4% were obtained for the “both sides” cells. This is attributed to the reduced
surface recombination on both interfaces passivated with thicker amorphous silicon layers.
However, for the 80 um cells, lower iVoc and Voc were observed for the “n-side” and “p-
side” cells than the “standard” cells which is inconsistent with the expectations of cells with
thicker passivation. The reason for this is not fully understood, but at the moment, it is

attributed to batch-to-batch variability in the wafer thinning process. Similar drops between
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iVoc and Voc (approx. 0.18 mV for 80 um and 0.11 mV for 135 um cell thickness) in all
samples, suggest similar contact recombination loss irrespective of the passivation layer
thickness. In general, increasing the passivation thickness on either side of the solar cell is
expected to increase series resistance loss. This can be seen in Figure 5.2(b) where on
average, the difference between pseudo-FF (pFF) and FF is smallest for the standard cells
(2.7%abs) which have the thinnest passivation layers amongst all cell variants. Interestingly,
a higher pFF to FF loss is observed for the both sides (4.0%abs) and the p-side (4.1%abs) cells
than the n-side cells (3.2%abs) Which indicates that thicker passivation layer at the n/i/p

junction contributes stronger to series resistance than at the n/i/n interface.

With thicker passivation on both sides, an additional 4.7 mV in Voc is gained for the 80 um
cells over the 80 um cells with standard passivation. However, this gain in Voc is
counterbalanced by an additional Jsc loss of about 0.40 mA/cm? which results in a slightly
lower final efficiency for both sides variant (22.7%) compared to the standard variant
(22.8%) for the 80 um cells. At this cell development stage, the best 135 um cell efficiency
is approximately 0.5%aps greater than the best 80 pm cell. Overall, as might be expected,
there is no advantage of the thicker passivating layer under AM1.5G irradiance, and thinner
wafers show a mild drop in efficiency. At the next stage, the full set of samples presented in

Figure 5.2 has been exposed to the light soaking (LS) and subsequent annealing.

5.1.1. Light soaking and annealing effect
Hydrogenated amorphous silicon is prone to the creation of additional defect states under
light exposure. This effect, known as the Staebler-Wronski effect[153] is detrimental for
efficiency in thin film Si solar cells[153] and has been reported for light-soaked i/c-Si/i
interface structures[154]. However SHJ cells with doped amorphous Si layers deposited on
either side on contrary have been reported to gain in passivation quality after light
exposure[154]. In Figure 5.3, the results of the full set of samples before and after light
soaking (LS) and annealing are compared. All samples show increase in Voc after the LS
and annealing with the most gain of up to 22.2 mV in the p-side 80 um cells which had
lowest Voc values before LS treatment. The “both sides” cells show the highest Voc of 747
mV in 80 pm cells and 741 mV in 135 pm cells. The gain in Voc after LS and annealing is
approximately 5.3 mV for 80 um and 4.8 mV for 135 pum cells (lowest in these cells among

the whole sample set). It is speculated that as these cells approaching an Auger-
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recombination-dominated regime, where further increases in Voc are becoming more
challenging, as has been demonstrated earlier [134]. Similarly, for the pF'F in Figure 5.3(b),
the least gains ranging from 0.4 to 0.7%abs are observed for both sides cells of 80 um

thickness.
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Figure 5.3: (a) Open-circuit voltage Voc; (b) pseudo fill factor pFF and fill factor FF; (c) short-
circuit current density Jsc; and (d) efficiency n plotted for the different passivation layer variations
for wafer thicknesses of 135 and 80 um under AM1.5G spectrum. All values measured before and

after light soaking and annealing.

For all cell types and thicknesses, the LS and annealing improves FF (up to 1.9%abs) stronger
than the pFF (max. 1.3 %abs), which indicates improvements not only in the passivation but
also in the conductivity of the cells. While the light soaking process has little to no effect on
the Jsc of the 135 pum cells in Figure 5.3(c), a slight loss in Jsc is observed for the thinner
cells. Overall gains in Voc and FF result in efficiency gain for all cell types with the most
gain of 0.98 %apbs and 0.88 %aps observed for the p-side variants of 80 um and 135 pm,
respectively. At this point, under the AM1.5G irradiance, the best 80 pm cell with an
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efficiency of 23.3 % is the cell with standard passivation while the best 135 pm cell with an

efficiency of 23.8 % is the cell with thicker passivation on p-side.

5.1.2. Intensity dependence
After the standard test conditions, the operating conditions in the Pero-Si tandems are
approached by first addressing the effect of irradiance. Figure 5.4 shows the dependencies
of the photovoltaic parameters on irradiance for representative standard and both sides cell
types prepared on 135 and 80 um thick wafers. In Figure 5.4(a) the dependence of Voc on
irradiance is presented. The “both sides” thicker passivation cells show consistently higher
Voc on reference and thin wafers. The Voc dependencies show a gradual change in slope
from steeper at low intensity to flatter at high intensity. The thin wafer cells have somewhat
steeper dependencies as compared to the standard wafer counterparts. The gain in Voc
attained in thin wafer cells is highest at one sun and reduces with reduction of intensity.
Nonetheless, at 0.44 suns, which is the expected light intensity under the perovskite-filtered

spectrum, the 80 um cells still show 3-5 mV higher Voc compared to the 135 pm reference.

Figure 5.4(b) shows dependencies of FF on irradiance. From a wafer thickness perspective,
the thinner wafer lose approximately 1%ans of FF for the whole range of irradiance as
compared to the reference cells. This is due to the stronger impact of the SRH surface
recombination in thinner cells[134]. From the perspective of the passivation layer thickness,
despite the two variations (standard and both sides) having similar values under 1 sun
irradiance, a clear gain in fill factor is observed for the both-sides variant at lower intensities,
clearly showing the effects of improved passivation which has been masked by the series
resistance under one sun. Here, the example of the FF gain achieved thanks to relaxed series

resistance constrains in SHJ cell in perovskite shadow can be seen.
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current density, Jsc; and (d) efficiency, # plotted for standard and both sides variations and for

wafer thicknesses of 135 and 80 pm.

Figure 5.4(c) shows a very consistent linear dependence of Jsc on the irradiance for all cells
with a slope approximately equal to 1. At this light intensity, the Jsc for cells with thicker
passivation on both sides remain slightly less than that of the cells with standard passivation
thickness, however, under perovskite-filtered spectrum, no additional losses are expected
due to thicker passivation on the front side. Despite being slightly lower under AM1.5G, the
final efficiency with respect to incident light intensity in Figure 5.4(d) shows higher values
for the cells with thicker passivation on both sides than the standard cells with differences

of 0.1%aps for 80 pm and 0.15%abs for 135 um cells at the studied light intensity. It is

important to note that here, the efficiencies were calculated using:

n

_ JscxVoc XFF
Pin

where P;;, here represents the input power at each light intensity.
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5.1.3. Performance under perovskite-filtered spectrum
In this section, all cells are compared under the target Perovskite-filtered spectrum and the
results are presented in Figure 5.5. To study possible spectral related effects, the performance
of the cells under the perovskite-filtered spectrum to the measurements under AM1.5G
spectrum attenuated are compared to the same photon flux (0.44 suns). In this case, all
efficiencies were calculated using Pi, at AM1.5G (100 mW/cm?) to simulate the actual
contribution as the bottom cell in a perovkite/silicon tandem . Figure 5.6 shows the different

spectra used for this study and also the EQE plots of representative 80 and 135 um cells.
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Figure 5.5: (a) Implied open circuit i¥oc and open-circuit voltage Voc; (b) iFF, pFF, and FF; (¢)
short-circuit current density Jsc; and (d) efficiency # plotted for the different passivation layer
variations for wafer thicknesses of 80 and 135 um under perovskite-filtered spectrum and under

AM1.5G spectrum at the same intensity.

It can be seen in Figure 5.5(a) and (b) that both attenuated and perovskite-filtered spectra
result in same Voc, pFF, and FF. Therefore, it can be concluded that significant modification

of the spectrum does not have any effect on the Voc and FF. This fact is of interest to
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streamline further development of the SHJ bottom cells for tandem applications. The primary
optimization loop for the Voc and FF in these cells can utilize simple attenuation of the
typical solar simulator irradiance without modification of the spectrum or building actual
tandem cells.

For the 135 pum cells, a slight increase in Jsc of approx. 0.33 mA/cm? is observed in Figure
5.5(c) under the perovskite-filtered spectrum in comparison to the attenuated AM1.5G. Here,
the reduced effect parasitic absorption of the short wavelength light is observed under
Perovskite-filtered spectrum. For the 80 um cells however, little to no gain in Jsc is noted.
This is most likely as a result of two counterbalancing effects taking place in this case. On
the one hand, the losses in the short wavelength region are absent so there is a net gain in
current. On the other hand, the Jsc loss due to the transmission losses is magnified in the
near infra-red range. This is because for same photon flux, the Perovskite-filtered spectrum
has a higher spectral density in the near infrared region than the attenuated AM1.5G as can
be seen in Figure 5.6. A reduction in EQE in 80 um cells is presented in Figure 5.6 as well.
Final efficiencies presented in Figure 5.5(d) do not show any definite trend among all
passivation layer variants. There is an average loss of approx. 0.35%abs when wafer thickness

is reduced from 135 pm to 80 pm.
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Figure 5.6: Attenuated AM1.5G and perovskite-filtered irradiance spectra at the same intensity and
EQE plots showing differences in infrared light absorption for 80 um and 135 um cells.

This result looks optimistic for the thin-wafer bottom solar cells. It can be seen that a major

wafer thickness reduction of 40% turns to only approx. 0.35%abs loss in the bottom cell
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efficiency. This makes the application of 80 um wafers viable for the Pero-Si tandems in
future. Based on the passivation study, relaxed optimization conditions to the optical
absorption in the thin film Si stack allows increase of the passivation layer thickness with
related gain in passivation quality. As this study covered only a little fraction of all stack
optimization options, more potential is expected to be discovered in future studies. As the
major difference between 135 um and thin 80 pm cells is in the near IR absorption loss, the

next section elaborates on this topic.

5.2. Light management

In this section, the issue of the photocurrent loss in the near-infrared absorption region in
thin wafer Si solar cells[10, 134] is addressed with two strategies. Firstly, light trapping
options are considered to reduce the transmission of infrared light through the rear side.
While a variety of advanced architectures exist for efficient light trapping[30, 155-158],
simple solutions such as optimized one-dimensional back reflector (BR) are preferrable for
large scale production. Full back Ag layer deposited directly on indium tin oxide (ITO) at
the rear side is a common one-dimensional back reflector option, however, there have been
reports of parasitic plasmonic absorption at the interface between TCOs and metals.[68, 77]
To mitigate this, an additional interlayer of a low refractive index dielectric material such as
MgFis used.[68] The second strategy to minimize the infrared absorption loss in thin wafers
is the deposition of an anti-reflection coating on the front side with thickness optimized to
promote the transmittance of infra-red light to the bottom cell. For example MgF> is
considered a suitable material for anti-reflection not only for SHJ solar cells[76] but also in
perovskite/silicon tandems[159]. While the MgF> coating may perform differently when
deposited directly on the SHJ front side, the perovskite front side, or even in the case of
encapsulation with another material, the possibility of improving infrared light absorption in

thin SHJ bottom cells via antireflective coating optimization is only demonstrated here.

5.2.1. Back reflector optimization
To optimize the back reflector, several BR stacks of ITO/Ag and ITO/MgF2/Ag with
different thicknesses of ITO were tested on reference 135 um cells. The cells were first
measured using a black chuck before the deposition of the stacked BR layers to obtain the

relative difference. The relative difference in short-circuit current was calculated as the
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percentage ratio of the Jsc difference before and after BR deposition (AJsc) to the Jsc value
before BR deposition. Figure 5.7 illustrates the relative difference in Jsc¢ for various BR
stacks. The results indicate that BR stacks lacking MgF» generally exhibit lower relative
differences. For instance, the ITO (140 nm) + Ag (200 nm) stack shows an average AJsc of
0.30 mA/cm?, whereas the ITO (140 nm) + MgF2 (160 nm) + Ag (200 nm) stack achieved

an average AJsc of 0.46 mA/cm?.
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Figure 5.7: Plot of relative difference in Jsc for various cells with different back reflector thickness

combinations. Numbers in the plot indicate the average absolute Jsc gain in mA/cm?.

The highest AJsc without MgF is observed with the ITO (70 nm) + Ag (200 nm) stack,
which shows an average difference of 0.42 mA/cm?. In contrast, the best performing BR
stack, comprising ITO (70 nm), MgF> (160 nm), and Ag (200 nm), achieved a AJsc of 0.61
mA/cm? (approximately 1.5% relative difference). This demonstrates that the inclusion of
MgF: in the stack significantly enhances Jsc by reducing losses due plasmonic absorption,
aligning with earlier findings[23]. Additionally, thicker ITO layers resulted in lower AJsc

due to increased greater parasitic absorption loss.

5.2.2. Impact of back reflector and anti-reflection coating on Jsc
In this section, the best performing BR stack (ITO 70 nm + MgF> 160 nm + Ag 200 nm) in
Figure 5.7 was deposited in all samples studied in Section 5.1. Subsequently, the samples
were all finalized with MgF» anti-reflection coating (ARC). The Jsc performance of the cells
before BR, after BR, and after ARC are presented in Figure 5.8. The left graph Figure 5.8(a)
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presents the Jsc values measured under AM1.5G, and the right graph Figure 5.8(b) presents
the Jsc values measured under the perovskite-filtered spectrum. A significant improvement
in Jsc for all cell types under both AM1.5G and perovskite-filtered spectrum is observed due
to the effect of the BR and the ARC.
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Figure 5.8: Short circuit current density with and without ITO/MgF»/Ag back reflector and after
MgF, ARC for the various cell variations under (a) AM1.5G and (b) perovskite-filtered spectra.

To get a more detailed view on the effect of both back reflector and antireflective coating,
the differential Jsc gain is presented in Figure 5.9. The left graph Figure 5.9(a) presents data
on Jsc gain after the deposition of BR while the right graph Figure 5.9(b) presents the Jsc
gain attained at the next step after ARC deposition. As it can be expected most gain in Jsc
after BR application is attained in the cells with most near IR losses, namely the 80um solar
cells gain up to 0.88 mA/cm? under AM1.5G and up to 0.58 mA/cm? under the Perovskite-
filtered spectrum after the application of BR. In the same respective cases, the 135 um cells
gain 0.73 mA/cm? and 0.52 mA/cm? It seems to be practically feasible to reduce the
difference in Jsc between the 80 pm and 135 pum cells even further with more advanced back

reflectors.

After MgF> ARC deposition, no distinct trend is observed as presented in Figure 5.9(b). All
cells gain on average approx. 0.3 mA/cm? for both spectra because applied the ARC is
designed to perform best in the long wavelength range which is approx. same for both
spectra. The ARC applied in the experiment was effective at the air/cell interface, and further

ARC optimization may be required for monolithic PeroSi tandems. In total, in the cells with
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thicker passivation layer on both sides, total Jsc gains of up to 1.2 mA/cm? and 0.9 mA/cm?

were obtained under AM1.5G spectrum for 80 um and 135 um wafers, respectively.

1.0 1.0
(@) 80 um 135um | [(b) 80 um 135 um
Il standard I standard
- [ both sides [ both sides
0.8 nside o B nsice 0.8
o p-side [ p-side -
E s E
o O
zos . el |F los S
E B.e : E
Q
Soat oy || N . 104 &
N LA 'l' b MR
0.2} 1 E 102
AM1459 pero AM1.59 ‘ pero AM1.5g ‘ pero AM1.5g pero

Figure 5.9: Short circuit current density difference (a) with and without ITO/MgF»/Ag back
reflector and (b) before and after MgF, ARC for the various cell variations under AM1.5G and

perovskite-filtered spectra.

The external quantum efficiency (EQE) and absorptance (1-Ref) spectra for representative
80 um cells are summarized in Figure 5.10. The different variants of passivation layer
thicknesses presented in Figure 5.10(a) show mostly variations in the short wavelength
region. Thicker passivation layer increases parasitic absorption loss in the wavelength region
between 350 and 600nm. It can be seen that on the infrared region, the EQEs and the 1-Ref
spectra of all cells are not affected by the variations in the passivating layers in this work.
Therefore, under the PeroSi tandem conditions, the differences in Jsc between the different

passivation variations are minimal.

From a light management perspective in Figure 5.10(b), for the cell without back reflector,
“1-Ref” is high in the 1100 — 1200 nm range despite having the lowest EQE in the infra-red
region. This is due to the high transmission loss on the rear side. The introduction of a back
reflector enhances the absorption of long wavelength light. This improvement can be

observed in the enhanced EQE curve which initiates at approximately 900 nm wavelength.
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Figure 5.10: External quantum efficiency and 1-Reflectance of SHJ solar cells for (a) 80 um cells
with the different passivation thickness variations and without BR and ARC and (b) 80 pm
standard passivation cell without BR, with MgF»/Ag back BR and after MgF, ARC.

After the deposition of MgF, ARC, further improvement in EQE is observed in the UV
region between 340 nm and 480 nm and in the near IR region between 700 nm and 1040 nm.
As previously mentioned, it is important to note that the MgF> coating may perform
differently when deposited directly on the perovskite front side or even in the case of

encapsulation with another material.

5.3. Summary

In this chapter, the applicability of thin wafer based SHJ solar cells as bottom cells in
perovskite-silicon tandem cells was studied. The study addressed two crucial issues
regarding thin SHJ solar cells: surface passivation, and light management. The consequences
of thicker passivating layers in SHJ solar cells were researched to assess the potential for
passivation improvement. In addition, the effect of a technologically relevant one-
dimensional ITO/MgF»2/Ag back reflector and MgF, antireflective coating on light
management was analyzed. For consistency, all cells were characterized using standard test
conditions with AM1.5G irradiance, attenuated AM1.5G irradiance, and with Perovskite-
filtered spectrum. The latter is the spectrum that a bottom cell would encounter in a Pero-Si

tandem configuration.
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As can be expected under AM1.5G standard measurements, a thicker passivating layer does
not confer any particular advantage, and thinner wafers show a slight decline in efficiency.
While thicker passivation layers lead to an increase in series resistance and parasitic
absorption, they also improve passivation, resulting in a peak Voc of 747 mV in 80 um cells
and 741 mV in 135 pum cells. The best 80 um cell of this study had an efficiency of 23.3 %
while the best 135 pum cell had an efficiency of 23.8 %. Under lower light intensity
equivalent to the conditions at the bottom cell, a significant enhancement in fill factor is
observed with the thicker passivation layer. This is due to better passivation and reduced
impact of the series resistance. To investigate the potential spectral effects on Voc and FF,
the study compared cells measured under a perovskite-filtered spectrum to those measured
under the AM1.5G spectrum that was attenuated to the same photon flux (0.44 suns). Both
spectra result in the relatively same Voc, pFF, and FF. This can facilitate the main
optimization loop for Voc and FF in bottom cells by simply attenuating the standard solar
simulator irradiance without modifying the spectrum. Under the Perovskite-filtered
spectrum, the results indicate a favorable outcome for the SHJ cells with thinner wafers.
Despite reducing the wafer thickness by 40%, there is only a minimal decrease of
approximately 0.35%abs in the bottom cell efficiency, even without the implementation of
anti-reflection or back reflector measures. These findings suggest that adopting 80 pm

wafers is a viable approach for developing mass-produced Pero-Si tandems.

The implementation of an ITO/MgF»/Ag back reflector and a MgF» anti-reflection coating
can notably reduce the variation between 80 um and 135 pm cells. In this work, the use of a
back reflector leads to a Jsc increase of up to 0.58 mA/cm? for 80 pm solar cells under the
Perovskite-filtered spectrum while 135 um cells exhibit a gain of 0.52 mA/cm?. In addition,
the application of the anti-reflection coating results in an average increase of approximately
0.3 mA/cm? across all cells. In total, the study exhibits a rise of 0.9 mA/cm? in short-circuit
current density at 80 um under the perovskite-filtered spectrum due to enhanced light

management.

In conclusion, this study shows that a significant decrease in wafer thickness in SHJ bottom
cells for the Pero-Si tandems leads to only a minor decline in power conversion efficiency.
Further optimization studies can be done by modifying the perovskite-filtered spectrum
modelled as reduction in the thickness of the perovskite top cell and thereby, increasing the

Jscin the SHJ bottom cell which will particularly be beneficial in 4-terminal configurations.
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6. Thin SHJ solar cells for indoor
applications

Solar cells can be used as indoor light harvesters for low power intensive stand-alone devices
such as the internet of things, wireless sensors etc. The light intensity in a well-lit classroom
or office is usually lies between 250 to 500 lux which is by several orders less than the typical
outdoor conditions.[160] Also, the spectrum of artificial lighting is more concentrated in the
visible light region than for the solar spectrum which is spread out from the UV to the IR
region. The different light properties result in significantly different requirements to solar
cell absorber material. For Si it means that much thinner wafers are required to absorb the
available spectrum efficiently. In this chapter, the experimental performance of solar cells
with varying thicknesses under indoor conditions is discussed briefly. The impact of
different cell thicknesses (80 um, 100 pm, 130 um, and 170 um) on the open circuit voltage,
fill factor, and efficiency is analyzed under both sunlight and LED illumination. For the sake
of homogeneity of the incident light especially at such low intensities and compatibility with
measuring device, single mini cells with external copper contacts as described in Section 4.3

were used. Some of the results presented in this chapter have been published in ref.[134]

6.1. Performance under low light and LED

Figure 6.1 shows the effect of the thickness of the silicon wafers on the external quantum
efficiency of the solar cell and with respect to normalized LED and sun irradiance. There is
a slight shift in the IR to lower wavelengths as the thickness of the solar cell is reduced. This
leads to a reduction of the short-circuit current density under solar illumination as already

observed and discussed in Section 4.2.3. There is also a slight difference in the short
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wavelength region between the reference 170 um cells and the thinner cells which is likely

related to the difference in surface texture between the reference and thinned wafers.
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Figure 6.1: Normalized spectral irradiance of solar simulator and LED and the external quantum

efficiency (EQE) of SHJ solar cells at different thicknesses.

Under LED illumination, there is no expected loss in current at high wavelengths because
no photons are produced by the LED at the infrared region. In fact, from the EQE and Jsc
point of view, since narrower EQEs are expected as the cell thickness reduces, much thinner
wafers can be used without any optical loss under LED. Additionally, since a reduction in
wafer thickness leads to an increase in voltage, it is possible to improve the solar cell
efficiency under LED by producing ultrathin silicon solar cells with no incurred optical
losses. Bahrami-Yekta et al, predicts an optimum thickness of 1.8 pm for LED light
harvesting as opposed to 109 pum under solar illumination.[118] Since achieving such
thickness in c-Si typically requires costly bottom-up methods like epitaxial growth, it's
crucial to explore the use of practical thin c-Si solar cells made with conventional, widely-

used manufacturing techniques.
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Figure 6.2: The open-circuit voltage Voc ((a) and (b)); fill factor FF ((c) and (d)) and efficiency #
((e) and (f)) for one solar cell SHJ solar modules of different thicknesses in different illumination
intensities under the simulated sun and LED light sources, respectively. The solid lines represent
the fit for data points for each wafer thickness. The shaded areas represent the intensity for typical

indoor lighting (250 — 500 LUX).
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Figure 6.2 shows the Voc, FF and efficiency # at the different light intensities (Jsc) under
simulated sun and LED lighting for 80, 100, 130 and 170 um SHJ solar cells. The shaded
areas represent the region where the light intensity ranges from 250 — 500 LUX which is the
typical lighting for a bright office.

There is an expected general decrease in photovoltaic parameters as the intensity of light is
reduced as can be seen in Figure 6.2. At higher light intensity, very little difference in Voc
is observed between the different wafer thicknesses under sun and LED illumination.
However, towards lower intensities, a slightly steeper drop in Voc is noticed for thicker
wafers. The FF values obtained at 1 sun in Figure 6.2(c) are low compared to values recorded
in Figure 4.5 likely due to perimeter recombination losses which increases for smaller sized
solar cells.[161] Under sun illumination, an initial decrease in intensity leads to a slight
increase FF' due to reduced effects of series resistance. A further decrease in intensity results
in a sharp decrease in the fill factor values which is likely due to shunt resistance effects for
small scale solar cells. Under LED illumination in Figure 6.2(d), the initial series resistance
effect at high intensity is not observed, as the light intensity is lower than that of the sun.
The shunt resistance effect is evident for all cells, with thicker cells performing worse than
the 80 and 100 pum cells. This contrasts with Figure 5.4(b), where thicker cells show a higher
fill factor. Thicker cells have a higher edge-to-cell ratio, which leads to more pronounced
edge recombination in smaller cells (21 x 17 mm?) compared to larger ones (156 x 156 mm?).
This supports the argument for using thinner cells in indoor applications, where smaller cell
areas are most likely to be used. There is a slightly higher overall efficiency for the 80 and
100 pm cells especially in LED low light conditions as shown in Figure 6.2(f). This suggests
that further decrease in solar cell thickness could lead to better performance for indoor

applications.
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Figure 6.3: Power output vs. illumination intensity in LUX for the different SHJ solar cell
thicknesses under 4000k LED lighting. Dashed line shows the maximum expected power output for
a solar cell of optimal thickness 1.8 pm under LED (2700k) as calculated in ref.[118]

Figure 6.3 illustrates the relationship between illumination intensity in LUX and the power
output pW/cm? for solar cells of varying thicknesses (80 pum, 100 pm, 135 pm, and 170 pm)
under 4000K LED lighting. A clear linear relationship between illumination intensity and
power output across all thicknesses is observed with the lines for different thicknesses being
closely aligned. The inset, which zooms in on the indoor illumination range (250-500 LUX),
however, shows a slightly higher power output for the 80 and 100 um cells. The dashed line
representing the maximum expected power output for a 1.8 um solar cell, which is predicted
to be the optimum thickness for indoor performance at 250 LUX under LED 2700K [118].
Even though the difference in color temperature result in slightly differing spectral
characteristics, this comparison is conducted primarily to provide a general estimate of the
deviation of the power output at different LUX levels of the studied wafer thickness from
theoretical calculations at optimum thickness. The results show a relatively much higher
power output for the predicted 1.8 um cell compared to the studied cells. At 250 LUX, the
1.8 um cell generates 22 pW/cm? of power, while the 80 um cell produces 6.97 pW/cm?,
resulting in a difference of approximately 15 pW/cm?. At 500 LUX, the difference between

their power outputs increases to about 32 uW/cm? Despite this difference, the 80 um cell
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may offer benefits in terms of easier integration with microelectronics and IoT devices due

to its less fragility and the advantage of using an already established production process.

6.2. Summary

Solar cells can effectively harvest indoor light for low-power devices like IoT sensors, where
illumination typically ranges from 250 to 500 LUX — much lower than outdoor levels. The
spectrum of artificial light is more concentrated in the visible region, which makes thinner
silicon wafers more desirable for efficient absorption. Experimental analysis of SHJ solar
cells with thicknesses of 80 um, 100 um, 130 um, and 170 um under both solar and LED
illumination revealed in general better open-circuit voltage, fill factor, and efficiency for 80
and 100 pm cells. Under lower light intensities, thinner cells generally exhibit slightly better
efficiency, though the thicker cells show a higher short-circuit current density in higher light
conditions. Although the 80 pum cells produce lower power output compared to the
theoretically optimum 1.8 pm cell, they offer practical benefits due to their durability.
However, thin-film solar cells, such as those based on amorphous silicon, perovskites, and
organic materials, are better suited for indoor applications due to their wider bandgaps,

which align more effectively with the spectra of LED and other indoor lighting.
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7. Thin SHJ shingled mini modules

This chapter explores the development and optimization of mini-modules constructed from
thin-wafer SHJ solar cells, with a focus on the transition from cell to module performance.
Particular attention is given to the impact of wafer thickness on shingle mini-module
performance and the potential for voltage adjustments in series-connected configurations,
which are of interest in direct coupling with electrochemical devices at the lab scale.[160,
162] Small cells with thicknesses of 80 pm and 135 pm are utilized in the construction of
shingle minimodules. In the first section of this chapter, the laser cutting parameters are
optimized to reduce edge recombination especially I thinner cells which are more prone to
microcracks. In the second part, the design of the contact grids on already existing cells is
optimized to with focus on improving light absorption and reducing series resistance for
better cell efficiency. In the final section, these improvements are then applied to the
assembly of mini modules, where cells are soldered in configurations of 2, 3, 4, 5, 6, and 7
cells. The performance differences between the 80 pm and 135 um thick modules are

analyzed to assess the effect of cell thickness on the solar module parameters.

7.1. Laser-cutting optimization

The impact of laser cutting parameters on solar cell performance is crucial for optimizing
efficiency, particularly in varying cell thicknesses. In this section, the influence of two
different laser cutting parameter sets, ParA and ParB, on the performance of 80 um and 135
pm thick solar cells was investigated. Table 7.1 shows the details of the laser cutting
parameters for ParA and ParB, including cutting speed, laser power, pulse frequency, and

the number of repetitions. Laser parameters ParA is the standard laser cutting parameter set
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in our lab for 135 um solar cells which utilizes relatively high power, moderate speed, and
a standard number of repetitions to ensure clean and precise cuts, particularly for thicker
cells. In contrast, laser parameters ParB was designed with lower power, higher speed, and

significantly more repetitions, with the aim of reducing edge damage and improving cut

quality, especially in thinner cells which are more susceptible to damage.

Table 7.1: Laser cutting parameters

Par A (standard) | Par B
Power [%] 65 55
Pulse-repetition frequency [MHz] 1 1
Speed [m/s] 0.20 1.00
Number of repetitions 15 200

Figure 7.1 shows the full wafer contact design with the specific areas that were cut using
these parameters: the blue-outlined section was cut with laser cutting parameters, ParA,
while the red-outlined section was cut with laser cutting parameters, ParB. Both parameter

sets were applied to the same solar cells to allow for a direct comparison of their effects on

key solar cell parameters.
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ParA ParB
{standard)

Figure 7.1: Schematic of the full wafer layout showing mini-cell segments used to compare the
effects of two laser cutting parameter sets (ParA and ParB). The blue-outlined section (columns 1—
4) was cut using the standard lab parameters (ParA), while the red-outlined section (columns 6-9)

was cut using the modified parameters (ParB) optimized for thinner cells.

The performance of the solar cells after the cuts are presented in Figure 7.2. Laser cutting
parameters, ParB demonstrated superior performance across several key solar cell
parameters compared to ParA. Higher Voc values were observed for both 80 um and 135 pm
cells with ParB, indicating that the combination of lower power, higher speed, and more
repetitions effectively reduced edge defect-assisted recombination compared to ParA. This
improvement in Voc suggests a more efficient cutting process with fewer defects.
Additionally, the FF improved with ParB, particularly for the 80 pm cells, due to increased
shunt resistance which was notably lower with ParA. This enhanced shunt resistance with

ParB contributed to better overall performance in the 80 pm cells.

Conversely, a reduction in Jsc was observed with laser cutting parameters, ParB for both cell
thicknesses, indicating a potential trade-off between edge recombination and charge
collection efficiency. The exact reason for the Jsc loss remains unclear. Interestingly, there
was no significant effect on series resistance for either cell thickness with ParB. While there

was no substantial improvement in overall efficiency for the 135 um cells with ParB,
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significant gains were noted in the 80 um cells. As a result, laser cutting parameters, ParB

was selected for the cutting of cells used in the subsequent experimental sections.
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Figure 7.2: Effect of laser cutting parameters on solar cell performance for 80 um and 135 um
wafers. Subplots show (a) open-circuit voltage, (b) fill factor, (c) short-circuit current density, (d)
efficiency, (e) series resistance, and (f) shunt resistance for cells cut with parA(blue) and parB

(red).

To further validate the electrical measurements, Figure 7.3 shows photoluminescence (PL)
images of representative 80 pm and 135 pm SHIJ solar cells cut using ParA and ParB. For
each thickness, the left cell was cut with ParA and the right with ParB. The red arrows
indicate regions of increased non-radiative recombination observed at the edges of cells cut
with parameter A, likely due to laser-induced microcracks. In contrast, the 80 um and
135 pum cells cut with ParB exhibit a more uniform PL intensity distribution, indicating less

damage and better carrier lifetime near the edges.
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Figure 7.3: Photoluminescence images of representative 80 um and 135 um SHIJ solar cells cut with

Edge recombination

laser parameters A and B, showing increased edge recombination in the cells cut with parameter A.

7.2. Optimization of metallization pattern for mini modules

In the design of small-sized cells, minimizing influences arising from contact shading and

series resistance is essential to improving device efficiency. To address these challenges, a

series of targeted modifications was made to the contact grid structure. The mini cells in this

study are engineered for use in shingle modules, featuring a distinct busbar arrangement —

positioned on the left side of the front and on the right side of the rear when viewed from the

front. An optimization of the contact grids to maximize light absorption and minimize

resistive losses is needed to optimize efficiency. Table 7.2 shows the modifications made on

the cell grid design.

Table 7.2: Mini cell contact dimension modifications

Front side Back side
Grid design 1 Grid design 2 | Grid design 1 Grid design
(Reference) (Reference) 2

Number of fingers 18 15 18 18

Busbar thickness [mm] 1.00 0.70 1.00 0.70

Finger length [mm)] 15.00 15.00 15.00 14.30

Cell dimension [mm?] 17x21 16.5x 21 17x 21 16.5x 21
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For a clearer illustration of the design modifications, Figure 7.4 presents the schematic
comparison between the original and modified contact grid layouts. The redesign of the
front-side contact grid focused on two critical areas: the number of fingers and the busbar
thickness. In the new design, the number of fingers was reduced from 18 (grid 1) to 15 (grid
2). Additionally, the busbar thickness was reduced from 1.00 mm to 0.70 mm. This reduction
was intended to enhance light absorption by decreasing the shadowing effect caused by the
fingers and busbar. With less fingers and thinner busbars, more light can reach the active
area of the cell, potentially increasing Jsc. In addition, since the front contact shadowing
leads to inhomogeneous generation of photocurrent, losses due to internal currents from the

open regions with high generation to the shadowed regions under the metal contacts will be

minimized.
Grid design 1 Front Back
21 mm
A,
17 mm
Grid design 2 S Back
Reduced Reduced
no. of busbar
y thickness
fingers
Reduced )
busbar——
thickness
A
length
16.5 mm

Figure 7.4: Schematic representation of the modification in contact grid design. Compared to the
standard layout in grid design 1, grid design 2 features reduced busbar thickness, fewer front-side

fingers, and shorter back-side fingers.

On the rear side, the length of the fingers was shortened from 15.00 mm (grid 1) to 14.30
mm (grid 2). This change was strategically implemented to prevent the fingers from
extending into the area directly beneath the front-side busbar, where minimal charge carrier

generation occurs. By reducing the unnecessary length of the fingers, series resistance is
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minimized, thereby improving overall cell efficiency. Finally, the width of the cells was

reduced from 17 mm to 16.5 mm in the new design to fit the new busbar/finger dimensions.

Figure 7.5 shows the impact of the design changes on several critical solar cell parameters.
The open-circuit voltage showed little to no improvements with the new grid design (grid 2)
as seen in Figure 7.5(a). For the fill factor, a slight improvement most likely related to
reduced series resistance with the new grid design was observed for both cell thicknesses, as

depicted in Figure 7.5(b) where in both cases, a 2%aps increase between best cells is observed.
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Figure
7.5: (a) Open-circuit voltage Voc; (b) Fill factor FF; (c) short-circuit current density Jsc; and (d)
efficiency # plotted for previous (grid 1) and new (grid 2) contact grid dimensions on cells of 80

and 135 um wafer thicknesses.

Due to the decreased shadowing from fewer fingers and thinner busbars which allowed more
light absorption, a remarkable increase in Jsc was also observed for both cell thicknesses in
Figure 7.5(c). For the 135 pm cells, Jsc increased from 36.24 mA/cm? to around 37.16
mA/cm? while for the 80 pm cells, Jsc increased from 35.95 mA/cm? to around 36.79
mA/cm? for the best cells. The combined effects of increased charge carrier generation,
lower series resistance, and enhanced light absorption resulted in higher conversion
efficiencies for both cell thicknesses as shown Figure 7.5(d), where an increase of up to

0.6%abs Was observed between best cells.
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7.3. Shingled mini modules performance

Figure 7.6 shows the IV characteristics of the best performing modules made with 80 um
and 135 pum thick wafers, across configurations with 2 to 7 cells connected in series. As the
number of cells increases, both the Voc increases steadily, as expected, since more cells in
series result in a higher overall voltage. In contrast, the Isc remains nearly constant for the
modules with the same wafer thickness, as the same current flows through all the cells in
series. Comparing the two wafer thicknesses, the 135 um wafers, as expected, produce
slightly higher Jsc values due to improved light absorption. However, the Voc for most
module configurations remains similar between the two thicknesses. This suggests that any
potential voltage gain from thinner wafers at the cell level is easily offset at the module level,

likely due to additional recombination introduced during the soldering process.

2 3
Voltage V [V]

Figure 7.6: IV characteristics of the best performing 2-, 3-, 4-, 5-, 6-, and 7-cell modules with 80
um (red) and 135 um (black) wafer thicknesses. Red and black dots represent the maximum power

points for the 80 and 135 pm modules, respectively

Figure 7.7 shows the effect of wafer thickness and module configuration on various solar
cell parameters. As seen in Figure 7.7(a), there is very little difference between the Voc and
Vupp of the 80 um and 135 um modules across all configurations. A uniform increase in Voc

of approximately 0.72 V and in Vypp of approximately 0.60 V is observed as the number of
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cells increases. This consistent behavior leads to a higher deviation between Voc and Vipp
as the number of cells increases. A relatively stable fill factor (FF) across cell configurations
is observed in Figure 7.7(b), exhibiting only minor variations between the two wafer
thicknesses. These variations are directly linked to the series resistance (Rs), which is

influenced by the soldering process and shown in Figure 7.7(e).
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Figure 7.7: (a) Open-circuit voltage Voc and maximum power point voltage Vyrp; (b) Fill factor
FF; (c) short-circuit current Isc; (d) short-circuit current density Jsc; (e) series resistance Ry and (f)

efficiency 7 of modules of 2 to 7 number of cells with 80 pm and 135 pm wafer thickness.

As already observed in Figure 7.6, a relatively stable Isc is observed across all module
configurations as expected in series connected modules while a slightly lower Isc is observed
for the modules with thinner cells. This difference becomes even less significant when
normalized to surface area, as shown by the Jsc in Figure 7.7(d). There is a consistent
increase in Rs with the number of cells, which is observed in Figure 7.7(e) for both 135 pm
and 80 um wafers. This is expected due to the additional resistive losses introduced by
interconnecting more cells. Final efficiency values in Figure 7.7(f) show no clear
dependence on wafer thickness or the number of cells. This suggests that the impact of

increased series resistance and potential additional recombination during the soldering
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process overshadows the intrinsic differences caused by wafer thickness. Thus, at the module
level, thinner cells offer the advantage of material savings without compromising overall

performance compared to thicker cells.
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Figure 7.8: Open circuit voltage Voc and voltage at maximum power point Vapp per cell of the 80

pm and 135 pm cells / modules before (star) and after soldering (circle).

Figure 7.8 illustrates the Voc and Vypp of modules on a per-cell basis, calculated by dividing
the total module voltage by the number of cells. These values are compared to the Voc and
Vupp of individual cells before soldering. The Voc and Viypp of the individual cells before
soldering are noticeably higher than the per-cell voltages of the soldered modules,
highlighting the introduction of additional loss mechanisms, such as increased

recombination and resistive losses, during the soldering process.

Regarding wafer thickness, the thinner 80 um cells exhibit a higher Voc both before and after
soldering compared to the thicker 135 um cells. This trend, while subtle at the module level
as seen in Figure 7.7(a), becomes more pronounced when analyzed on a per-cell basis.
Interestingly, the Vupp of the individual cells before soldering is identical for both wafer
thicknesses, despite the thinner cells having a higher Voc. This can be attributed to higher
surface recombination on thinner cells, which is more prominent near the maximum power
point (MPP) region, as discussed in Chapter 4. The per-cell Vipp, however, becomes higher
for the thinner 80 um cells compared to the thicker cells after soldering. This shift suggests
that the soldering process may have a more favorable impact on thinner cells, potentially due

to lower resistive losses or better adaptation to the interconnection process.
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7.4. Summary

In this chapter, the development and optimization of mini modules, focusing on the the
influence of wafer thickness (80 um vs. 135 pm) on the evolution of performance from
individual cells to assembled modules were discussed. The laser cutting parameters were
optimized to accommodate thinner cells without accruing losses for the thicker cells.
Comparing two parameter sets, ParA and ParB, the latter proved more effective for 80 pm
cells by using lower cutting power, higher speed, and increased repetitions. These
adjustments led to higher Voc and FF, attributed to reduced edge defects and increased shunt

resistance.

Contact grid designs were also revised to improve efficiency by minimizing shading and
resistive losses. The redesigned grid featured fewer fingers, thinner busbars, and optimized
finger lengths, enhancing light absorption, reducing series resistance, and improving overall
performance. The optimized design resulted in significant increases in Voc, Jsc, and

conversion efficiency, with the improvements being particularly pronounced for 80 um cells.

The performance of shingle mini-modules with 80 um and 135 um wafer thicknesses was
evaluated across 2 to 7-cell configurations. Increasing the number of cells consistently raised
the Voc while maintaining a stable Jsc. Thicker 135 pm wafers exhibited slightly higher Jsc
due to better light absorption, but Voc differences between the wafer thicknesses were
minimal, suggesting recombination losses during soldering offset potential voltage gains of
thinner wafers. Series resistance (Rs) increased with the number of cells, influenced by
interconnection losses, while FF and efficiency remained relatively stable across
configurations. On a per-cell basis, thinner 80 um cells exhibited higher Voc both before and
after soldering, while the Vypp was identical for cells of both wafer thicknesses before
soldering. After soldering, however, modules made from thinner cells showed a higher Vapp,
indicating that the soldering process is more favorable for thinner cells, likely due to reduced
resistive losses or improved interconnection efficiency. Overall, thinner wafers provide

material savings without compromising module performance compared to thicker wafer.
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8. Summary and Outlook

The urgency of addressing climate change has accelerated the global transition from fossil
fuels to renewable energy sources, with photovoltaics (PV) emerging as the fastest-growing
technology in this field. By 2023, PV systems accounted for three-quarters of newly installed
renewable energy systems, highlighting their central role in meeting global climate goals.
Among various PV technologies, crystalline silicon (c-Si) solar cells dominate the market
due to their high efficiency, with silicon heterojunction (SHJ) solar cells demonstrating
particularly great promise. The need for sustainable energy solutions necessitates strategies
to reduce material usage, lower costs, and enhance the energy return on investment (ERol).
One such strategy involves reducing the thickness of silicon wafers, which are theoretically
predicted to achieve high efficiencies. It becomes essential to experimentally investigate the
viability of thin SHJ solar cells compared to their thicker counterparts and evaluate their
performance across diverse scenarios. For example, given the ongoing transition toward
perovskite/silicon tandem configurations, understanding the performance of thin SHJ cells
as bottom cells is particularly important. Furthermore, assessing the potential of these thin
cells under low light and LED illumination is essential for exploring their applications in
indoor conditions. Finally, evaluating their performance evolution when soldered and

integrated into modules is necessary to ensure their viability in practical applications.

A summary of the main results from each section is presented below, beginning with the
effects of wafer thinning on single-junction SHJ solar cells, followed by their performance

in various utilization scenarios.
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Wafer thickness effect on:

Single junction SHJ solar cells: For this study, several SHJ solar cells of thicknesses
ranging from 60 to 170 um were prepared and analyzed. Carrier lifetime measurements
showed that surface recombination dominates at lower carrier densities, particularly in
thinner wafers, leading to reduced effective lifetime and gradual reductions in iFF. However,
at higher carrier densities, solar cells transition to Auger recombination dominance, with
implied open-circuit voltage iV oc closely approaching theoretical limits. Finalized solar cells
exhibited notable losses in FF and Vocwith reduced thickness due to contact shadowing and
imperfect contact selectivity, while the Jsc decreased as expected from weaker long-
wavelength absorption. Despite these challenges, high efficiencies were achieved across a
thickness range of 75 - 170 um, with a maximum efficiency of 22.3% at 75 pm,

demonstrating the feasibility of wafer thinning without significant efficiency loss.

Tilt angle: Similar Voc dependence on tilt angle was observed, decreasing with decreased
charge concentration resulting from reduced photon concentration at higher angles. While
FF showed no clear correlation with thickness or tilt angle, Jsc and efficiency converged at
angles above 30°, minimizing wafer thickness effects. The results indicate that Jsc losses in
thinner cells under standard conditions are less significant in field conditions without solar

trackers.

SHJ solar cells as bottom cells in PeroSi tandems: In this study, the performance of SHJ
cells on 80 um and 135 um thick wafers as bottom cells in perovskite-silicon tandems was
examined and compared to their performance under the standard AM1.5G. The analysis

focused on two key aspects: passivation and light management.

e Passivation: The effect of enhanced passivation was investigated by increasing the
passivation thickness on the front, rear, and both sides of SHJ solar cells. These modified
cell variants were compared to those with the standard passivation thickness, which was
optimized for standard light conditions. Under AM1.5G standard conditions, SHJ cells
on 80 um wafers showed a slight lower efficiency compared to 135 nm wafers, with peak
efficiencies of 23.3% and 23.8%, respectively. While thicker passivation layers improved

Voc, implied and pseudo FF, they also increased series resistance and parasitic
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absorption, leading to losses in final FF and Jsc. However, under bottom cell conditions
in tandems, series resistance effects are minimized. Measurements under perovskite-
filtered spectrum and attenuated AM1.5G spectrum showed a higher Jsc under bottom
cell conditions, indicating the effect of reduced parasitic absorption in the absence of short
wavelength light. However, similar results for Voc, pFF, and FF were obtained,
indicating no spectral effects on these parameters. In terms of wafer thickness under the
new spectrum, Jsc remained slightly lower in 80 um cells due to higher transmission
losses in infrared light. Despite a 40% wafer thickness reduction, efficiency dropped
minimally (0.35%abs) under the perovskite-filtered spectrum, even without advanced

light management.

e Light management: This study demonstrated that applying an ITO/MgF./Ag back
reflector and a MgF» anti-reflection coating can reduce the Jsc gap between 80 um and
135 um SHJ solar cells. The most gain in Jsc after BR application is observed in the cells
with the most near-IR losses, particularly the 80 um cells, which gain up to 0.88 mA/cm?
under AM1.5G and 0.58 mA/cm? under the perovskite-filtered spectrum. The 135 pm
cells gain 0.73 mA/cm? and 0.52 mA/cm?, respectively. After ARC deposition, all cells

show an average gain of approximately 0.3 mA/cm? for both spectra.

SHJ solar cells in indoor conditions: The performance of SHJ solar cells of varying
thicknesses (80 pm, 100 um, 130 um, and 170 pm) under low light and LED illumination
was studied, specifically for indoor applications such as IoT devices. Indoor lighting, which
typically ranges from 250 to 500 lux, requires solar cells with thinner wafers for better light
absorption. The results showed that thinner cells (80 um and 100 pm) generally perform
better, with higher efficiency under lower light intensities compared to thicker cells.
However, the power output for the studied cells is lower than the theoretically optimal 1.8
pm thickness for LED light harvesting. Thin-film solar cells, such as those made from
amorphous silicon, perovskites, and organic materials, are more suitable for indoor use due

to their wider bandgaps, which align better with artificial light spectra.

Mini modules fabrication and performance: The development and optimization of mini-

modules made from thin-wafer SHJ solar cells is explored in this study, with a particular
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focus on how wafer thickness influences performance at both the cell and module levels.
The study highlights the influence of laser cutting parameters, optimization of cell design,
and the performance of shingle mini-modules constructed with 80 pm and 135 um thick

cells.

o Laser cutting parameters: The study investigated two laser cutting parameter sets (ParA
and ParB) to optimize the cutting process for thinner cells. ParB, using lower power (55%
vs. 65%), higher speed (1.00 m/s vs. 0.20 m/s), and more repetitions (200 vs. 15),
significantly improved cell performance, particularly for 80 um cells. ParB achieved
higher Voc and FF for both 80 pm and 135 pm cells compared to ParA. For 80 um cells,
ParA exhibited a broad range of low shunt resistance, while ParB stabilized it at higher,
uniform values, leading to better FF. Although ParB caused a slight reduction in Jsc for
both thicknesses, the improvements in Voc and FF outweighed the loss, resulting in

higher overall efficiencies for cells processed with ParB.

e Cell Design Optimization: The contact grid design for the cells was optimized to
minimize shading and series resistance. The optimized design reduced the number of
fingers from 18 to 15, and the busbar thickness was reduced from 1.00 mm to 0.70 mm
to reduce optical losses due to shading. On the rear side, the finger length was also reduced
from 15 mm to 14.3mm to reduce series resistance. For the 80 um cells, the Voc increased
only slightly from 0.736 V to 0.739 V. The fill factor (FF) showed a 2% absolute increase
between the best cells for both thicknesses. Additionally, Jsc increased significantly, with
80 wm cells showing an increase from 35.95 mA/cm? to 36.79 mA/cm?, and 135 um cells
showing an increase from 36.24 mA/cm? to 37.16 mA/cm?. The resulting efficiency

improved by up to 0.6%aps for both thicknesses.

e Mini Module Performance: The performance of mini-modules made from 80 pm and
135 pm thick wafers was tested in configurations with 2 to 7 cells in series. As the number
of cells increased, the voltages steadily increased, with a 0.72 V increase in Voc and a
0.60 V increase in Vupp observed across all configurations. While slightly lower Jsc was
observed for the modules with 80 um cells, the final efficiency (n) remained stable, with

no clear dependence on wafer thickness or the number of cells, indicating that soldering
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losses and additional recombination during the process overshadowed the intrinsic
differences between wafer thicknesses. The results suggest that thinner cells provide
material savings without significant loss in module performance compared to thicker

cells.

While the general effects of wafer thickness on solar cell performance are well understood,
specific considerations remain critical for advancing this technology. One key challenge is
stability, as thin wafers (<100 pm) are inherently fragile, making them prone to breakage
during processing and handling. Optimized wafer handling techniques, including
innovations in non-contact methods and soft handling systems, are necessary to ensure
minimal losses in the production process. This stability challenge must be addressed to

enable reliable and cost-effective manufacturing of thin-wafer cells.

Another important aspect requiring further research is the upscaling of <100 pm cells into
larger module configurations. While small-scale modules in this thesis demonstrate
promising efficiency, the metallization and encapsulation of these thin cells in larger
modules pose challenges. Exploring innovative encapsulation materials and methods that
provide mechanical support while maintaining high optical and electrical performance will
be crucial. Additionally, for configurations like half-cut cells, further optimization of laser
cutting techniques is needed to ensure precision and minimize defects, which can otherwise
degrade cell performance. Addressing these aspects will be vital for realizing the commercial

viability of thin-wafer solar cells in larger-scale applications

In the context of utilizing these cells as bottom cells, several optimization opportunities arise
due to the absence of front-side parasitic absorption. For instance, the thickness of various
layers within SHJ cells, such as the doped layers or the transparent conductive oxide (TCO),
can be further optimized to enhance both contact selectivity and electrical conductivity.
Additionally, alternative passivation layers, such as oxides, present promising avenues for
exploration. To further improve the Jsc in thin wafers, implementing interdigitated back

contact designs could be investigated, as they eliminate front-side contact shadowing.
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Finally, to fully quantify the benefits (or losses) involved in transitioning towards thinner
wafers, an in-depth cost analysis should be carried out. This analysis should take into account
material savings, potential changes in manufacturing complexity, yield losses associated
with handling thinner wafers, and the impact on cell efficiency and module performance.
Additionally, considerations such as equipment modification costs, scalability of production,
and long-term reliability of the thinner wafers should be factored into the evaluation. Such a
comprehensive assessment would provide valuable insights into the economic viability of

adopting ultra-thin wafer technologies.
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Symbols and abbreviations

Absorptance

Radiative recombination coefficient

Auger recombination coefficient for electrons
Auger recombination coefficient for holes
Conduction band edge

Fermi energy level

Quasi-Fermi level for electrons

Quasi-Fermi level for holes

Trap energy level

Valence band edge

Carrier generation rate

Short-circuit current

Current at maximum power point

Current density

Short-circuit current density

Current density at maximum power point
Saturation current density of the first diode
Saturation current density of the second diode
Photogenerated current density

Photocurrent density

Recombination current density

Implied current density

Implied short-circuit current density

Implied current density at maximum power point

Input power density
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Symbols and abbreviations

Pypp
R

Rs
Rsu
Riner
Ry

Rsru

TAuger
Th
Teff
Tintr

Trad

a-Si:H

c-Si

Maximum power density
Reflectance

Series resistance

Shunt resistance

Intrinsic recombination rate
Radiative recombination rate
Shockley—Read—Hall recombination rate
Surface recombination velocity
Electron recombination cross-section
Hole recombination cross-section
Temperature

Voltage

Open-circuit voltage

Voltage at maximum power point
Wafer thickness

Excess carrier concentration
Power conversion efficiency
Wavelength

Auger recombination lifetime
Bulk carrier lifetime

Effective carrier lifetime

Intrinsic carrier lifetime
Radiative recombination lifetime
Electron concentration

Intrinsic carrier concentration
Ideality factor

Acceptor dopant concentration
Donor dopant concentration

Hole concentration

Boltzmann constant

Luminous flux

Hydrogenated amorphous silicon

Crystalline silicon
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Symbols and abbreviations

CdTe Cadmium telluride

CIGS Copper indium gallium selenide
MgF> Magnesium fluoride

In203 Indium oxide

SnO2 Tin oxide

ZnO Zinc oxide

H: Hydrogen

SiH4 Silane

PH:3 Phosphine

B:Hs Diborane

HCI Hydrochloric acid

HF Hydrofluoric acid

H>0 Water

(0] Ozone

SFe/O2 Sulfur hexafluoride/oxygen
Sn42Bis7Ag1 Tin—bismuth—silver solder alloy
AM1.5G Air Mass 1.5 Global

ARC Anti-reflection coating

AZ0 Aluminium-doped zinc oxide
BGN Band gap narrowing

CIE Commission Internationale de I'Eclairage
CVD Chemical vapor deposition

DC Direct current

DLARC Double-layer anti-reflection coating
EQE External quantum efficiency
ERol Energy return on investment
ETC Effectively transparent contacts
FCA Free carrier absorption

FF Fill factor

FWHM Full width at half maximum
GM.QE Grating Monochromator Quantum Efficiency
IBC Interdigitated back contact

IoT Internet of Things
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Symbols and abbreviations

IQE
IR
IRENA
ITO
v

JV
LED
LID
LOANA
MPP
PECVD
PERC
PL

PM
PV

QE
QDR
QSSPC
SDR
SEM
SHJ
SRH
TCO
0\Y

Internal quantum efficiency

Infrared

International Renewable Energy Agency
Indium tin oxide

Current—voltage

Current density—voltage
Light-emitting diode

Light-induced degradation

Solar cell analysis system

Maximum power point
Plasma-enhanced chemical vapor deposition
Passivated emitter and rear cell
Photoluminescence

Process module

Photovoltaics

Quantum efficiency

Quick dump rinser
Quasi-steady-state photoconductance
Saw damage removal

Scanning electron microscopy
Silicon heterojunction
Shockley—Read—Hall

Transparent conductive oxide

Ultraviolet
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