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SUMMARY

Thin-film silicon photovoltaics are among the most mature photovoltaic technologies,
with well-established material physics, reliable device performance, and a long history
of industrial deployment. Although their efficiency limits large-scale power generation,
thin-film silicon remains a powerful platform for optical and electrical device design.
Its compatibility with substrate texturing, advanced light management, and superstrate
fabrication enables multiscale interfaces, novel transparent electrodes, and high tempera-
ture processing for improved material quality. These features make it a robust foundation
for emerging lightweight and flexible photovoltaic concepts, including perovskite-based
devices.

This thesis advances superstrate thin-film photovoltaics across three interconnected
areas: transparent conductive oxide development, optoelectrical device modeling, and
the design of emerging perovskite architectures. It begins with the engineering of trans-
parent conductive oxides, a critical component of high performance superstrate solar
cells, where performance is governed by trade-offs between transparency, conductivity,
material abundance, and scalability.

Chapter 2 investigates bilayer transparent conductive oxides deposited by magnetron
sputtering on glass. By separating optical transparency and electrical conductivity into
complementary layers and exploiting the natural texture of polycrystalline zinc oxide, the
bilayer design overcomes the limitations of single-layer electrodes. The study provides
an understanding of charge transport, optical scattering, and interface morphology, and
establishes a general framework for high performance front electrodes.

Chapter 3 focuses on sustainable, earth-abundant alternatives based on tin oxide. By
controlling oxygen and hydrogen incorporation during room temperature sputtering,
combined with fluorine doping and post-deposition annealing, the chapter clarifies how
stoichiometry, defect chemistry, and dopant activation govern carrier density and mobility.
These results define processing routes for high performance indium-free transparent
conductive oxides compatible with temperature-sensitive devices.

The optimized electrodes developed in Chapter 2 and Chapter 3, together with tex-
tured glass substrates engineered within our research group, provide the experimental
foundation for the device-level modeling that follows. Their measured optical and electri-
cal properties are directly implemented in the simulation framework, ensuring predictive
and physically grounded analysis.

Chapter 4 establishes an experimentally validated optical modeling approach for
predicting broadband absorption and reflection losses in multiscale-textured thin-film
silicon solar cells. By integrating realistic interface morphologies with measured optical
constants, the model enables unified prediction of optical behavior. Applications to both
commercial Asahi textured glass and engineered honeycomb microtextures yield design
rules transferable across thin-film technologies.

XI



XII SUMMARY

Chapter 5 extends this framework by coupling optical and electrical simulations
and validating the approach using devices fabricated on glass and flexible aluminum foil
carriers. The framework is subsequently applied to single-junction and tandem perovskite
architectures on flexible substrates. The analysis identifies the hole transport layer as
a key parameter governing energy-level alignment, carrier selectivity, and interfacial
losses, thereby defining critical design strategies for high efficiency flexible perovskite
photovoltaics compatible with roll-to-roll manufacturing.

Together, these studies establish an integrated framework linking transparent con-
ductive oxide engineering, optoelectrical modeling, and device architecture design. They
demonstrate how the superstrate configuration enables high temperature and high quality
materials processing, and advanced light management within scalable thin-film photo-
voltaic platforms. Thin-film silicon devices emerge as versatile experimental and model-
ing test platform for next generation thin-film technologies. Overall, this work outlines
a pathway toward scalable, high efficiency, and mechanically flexible photovoltaic tech-
nologies extending beyond conventional wafer-based systems.



PREFACE

Research is rarely a straight path. Mine has oscillated between models and experiments,
between moments of apparent certainty and humbleness of failure. I have found out that
what does not work can be as revealing as what does, and that trust in science comes as
much from doubt as from proof.

I have been guided with care by great supervisors, and in turn I have learned to guide
people. I have come to see that guidance is less about removing obstacles and more about
creating space for others to navigate them: a lesson in patience and in faith.

The world beyond work also leaves its marks. Rules and freedoms often collide in paradox-
ical ways, reminding us that progress is measured not only in results, but in the courage
to confront contradictions. And perhaps, as in life, the ride is worth taking only when it
rises and falls, when it challenges us.

This dissertation is therefore not only a work of research, but also a record of a journey of
questioning, guiding, struggling, and daring.

A stream of consciousness
on my work and propositions
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1.1. Why (still) doing thin-film silicon?
Thin-film silicon (TF-Si) photovoltaics have accompanied the evolution of solar technology
for more than four decades. At first sight, continued research in TF-Si technology may appear
counterintuitive in a landscape increasingly shaped by high efficiency crystalline silicon (c-Si)
and the rapid rise of perovskite based devices. This leads to the central question motivating
this thesis: "Why should we still study and develop thin-film silicon today?"
The answer lies in the distinctive role that TF-Si occupies at the intersection of materials
science, optical engineering, and device architecture. Its ultra-thin absorber layers, engineered
interfaces, and compatibility with large area manufacturing create a design space that neither
wafer based photovoltaics nor emerging perovskites can replicate. Therefore, this technology
serves as a scientifically instructive and enabling platform for advancing photovoltaic design,
a role that can be understood through interconnected aspects outlined in the following.
The thin absorber layers, typically ranging from hundreds of nanometers to a few micrometers,
as exemplified by hydrogenated amorphous silicon (a-Si:H) and hydrogenated nanocrystalline
silicon (nc-Si:H), enable bandgap tuning, compositional grading, exploration of spectral uti-
lization limits, and multi-junction stacking without incurring prohibitive transport losses [1].
The TF-Si technology also provides a controlled environment for developing and validating
light trapping strategies, substrate texturing, diffractive optics, and engineered back reflectors
for the advancement of light management concepts [2].
For example, superimposed sacrificial texturing and engineered hexagonal microtextures
on glass substrates, developed in our group, demonstrate how multiscale morphologies can
enhance optical path length, reduce reflection, and redistribute light across the visible and
near-infrared (NIR) range of the solar spectrum in solar devices [3, 4].
While related light management approaches are also implemented in c-Si technologies using
industrially established random pyramid texturing [5, 6], as well as advanced methods
such as reactive ion etching (RIE) [7], TF-Si provides a complementary platform for studying
the interplay between optical design and device performance. Consequently, these design
principles and physical insights can be extended to organic photovoltaics such as perovskites,
and emerging tandem concepts.
Furthermore, TF-Si serves as a effective platform for analyzing performance limits in ultra-thin
photovoltaic devices. Key loss mechanisms, including defect creation kinetics associated
with the Staebler–Wronski effect, bottlenecks at tunnel recombination junctions, optical
losses arising from sub-gap absorption in defective or doped layers, and trade-offs between
optical scattering and recombination, have been systematically investigated in thin-film
silicon devices [8, 9]. While many of these physical processes are also well understood in c-Si
technologies, TF-Si enables their investigation in thickness regimes and device architectures
that are directly relevant to the broader thin-film photovoltaic field.
At the manufacturing level, its compatibility with large area, low temperature, roll-to-roll
(R2R) processing enables flexible and lightweight photovoltaic modules. While other TF
technologies, such as copper indium gallium selenide (CIGS) and cadmium telluride (CdTe),
have demonstrated higher efficiencies and industrial scalability, all thin-film approaches
share key advantages including low material consumption, reduced thermal budgets, and
compatibility with a wide range of substrates [10].



1.2. The aim and the proposed route

1

5

By comparison, flexible c-Si technologies have recently emerged through approaches based
on substrate thinning and polymer-based encapsulation, enabling lightweight and mechani-
cally compliant designs while preserving the high efficiency and stability of mainstream c-Si
technology. However, flexibility remains limited compared to TF photovoltaics due to the
intrinsic brittleness and thickness constraints of silicon wafers. Additionally, most implemen-
tations rely on adapted module architectures rather than intrinsically flexible materials. As a
result, flexible c-Si currently occupies an intermediate position between conventional rigid
wafer-based technologies and intrinsically flexible thin-film solar cells [11, 12].
In practice, the industrial potential of thin-film silicon has already been demonstrated by
United Solar Ovonic [13], whose stainless steel and high temperature polymer substrates
enabled lightweight photovoltaic modules for curved surfaces, rooftop applications, and
building integrated photovoltaics (BIPV) [14].
More recent progress by the Dutch company LiftPV, formerly HyET Solar, has advanced R2R
TF-Si by targeting applications that require extreme weight reduction, mechanical resilience,
and scalable continuous manufacturing [15]. In this context, temporary metal carrier foils have
been introduced to decouple high temperature processing from the final flexible substrate.
This temporary superstrate concept also presents a promising processing route for perovskite
photovoltaics, creating opportunities to integrate high quality processed materials into fully
flexible device architectures.
From an environmental perspective, TF-Si belongs to a broader class of photovoltaic tech-
nologies that require less material and lower manufacturing energy than mainstream c-Si.
Life cycle assessment studies report lower cumulative energy demand and global warming
potential for TF technologies, although their lower efficiencies can result in less favorable
energy payback times. Among commercially established options, a-Si:H is identified as one of
the more favorable technologies in terms of energy demand and greenhouse gas emissions,
while CdTe and CIGS also perform well but raise concerns related to material criticality and
toxicity [16–18].
In addition, TF-Si is compatible with high throughput R2R processing, enabling resource-
efficient large area manufacturing. It also exhibits stabilized performance over operational
lifetimes comparable to conventional modules, allowing competitive environmental perfor-
mance per unit of electricity generated. Thin-film silicon therefore represents a relevant
compromise between environmental performance, material availability, and compatibility
with lightweight, flexible and cost effective photovoltaic applications [13, 19].

1.2. The aim and the proposed route
Thin-film silicon based solar cells fabricated on glass have reached stabilized efficiencies of
around 10% for single-junction a-Si:H, 12% for a-Si:H/nc-Si:H tandems, and up to 14% for
triple-junction devices at laboratory scale, typically demonstrated on cell areas of the order of
1 cm2 [20–22].
Amorphous silicon is a semiconductor characterized by a mobility gap of approximately 1.6–1.8
eV and a high density of localized states within the bandgap. Its optical absorption coefficient
is significantly higher than that of crystalline silicon, enabling efficient light absorption in
sub-micrometer thicknesses [23].
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However, charge transport is limited by low carrier mobility and defect-mediated recombi-
nation, making device performance highly sensitive to optical management and interface
engineering. Performance improvements have been achieved through increased architectural
complexity, progressing from single- to multi-junction designs. This evolution is illustrated
schematically in Figure 1.1.
Despite these advances, the achievable efficiency of thin-film silicon remains lower than
that of competing photovoltaic technologies, particularly crystalline silicon and perovskite-
based devices. This limitation does not diminish the relevance of thin-film silicon. Instead,
it highlights its role as a versatile platform for exploring advanced device architectures, light
management strategies, and interface engineering in ultra-thin photovoltaic systems.

Figure 1.1: Schematic illustration of TF-Si solar cell architectures, highlighting the evolution from single- to
multi-junction configurations and the associated efficiency improvements.

The aim of this work is to explore and assess transparent conductive oxide (TCO) materials
for superstrate thin-film photovoltaic devices, exploiting the design freedom offered by the
superstrate configuration to investigate front electrode concepts beyond conventional indium
based solutions.
Building on this, a physically grounded optoelectrical modeling framework is developed and
validated, establishing a direct link between material properties, optical design, and electrical
performance in thin-film devices. This framework enables the systematic evaluation of TCO
design choices, supports device optimization in TF-Si, and provides a foundation for extending
these design principles to broader photovoltaic architectures, including perovskites.
Transparent conductive oxides are typically degenerately doped wide bandgap semiconduc-
tors, combining high optical transparency (bandgap > 3 eV) with sufficient electrical conduc-
tivity through high carrier densities (1019–1021 cm−3). Their optoelectrical performance is
governed by the interplay between carrier density and mobility: increasing carrier concen-
tration improves conductivity but enhances free carrier absorption in the NIR, while high
mobility reduces resistive losses without compromising transparency [24].
The superstrate configuration offers significantly greater freedom in front electrode design
than substrate-based device architectures. In superstrate devices, the TCO governs both optical
in-coupling and lateral charge transport, directly influencing device efficiency. As a result, the
front electrode must simultaneously satisfy optical transparency, electrical conductivity, and
compatibility with the processing constraints of the device architecture.
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The competing requirements associated with TCO selection are illustrated in Figure 1.2, high-
lighting the interdependence among optical transparency, electrical conductivity, material
abundance, and compatibility with flexible device architectures. Indium-based TCOs, such as
indium tin oxide (ITO), represent the state-of-the-art, combining high carrier mobility with
carrier densities on the order of 1020–1021 cm−3, enabling low resistivity and high transparency
across the visible spectrum.

Figure 1.2: Schematic overview of transparent conductive oxide (TCO) materials based on metal oxides derived
from tin dioxide (SnO2), indium oxide (In2O3), and zinc oxide (ZnO), illustrating the trade-offs among low

temperature processability, material abundance, and reliability in flexible device architectures.

In established photovoltaic technologies, such as silicon hetero-junction (SHJ) solar cells, ITO
films deposited at low temperatures (< 200◦C) typically exhibit electron mobilities in the range
of 30–40 cm2/Vs, illustrating the level of performance achievable under industrially relevant
processing conditions [25].
These materials rely on scarce indium resources and exhibit limited mechanical robustness
under bending. Earth-abundant alternatives based on zinc oxide (ZnO) and tin dioxide
(SnO2) therefore offer advantages in material availability and, in some cases, improved optical
transparency due to lower free carrier absorption. However, their electrical performance is
typically limited by lower mobility (below 10 cm2/Vs) or requires careful control of defect
chemistry and doping [26, 27].
In addition, high quality crystalline films often necessitate elevated deposition or post-depo-
sition annealing temperatures, which exceed the thermal limits of common polymer substrates,
such as polyethylene terephthalate (PET) or polyethylene naphthalate (PEN) [28].
Superstrate fabrication strategies based on temporary carriers provide a route to decouple
front electrode processing from the constraints of the final device substrate, enabling high
temperature deposition of high performance TCOs prior to transfer onto flexible supports.
Within this context, the temporary metal foil superstrate configuration represents an effective
fabrication route. The photovoltaic device stack is deposited onto a removable aluminum
carrier that tolerates processing temperatures not compatible with conventional polymer
substrates such as PET/ITO or PEN/ITO.
Fluorine-doped tin oxide (FTO) is fabricated via atmospheric-pressure chemical vapor de-
position (APCVD) at around 500 °C, yielding dense, low resistivity, high mobility transparent
conductive oxides typically achievable only on rigid glass.
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After lamination, the aluminum carrier is removed and the photovoltaic stack is transferred
onto a wide range of permanent and flexible substrates, thereby combining high performance
front electrodes with R2R manufacturability [29]. While the aluminum foil approach is well
established for TF-Si technology, its applicability to other photovoltaics, such as perovskite,
has not yet been explored. A schematic overview of this superstrate roll-to-roll process is
shown in Figure 1.3.

Figure 1.3: Roll-to-roll (R2R) superstrate processing route for flexible thin-film solar cells. The device stack is
deposited on a temporary aluminum foil enabling high temperature processing, transferred to a permanent

carrier, and encapsulated within flexible polymer layers after removal of the temporary superstrate.

Addressing the trade-offs between optical transparency, electrical conductivity, material sus-
tainability, and process compatibility, while expanding the TCO design space beyond conven-
tional single-layer front electrodes in solar devices, constitutes a first central objective of this
thesis.
A second objective is the development of a physically grounded optoelectrical modeling
framework to evaluate device architectures across different material systems and to assess the
performance potential of next generation thin-film solar cells compatible with high tempera-
ture superstrate processing.

1.3. Research questions
The understanding of thin-film silicon photovoltaics is used here as a platform to develop
transferable materials, device architectures, and optoelectrical modeling strategies for future
TF technologies compatible with scalable manufacturing concepts. This work therefore
addresses the following research questions:

1. How can transparent conductive oxide architectures be engineered to decouple optical
transparency and electrical conductivity, and which physical mechanisms govern the
optoelectrical performance of such electrodes in TF solar cells?

2. What relationships link processing conditions to structural, chemical, and optoelectrical
properties in indium-free SnO2-based transparent conductive oxides deposited under low
thermal budget constraints, and how can these relationships be exploited for scalable
photovoltaic applications?

3. To what extent can light propagation, absorption, and angular redistribution in multiscale
textured thin-film solar cells be predicted using experimentally grounded optical models,
and how does their predictive accuracy compare to that of electromagnetic approaches?
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4. How can optoelectrical modeling frameworks validated on TF-Si devices be extended to
flexible perovskite solar cell devices fabricated in superstrate configurations, and which
physical mechanisms limit their performance under high temperature processing condi-
tions?

1.4. Outline
The chapters progress from materials engineering and characterization to experimentally
grounded device-level simulations, and finally to the design of flexible photovoltaic architec-
tures compatible with scalable manufacturing. Background theory, state-of-the-art context,
and experimental methodologies are introduced within the corresponding chapters, with
additional details provided in the appendices where needed.
Chapter 2 explores bilayer transparent conductive oxides as a route to decouple transparency
and conductivity in the front electrode. By optimizing complementary sputtered layers and
analyzing free-carrier transport and scattering mechanisms, it shows that bilayer designs can
outperform their individual components. The chapter further establishes a general framework
for engineering high performance front electrodes.
Chapter 3 extends this approach to indium-free tin oxide based materials, motivated by the
need for sustainable and earth-abundant alternatives. Controlled incorporation of oxygen, hy-
drogen, and fluorine during room-temperature deposition and post-annealing is used to tune
material properties. The chapter clarifies how stoichiometry and defect chemistry govern mo-
bility and carrier density in SnO2-based films, thereby outlining processing pathways toward
high quality indium-free TCOs compatible with high and low thermal-budget fabrication.
The insights from Chapter 2 and Chapter 3, together with advances in substrate develop-
ment within our research group, provide the experimental basis for the device-level modeling
presented in Chapter 4 and Chapter 5. The experimentally characterized optical and electri-
cal material properties are directly implemented in the simulations, ensuring realistic and
physically grounded device analysis.
Chapter 4 introduces an experimentally validated optical modeling framework for predicting
broadband absorption and reflection losses in multiscale textured TF-Si devices. The approach
combines accurate optical constants with realistic interface morphologies and rigorous light-
propagation models, providing a transferable method for other TF photovoltaic technologies.
Finally, Chapter 5 combines optical and electrical modeling to validate TF-Si devices on
both glass and flexible substrates, and extends the analysis to perovskite single-junction and
tandem architectures. Particular attention is given to the role of the hole-transport layer
in band alignment and carrier selectivity. The simulations identify performance limits and
outline design strategies for high-efficiency flexible perovskite photovoltaics compatible with
large-scale R2R processing.
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1.5. Main contributions to the PV field
The main contributions of this research are summarized below.

• Decoupled transparent conductive oxide architectures for thin-film photovoltaics.
Bilayer transparent conductive oxide concepts are developed to decouple optical trans-
parency and electrical conductivity, enabling independent optimization of front elec-
trode properties for thin-film architectures.

• Indium-free SnO2-based transparent conductive oxides for scalable applications.
Indium-free SnO2-based transparent conductive oxides compatible with low thermal
budget processing are optimized, linking processing conditions and material structure
to optoelectrical properties and resulting front electrode performance.

• Experimentally grounded optoelectrical modeling of thin-film solar cells.
An optoelectrical modeling is established in which experimentally measured optical
and electrical material properties are directly implemented, enabling physically consis-
tent, computationally efficient analysis of thin-film silicon devices with complex and
multiscale textured architectures.

• Extension of thin-film silicon design principles to flexible perovskite photovoltaics.
The validated optoelectrical modeling framework is extended from thin-film silicon to
perovskite single-junction and tandem architectures, identifying viable device config-
urations and design strategies for flexible perovskite solar cells compatible with large
scale, high temperature, roll-to-roll superstrate processing.
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ELECTRICAL PROPERTIES IN TCOs

This chapter is based on the following publication:
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2.1. Introduction
Transparent conductive oxide (TCO) materials are widely employed as front contact electrodes
in thin-film (TF) solar cells [30, 31]. Among the various TCO materials, metal oxides have
attracted particular attention due to their favorable optoelectrical properties [32–35]. These
properties are governed by the oxidation state of the metal constituent, as well as by the type
and concentration of impurities incorporated into the films [36–38].
In2O3-based TCOs, such as indium tin oxide (ITO), are widely used as front electrodes in solar
cells due to their trade-off between high electrical conductivity and good transparency in the
visible light spectrum [39, 40]. However, the simultaneous optimization of both transparency
and conductivity in a single TCO layer is inherently constrained by a compromise [24]. In-
creasing the carrier concentration improves conductivity but reduces transparency in the near
infrared (NIR) region due to free carrier absorption (FCA) [37, 41].
The concept of using bilayer TCO structures to overcome the inherent trade-off between
transparency and conductivity in single-layer TCOs has been investigated in previous stud-
ies [42]. For example, Lee et al. demonstrated that a double-layer transparent conductive
oxide structure composed of ITO and niobium-doped titanium dioxide (TNO) effectively acts
as an anti-reflection coating, significantly reducing front surface reflectance while ensuring
adequate lateral conductivity in silicon solar cells [43].
Furthermore, indium tin oxide/aluminum-doped zinc oxide (AZO) bilayer TCO films have
emerged as a highly effective front-electrode architecture for thin-film silicon solar cells.
Several studies have shown that such bilayers exhibit superior structural and morphological
properties, along with enhanced optoelectrical characteristics, surpassing those of single-layer
TCO films [44–46].
Similarly, Tan et al. demonstrated that a bilayer of hydrogenated indium oxide (IO:H) and
low-pressure chemical vapor deposition (LPCVD) ZnO in modulated surface textured (MST)
electrodes significantly enhances the performance of multijunction TF-Si solar cells. This
bilayer effectively minimizes parasitic absorption and ensures efficient light management,
resulting in higher initial and stabilized efficiency of solar cells compared to single-layer
TCOs [47].
Previous studies have predominantly focused on material selection and performance metrics
of TCOs used as front contacts. However, the underlying mechanisms enabling the decou-
pling of optical and electrical functionalities in bilayer TCO structures remain insufficiently
understood. The novelty of this work lies in its fundamental analysis of the free charge carrier
transport mechanisms governing bilayer TCO behavior, providing a deeper understanding of
their enhanced optoelectrical properties.
The investigation is therefore directed towards the designing and optimization of a two film-
stack front contact for thin-film solar cells, employing the sputtering technique as the fabrica-
tion method. In addition to its compatibility with high-quality TCO deposition, sputtering is a
relatively low-cost and scalable process, making it attractive for industrial applications [30]. In
this bilayer design, one TCO is chosen primarily for its high transparency, while the second
selected TCO is intended to provide high conductivity (Section 2.3.1). Various TCO metal
oxides are analyzed to identify the most suitable candidates, considering the intricate interplay
between their optical and electrical properties [48, 49].
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By refining the bilayer design (Section 2.3.4) and optimizing the properties of each TCO layer
(Section 2.3.2 and 2.3.3), significant enhancements in both optical and electrical performance
are achieved (Section 2.3.4.2). Based on the laws of multilayer optics and conductivity, one
might expect the bilayer’s overall transparency and conductivity to merely reflect the average of
its constituent layers. However, the optimized design surpasses these expectations, delivering
superior values in both metrics. While this study employs particular TCO materials, the
understanding of the working principles behind the TCO bilayer structure (Section 2.3.4.3)
is broadly applicable. It not only facilitates significant improvements in the performance
and efficiency of TF solar cells (Section 2.3.5) [47, 50] but also offers the way for innovative
front-contact designs in a broader range of solar cell technologies [51], potentially using more
cost-effective TCO alternatives.

2.2. Experimental procedure
This section outlines the methodologies used for the fabrication, characterization, and eval-
uation of TCO films and solar cells. Section 2.2.1 details the deposition process of various
TCO materials and the post-deposition annealing (PDA) treatment. Section 2.2.2 describes
the optical, electrical, and structural characterization techniques employed to assess the
properties of the fabricated TCOs. Section 2.2.3 and Section 2.2.4 discuss the key optical and
electrical performance metrics relevant to front-contact applications in solar cells. Finally,
Section 2.2.5 presents the fabrication and characterization of hydrogenated nanocrystalline
silicon (nc-Si:H) solar cells incorporating the developed bilayer TCO front contact.

2.2.1. TCO fabrication and post-deposition annealing
The TCO films are grown on corning glass substrates by using Radio Frequency (RF, 13.56
MHz) magnetron sputtering technique. The geometrical size of the substrate is 10 cm × 2.5
cm × 0.7 mm. Prior to sputtering, each glass substrate is cleaned in acetone and isopropyl
alcohol ultrasonic baths for 10 min respectively. Four different types of transparent conductive
materials are subjected to investigation. They are hydrogen-doped indium oxide (IO:H), tin-
doped indium oxide (ITO), aluminum-doped zinc oxide (AZO) and non-intentionally doped
zinc oxide (ZnO).
These films are fabricated in a multi-chamber sputtering tool. Deposition time, power, and
temperature are adjusted to investigate various sputtering conditions. In the case of IO:H,
the introduction of hydrogen is achieved by varying the partial pressure of water (H2O) vapor.
Table 2.1 presents the power density (P) and substrate temperature (T) window ranges for
each investigated TCO.

Table 2.1: Range of power density [W/cm2] and substrate temperature [°C] windows, varied as deposition
parameters for the investigated TCOs.

Material Pmin [W/cm2] Pmax [W/cm2] Tmin [°C] Tmax [°C]

ITO 1.35 3.00 25 156
IO:H 1.05 1.80 25 107
ZnO 1.00 4.00 95 217
AZO 1.00 4.00 95 217
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The deposited TCO samples are subjected to post-deposition annealing (PDA) under con-
trolled temperature and time conditions. Annealing in ambient atmosphere is performed
using a conventional furnace, while annealing under vacuum is carried out using a halogen
lamp–heated rapid thermal annealer (RTA). The RTA supports various gas environments, in-
cluding argon (Ar) and forming gas (N2/10% H2). Vacuum annealing is conducted both with
and without H2 gas flow.

2.2.2. TCO characterization
Optically, the transmittance (T) and reflectance (R) spectra are measured by a spectrophoto-
metric PerkinElmer Lambda 1050 system, and the absorbance (A) is derived by applying the
law of energy conservation (1 = A+R+T) for light interaction with materials.
The spectroscopic ellipsometry (SE) M-2000DI system (J.A. Woollam Co., Inc.) is used to
determine the bulk thickness (t), refractive index (n), extinction coefficient (k) and optical
bandgap (Eg) from the Tauc plot according to the SE-fitted absorption coefficient (α) curve. In
SE analysis, the dielectric function of the TCO sample is considered homogeneous in depth
and modeled by combining two oscillator theories: Cody–Lorentz and Drude.
Furthermore, the TCO thickness is also determined by a Steag ETA-Optik mini-RT setup.
In mini-RT measurements, R and T curves are measured and processed through the Scout
software to estimate the sample thickness.
Electrically, the TCO is characterized by the resistivity (ρ), the sheet resistance (Rsheet), the
carrier density (N) and the mobility (µ). The ρ is determined using the HMS-5000 Hall effect
measurement system by applying the van der Pauw method, and N and µ are then derived
from the Hall effect at room temperature. The magnetic flux density is set at 0.55 T, the input
current at 10 mA and the sample thickness is determined in advance via the Steag ETA-Optik
mini-RT setup. The probes are arranged in a square configuration, approximately 1 cm apart,
ensuring consistent spacing for accurate measurements. The Rsheet is measured using the
four-point probe (4PP) method with the AIT CMT-SR2000N system, where four equidistantly
positioned contacts are linearly arranged.
In addition to the optoelectrical measurements, material characterization is conducted on the
TCO samples to gain a more comprehensive understanding of their properties.
The crystalline nature of the films is analyzed using X-ray diffraction (XRD). The XRD spectra
are obtained with a Bruker D8 Advance diffractometer in Bragg–Brentano geometry, and Cu Kα
radiation (wavelength 1.5406 Å) is employed from the X-ray tube with a standard focus. The
morphological images of the samples are captured using a Hitachi Regulus 8230 field-emission
scanning electron microscope (SEM). The Bruker atomic force microscopy (AFM) setup is used
for high-resolution imaging and analysis of the surface topography. The image processing and
data analysis are performed using the Gwyddion software.

2.2.3. Optical metrics
In a solar cell, the TCO-based front contact contributes to parasitic absorption above the
optical bandgap in the ultraviolet (UV) region, and in the near infrared (NIR) region of the
solar spectrum due to free carrier absorption (FCA).
A broader transparency window can be achieved through two primary approaches. Firstly,
selecting a TCO material with a larger optical energy bandgap can extend the material’s
capability for optical transparency across a wider wavelength range in the UV region [52].
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Secondly, an extended transparency window can also be attained through the Moss–Burstein
shift, which occurs when a high carrier concentration fills the lower-energy states in the
conduction band, effectively increasing the apparent bandgap of the TCO material [53].
In the NIR wavelength region (above 700 nm), the TCO optical absorption is influenced by
intra-band transitions occurring within the conduction band [54]. The modeling of the FCA is
often carried out using the Drude oscillator. According to this theory, the absorption coefficient
αFCA is calculated as [54, 55]:

αFCA = λ2 e3 Ne

4π2ϵ0 c3 n(m∗
e )2µopt

(2.1)

where λ is the wavelength of the incident light, e is the elementary charge, Ne is the electron
carrier concentration for n-type doped TCOs, ε0 is the vacuum permittivity, c is the speed
of light in vacuum, n is the TCO refractive index at the corresponding wavelength, m∗

e is the
effective electron mass, and µopt is the optical mobility.
As shown in Equation 2.1, αFCA is directly proportional to Ne and an increase in carrier
concentration enhances the probability of photon–carrier interaction [56]. This increase
results in a greater FCA effect. In the case of a TCO front contact, minimizing Ne reduces
unwanted absorption of NIR light and ensures material transparency in this spectral range.

2.2.4. Electrical metrics
A device-relevant parameter used for assessing the TCO electrical properties is the sheet
resistance. The Rsheet is a crucial metric that provides insights into the electrical conductivity
(σ), and it is calculated as [36]:

Rsheet =
1

σ t
= 1

eNeµ t
(2.2)

where t is the thickness of the TCO material and µ is the electron mobility when an n-type
doped TCO film is considered.
For the optimization of the front contact, low Rsheet is crucial to minimize electrical losses
toward metal electrodes. The TCO conductivity can be enhanced either by increasing the
carrier density (Ne) or by improving the carrier mobility (µ). However, increasing carrier
density through doping can lead to higher free carrier absorption (see Equation 2.1) and re-
duced relaxation times due to dopant-induced scattering, both of which degrade the material’s
optical and electrical performance.
This demonstrates that achieving optimal performance in a TCO front contact is challenging
due to the complex interplay between electrical and optical properties. High carrier mobility
and a moderate level of carrier concentration are essential for simultaneously achieving low
sheet resistance and good transparency.
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2.2.5. Solar cell fabrication and characterization
Hydrogenated nanocrystalline silicon (nc-Si:H) single-junction solar cells (4× 4mm2) are
fabricated to evaluate the performance effects of the developed bilayer front contact design,
which decouples the optical and electrical properties. Three different front electrodes are
sputtered on micro-textured glass substrates with morphology features in the order of 1–3µm,
commonly used to achieve efficient light trapping in state-of-the-art devices [57]. The front
contacts include 150nm of ITO, 150nm of IO:H as a monolayer, and a bilayer design with
150nm of IO:H and 1µm of ZnO. The choice of a 150nm thickness is particularly critical, as it
ensures full coverage and prevents any part of the craters on the textured glass from being left
uncovered.
Additionally, an intermediate ambient PDA treatment is applied to the front contact during
the solar cell fabrication. The ITO or IO:H monolayers are annealed for 20min, while the
IO:H/ZnO bilayer is annealed for 2h and 20min.
Superstrate-type p-i-n nc-Si:H solar cells are deposited using plasma-enhanced chemical
vapor deposition (PECVD) and have a configuration consisting of 16nm p-SiOx:H / 2.6µm
i-nc-Si:H / 20nm n-SiOx:H. A 10nm ZnO buffer layer is included between the front contact
and the p-i-n structure. The metal back contact is thermally evaporated, comprising 300nm
Ag / 30nm Cr / 800nm Al. A schematic representation of the solar cell architecture is provided
in Figure 2.1 for reference.

Figure 2.1: Cross-sectional schematic of the nc-Si:H p–i–n solar cell structure for each front contact
configuration: ITO, IO:H, and IO:H/ZnO bilayer (layer thicknesses not to scale).

The solar cell performance is evaluated by measuring the current–voltage (J-V) characteristics
under an AM 1.5G solar simulator (100 mW/cm2) at 25 °C. The open-circuit voltage (Voc), fill
factor (FF), power conversion efficiency (η), series resistance (Rs) and shunt resistance (Rsh)
are also recorded.
The external quantum efficiency (EQE) measurements are performed using a monochromatic
light setup, from which the short-circuit current density (Jsc,EQE) is determined. The total
absorptance (1−R) is derived from the reflectance measured with the spectrophotometric
system.
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2.3. Results and discussion
This section focuses on the characterization of both single-layer and bilayer TCOs deposited
on glass, with particular attention to their optical and electrical properties, as detailed in
Sections 2.3.1 to 2.3.4.
The bilayer is constructed using two types of sputtered TCOs available in the lab: one with
the highest lateral conductivity (IO:H) and another with the highest optical transmittance in
the NIR region (ZnO), as described in Section 2.3.1. The electrical and optical properties of
the individual layers are optimized in Section 2.3.2 and Section 2.3.3. Section 2.3.4 presents
the processing and optimization of the IO:H/ZnO bilayer. In Section 2.3.4.2, it is shown
that the bilayer charge carrier density and mobility outperform the simple superposition
of the properties of the two single layers. Section 2.3.4.3 explains the physical mechanism
underlying the decoupling of electrical and optical properties in the bilayer structure. Finally,
Section 2.3.5 demonstrates the integration of the bilayer into a hydrogenated nanocrystalline
silicon (nc-Si:H) solar cell and compares its performance to devices using single-layer TCOs.

2.3.1. TCO selection for bilayer design
To identify the most suitable TCO candidates, one offering the highest lateral conductivity and
the other the highest transmittance in the NIR region, a comparative analysis is conducted
based on the absorption coefficient at 1100nm and the resistivity. The wavelength of 1100nm is
used because it falls within the NIR range and is commonly adopted in optical and photovoltaic
research contexts to evaluate the performance of materials in the NIR spectrum.
In Figure 2.2, the optoelectrical properties of each material exhibit scattered data points due
to the changes made in deposition parameters space.

Figure 2.2: Absorption coefficient at λ= 1100nm (αNIR@1100 nm)) versus resistivity (ρ) of processed TCOs:
hydrogen-doped indium oxide (IO:H), tin-doped indium oxide (ITO), aluminum-doped zinc oxide (AZO) and

zinc oxide (ZnO).

Among the investigated TCOs, AZO and ITO are highly absorptive in the NIR region. The
absorption coefficient values are all above 3.0×103 cm−1 in this spectral range, whereas the
minimum resistivity reached is 5.0× 10−3Ωcm. IO:H samples reveal the lowest resistivity
values, ranging between 9.0×10−3 and 7.0×10−3Ωcm. The IO:H material shows a broader
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distribution of αNIR values between 2.0×102 and 5.0×103 cm−1. These findings align with
previous studies on hydrogenated indium oxide films, which report comparable resistivity
values and near-infrared absorption characteristics under similar sputtering conditions [58,
59].

Despite the widely varying characteristics of ZnO, Figure 2.2 highlights the poor conductivity
of this undoped material together with its high transparency in the NIR region. ZnO emerges
as the most suitable TCO due to its low FCA losses, while IO:H consistently achieves the highest
conductivity values among all the examined TCOs. Hence, the undoped zinc oxide and the
hydrogenated indium oxide materials are selected for the bilayer design.

2.3.2. IO:H optimization
Once the IO:H material is selected as the optimal choice for the first layer deposited in the
bilayer structure, the deposition conditions are fine-tuned within a narrow power density
range of 1.3–1.8W/cm2. The impact of ambient PDA on αNIR, µ and N is investigated. The
deposition temperature, H2O partial pressure and thickness are set at 25 °C, 3.0×10−5 mbar
and 190nm, respectively. The deposited samples subsequently undergo annealing in ambient
conditions at temperatures of 130, 180, 200 and 250 °C for 20min.
Figure 2.3 shows that increasing the annealing temperature (Ta) decreases N and therefore
αNIR, while simultaneously enhancing µ.

Figure 2.3: Processed IO:H samples at different power densities (P): mobility (µ) and carrier concentration (N)
versus annealing temperature (Ta) (top plot); absorption coefficient at λ= 1100nm (αNIR@1100 nm)) versus

annealing temperature (Ta) (bottom plot).
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A plateau occurs at 200 °C, representing the optimized PDA temperature for IO:H, in line with
other studies on the impact of PDA treatment on the optoelectrical properties of IO:H [60, 61].
The power density is chosen to be 1.5W/cm2 on account of the best optoelectrical outcome
seen in Figure 2.3
To gain a more comprehensive insight into the improvement of optoelectrical properties
in IO:H, the XRD characterization is conducted on a sample deposited under optimized
deposition parameters before and after the annealing process.
In Figure 2.4, the IO:H sample appears in an amorphous phase in its as-deposited condition.
After ambient PDA, the film exhibits prominent XRD peaks at 2θ = 24.9°, 35.6°, 41.4°, and 59.9°,
corresponding to the (211), (222), (400), and (440) planes of polycrystalline In2O3 with a cubic
bixbyite structure. In particular, the dominance of the peak at 35.6° indicates a preference for
the (222) orientation, consistent with previous findings [60, 62].
The enhanced optoelectrical properties of IO:H films can accordingly be attributed to a phase
shift in the atomic structure, transitioning from an amorphous phase to a polycrystalline
phase.

Figure 2.4: XRD results for the IO:H sample under optimized sputtering parameters:
in the as-deposited state, and after 20 min ambient PDA at 200 °C.

Additionally, various annealing techniques are examined to optimize the optical transparency
of IO:H mono-film on glass, with the sample thicknesses detailed in Table 2.2. Each annealing
process is conducted for 20min at a temperature of 200 °C on IO:H samples deposited using the
optimized power density at room temperature, with an H2O partial pressure of 3.0×10−5 mbar.

Table 2.2: Hall mobility [cm2/Vs], carrier concentration [1020 cm−3], sheet resistance [Ω/sq], mini-RT thickness
[nm], resistivity calculated from Hall measurements and from four-point probe (4PP) sheet resistance for IO:H

films in the as-deposited condition and under different annealing treatments at 200 °C for 20 min.

Sample µ [cm2/Vs] N [1020 cm−3] Rsheet [Ω/sq] t [nm] ρHall [10−4Ω×cm] ρ4PP [10−4Ω×cm]

as-dep. 26.13 5.17 35.81 128.80 4.62 4.61
ambient an. 66.65 1.94 26.66 140.00 4.82 3.73
vacuum an. 67.28 2.92 20.15 139.90 3.18 2.82
H2-an. 47.09 3.54 27.22 119.80 3.75 3.26
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Table 2.2 shows the electrical properties of IO:H samples in the as-deposited condition and
under PDA treatments. Both ambient and vacuum annealing exhibit the most significant
improvements in electrical properties, with vacuum annealing achieving the highest mobility
(67.28 cm2/Vs), while ambient annealing results in the lowest carrier concentration (1.94×
1020 cm−3). As illustrated in Figure 2.5, the ambient and vacuum annealing techniques yield
consistent results and prove to be the most effective methods for enhancing T in the NIR
region. Overall, ambient annealing provides the most balanced improvement in optoelectrical
properties, effectively enhancing both transparency and electrical conductivity.

Figure 2.5: Reflectance (R) and transmittance (T) of IO:H samples in the as-deposited state and after ambient,
vacuum and H2 annealing treatments. IO:H thicknesses are reported in Table 2.2.

As detailed in the study by C. Han et al. [63], these improvements can be attributed to the
reduction in Urbach energy (EU), which indicates the width of the tail of localized defect states
in the band gap in low-crystalline, disordered or amorphous materials [64]. Lower EU values
lead to enhanced transparency and reduced reflectance, as well as better electrical properties
due to decreased charge carrier scattering and fewer charge traps. Conversely, H2 annealing
might result in higher EU values, implying increased band tail states and promoted atomic
structural disorder, thus resulting in less improved material quality during the annealing
process [65].

2.3.3. ZnO optimization
As illustrated in Figure 2.2, the intrinsic zinc oxide samples exhibit the lowest parasitic ab-
sorption in the near-infrared region of the solar spectrum, but they are highly resistive TCOs.
Therefore, the optimization of the ZnO monolayers is primarily focused on the optical function
within the bilayer structure. Unlike the approach taken with IO:H, the PDA treatment on ZnO
does not induce significant changes in its polycrystalline nature or optoelectrical properties,
making it not worth reporting.
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Instead, Figure 2.6 presents the refractive index (n) and extinction coefficient (k) behaviors of
ZnO mono-film samples deposited on glass at different power densities [2.0 3.0 4.0 W/cm2] at
a set substrate temperature of 95 °C. It is worth noting that depositing ZnO at temperatures
higher than the optimized IO:H annealing temperature (Ta) could inadvertently affect the
IO:H optoelectrical properties, considering the application of ZnO on top of IO:H in a bilayer
configuration.
The sample deposited at 2.0W/cm2 displays the widest transparency window, as indicated
by the extinction coefficient trend, and an increased energy bandgap (Eg = 3.07eV). Lower
deposition power enables more controlled and gradual growth of ZnO films, reducing the
likelihood of defects such as vacancies and interstitials that scatter light. With fewer defects
and impurities, the ZnO film exhibits higher optical transparency [66, 67]. Additionally, higher
power results in increased energy associated with ion bombardment, which can detrimentally
affect the surface morphology of ZnO and the underlying IO:H layer [68].

Figure 2.6: Refractive index (n) and extinction coefficient (k) behaviors of ZnO samples by varying power density
(P) at a constant substrate temperature of 95 °C. Energy bandgap (Eg) of sputtered films is listed in the table.

2.3.4. Bilayer optimization
After optimizing the individual properties of both the IO:H and ZnO layers, these materials are
combined into a bilayer structure to serve as the front contact in solar cells. This combination
takes advantage of the high transparency and optimized electrical properties of each layer.
Specifically, the bilayer is developed by first depositing the IO:H layer on glass for its excellent
lateral conductivity, followed by the deposition of the ZnO layer on top to provide superior
transparency and transverse conductivity.
To enhance the bilayer design, a series of annealing times is conducted on three samples. The
PDA treatment is performed in ambient atmosphere at a fixed temperature of 200 °C, after
the complete deposition of both the IO:H and ZnO layers. This process follows the previously
optimized sputtering parameters for the IO:H and ZnO layers.
The thicknesses of the IO:H and ZnO layers for each bilayer are summarized in Table 2.3.
Different ZnO thicknesses are chosen to investigate the potential influence of the formation of
columnar ZnO crystallites and their subsequent impact on optoelectrical properties.
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Table 2.3: IO:H and ZnO layer thicknesses [nm] in bilayer structures for the PDA time optimization.

Bilayer ID IO:H thickness [nm] ZnO thickness [nm]

I 113 655
II 113 587
III 113 519

Figure 2.7 illustrates how the gradual increase in annealing time results in stabilized values
for both µ and N. In Bilayer III, the mobility reaches its peak with a value of 120cm2/Vs, and
the corresponding carrier density is 1.97×1019 cm−3. It is worth noting that Hall measure-
ments probe effective transport parameters of the bilayer system. Despite the higher carrier
concentration of IO:H, the extracted carrier density remains in the ZnO range and does not
directly reflect the individual layers. In contrast, the mobility follows IO:H, suggesting that
charge transport is dominated by the high-mobility layer.

Figure 2.7: Carrier concentration (N) and mobility (µ) of bilayers as a function of annealing time.
PDA is performed in ambient at 200 °C.

Furthermore, the absorptance profile of Bilayer III is examined in its as-deposited condition
and after 2h and 30min of ambient annealing at 200 °C. Figure 2.8 demonstrates the positive
influence of PDA on the reduction of parasitic absorptions in both the band-to-band and the
NIR regions of the solar spectrum. Wavelengths above 1000 nm show a visible FCA reduction
after the PDA treatment in agreement with the carrier density trend from Figure 2.7.
Despite the excellent optical improvements and the high mobility achieved after an annealing
time of 150 min, the optimized PDA time for bilayer samples is selected to be 140 min. This
choice is grounded in consistent experimental findings showing that the best optoelectrical
trade-off is systematically achieved after 2 h and 20 min of PDA treatment.
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Figure 2.8: Absorptance (A) as a function of wavelength for Bilayer III (thicknesses reported in Table 2.3).
The black trend represents the as-deposited condition, while the blue profile shows 150 min of ambient

annealing at 200 °C.

2.3.4.1 Material properties
Scanning electron microscopy (SEM) and atomic force microscopy (AFM) are employed as
techniques for the material characterization of the bilayer structure. They provide insights into
the surface characteristics and support the optimization of the bilayer fabrication process.
The SEM cross section and top view images are taken to investigate the structural growth of the
bilayer. IO:H exhibits a uniformly sputtered deposition on flat glass, reaching an approximate
thickness of 70 nm, with crystal grains significantly smaller than those of ZnO. Above the
IO:H layer, a progressive increase in grain size is observed with the growth of ZnO thickness,
reaching 1.5µm. This development results in the formation of larger grains on top of smaller
ZnO grains (Figure 2.9a and Figure 2.9b).
Figure 2.9c and Figure 2.9d demonstrate how the evolution of ZnO grains contributes to a
surface with nano-featured characteristics in the bilayer design. In particular, Figure 2.9d
highlights the presence of filaments within a single ZnO grain, indicating the preferred growth
orientation of the material.
Figure 2.10 presents both top and three-dimensional (3D) AFM views of two representative
bilayer samples. Figure 2.10a and Figure 2.10b differ in the ZnO thickness, while the IO:H
thickness remains approximately 100 nm in both cases. Figure 2.10a features a deposition of
500 nm of ZnO, whereas Figure 2.10b exhibits a thicker layer with 1µm of ZnO. These images
offer a visual representation of morphological variations, showing that larger grains can form
as the ZnO thickness increases.
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Figure 2.9: SEM cross section images (a and b) and top view images (c and d). Cross section images reveal
a bilayer with 70 nm IO:H and 1.5 µm ZnO. The top view images highlight sharp nano features from ZnO.

Figure 2.10: AFM top and 3D views of bilayers. (a) Bilayer with 100 nm of hydrogenated indium oxide (IO:H) and
500 nm of zinc oxide (ZnO), while (b) shows a bilayer with 100 nm of IO:H and a thicker layer of 1µm ZnO.

Furthermore, X-ray diffraction (XRD) is utilized to probe the crystalline structure and phase
composition of the transparent conductive bilayer. In this study, both IO:H and ZnO films
incorporated within the bilayer design are deposited using the previously optimized sputtering
parameters. The bilayer is examined under two conditions: as-deposited and following
140 min of ambient PDA treatment at 200 °C.
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As depicted in Figure 2.11, notable alterations are observed in the intensity of the IO:H crys-
talline peaks, indicating a transition from an amorphous to a more crystalline phase. Moreover,
a slight enhancement of the dominant orientation (002) of ZnO is apparent, indicating that
the ZnO layer maintains its polycrystalline nature regardless of annealing. This orientation is
commonly reported for ZnO films grown on various substrates, including glass [69, 70].

Figure 2.11: XRD results for the bilayer sample under optimized sputtering parameters, in the as-deposited
state and after 2 h 20 min ambient PDA at 200 °C. Crystalline phases of IO:H and ZnO are highlighted in red and

blue, respectively. Preferred orientations: (222) for IO:H and (002) for ZnO.

2.3.4.2 Scattering mechanisms
Figure 2.12 displays the Hall measurements conducted on various as-deposited and annealed
IO:H and ZnO monolayers, as well as on bilayer structures incorporating IO:H and ZnO.
The Hall mobility and carrier concentration measured in the bilayers represent effective
values of the combined layers. These metrics are critical for assessing the performance of
TCOs as front contacts in solar cells. High mobility ensures efficient lateral transport of
charge carriers, reducing resistive losses, while an optimal carrier concentration balances
electrical conductivity and optical transparency. The plot also illustrates the relevant scattering
mechanisms limiting the Hall mobility at varying carrier concentrations.
The ZnO monolayers are deposited by varying power density and temperature settings ranging
from 2.0 to 4.0 W/cm2 and from 95 to 217 °C, respectively. All other sputtering parameters
remain constant, consistent with previous sections of this study. The investigation into the
influence of deposition power and temperature on mobility and carrier density yields scattered
results, and there does not appear to be a clear trend indicating whether annealing improves
the performance.
The challenge in probing zinc oxide as an undoped material lies in the difficulty of laterally
extracting free carriers from the material. This limitation suggests that low mobility values are
predominantly influenced by the presence of grain boundaries.
For IO:H, the values are illustrated based on power density variation while maintaining all
other sputtering settings consistent with the analysis detailed above (refer to Figure 2.3).
It is evident that the PDA treatment positively affects both mobility and carrier concentra-
tion across all IO:H samples. The findings suggest that ionized impurity scattering emerges
as the predominant mechanism limiting free carrier transport. Additionally, a mobility of
71.57 cm2/Vs is obtained at a carrier concentration of approximately 1020 cm−3 in IO:H.



2

30 2.3. Results and discussion

Figure 2.12: Measured Hall mobility (µ) versus carrier concentration (N) of undoped ZnO, IO:H monolayers,
and IO:H/ZnO bilayers. The upper dotted line represents the ionized impurity (II) scattering limit using the
Brooks–Herring–Dingle theory, accounting for non-parabolicity of the TCO conduction band. The full line

shows the grain-boundary scattering mechanism for doped and undoped ZnO films. The dashed trend
combines grain-boundary-limited transport with ionized impurity scattering [52, 71].

Bilayer samples are fabricated using the previously optimized settings. The thickness of IO:H
is varied, while the desired thickness of ZnO is maintained at approximately 600 nm in each
bilayer. For each thickness configuration, three samples are fabricated, and their mobility
and carrier concentration values are presented in Figure 2.12. Table 2.4 showcases the best
outcome in terms of electrical properties for each bilayer thickness configuration following
PDA treatment. Additionally, the values of µ and N are also reported in the as-deposited
condition to highlight the beneficial impact of ambient annealing on the samples.

Table 2.4: Hall mobility [cm2/Vs], carrier concentration [cm−3], mini-RT thickness [nm] for bilayers in
as-deposited condition and after PDA treatment at 200 °C for 2 h 20 min.

tIO:H [nm] in bilayer
as-deposited PDA

µ [cm2/Vs] N [1019 cm−3] µ [cm2/Vs] N [1019 cm−3]

144 39.01 7.71 94.80 3.14
113 30.80 8.24 114.0 1.91
81 39.45 3.88 99.70 1.65
70 33.35 4.64 87.40 3.34

Figure 2.12 underlines that the mobility of as-deposited bilayers is capped by grain-boundary
scattering and ionized-impurity limits (µ−1

tot =µ−1
GB +µ−1

II ) [72]. In contrast, annealed bilayers
exhibit a consistent trend wherein the grain-boundary scattering mechanism no longer limits
mobility [73–75]. Consequently, the bilayers are nearing the ionized-impurity limit, demon-
strating higher mobility values at lower carrier concentrations of approximately 1019 cm−3.
Further discussion of the optoelectrical and material properties of the TCOs, together with
additional analysis relevant to the bilayer design, is provided in Appendix A.
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2.3.4.3 Bilayer geometry interpretation
This section aims to explain the charge transport mechanism responsible for the enhanced
optoelectrical performance observed in the IO:H/ZnO bilayer structure. The correlation
between IO:H crystallization and the improvement in bilayer properties suggests that the
post-deposition annealing treatment plays a crucial role in optimizing charge transport. As
shown in Figure 2.11 and Figure2.12, the transition from an amorphous to a crystalline phase
in IO:H, along with improved ZnO orientation, contributes to mobility enhancement.
The mobility of free charge carriers in ZnO is inherently limited by two dominant scattering
mechanisms: the ionized impurity scattering (within a single grain) and the grain boundary
scattering (in a polycrystalline structure) [76–78].
In a single large ZnO grain, mobility is primarily limited by ionized impurity scattering, caused
by Coulomb interactions between free electrons and ionized dopants [79]. This scattering
disrupts carrier motion and sets an intrinsic upper bound on mobility. The corresponding limit
is described by the Brooks-Herring-Dingle model as depicted in Figure 2.12. With increased
carrier density, enhanced Coulombic scattering reduces the carrier mean free path, thereby
decreasing mobility [52].

Figure 2.13: Simplified sketch illustrating the bilayer geometry and the role of the interface between IO:H and
ZnO layers in facilitating free carrier transport. Undoped ZnO grains and grain boundary (GB) barriers are
depicted in light and dark grey respectively. Free charge carrier transport bypassing the grain boundaries is

shown in red, while the penetration depth of this transport mechanism within the IO:H layer is in blue.

In a polycrystalline ZnO film, grain boundaries further restrict mobility. Charge carriers must
overcome potential barriers at grain interfaces generated by trapped states. The models of
Seto and Baccarani et al. yield an effective mobility µeff, dominated by thermionic emission
across grain barriers [80]:

µeff =µ0 exp

(−ϕb

kB T

)
(2.3)

where Φb is the barrier height at the grain boundary, T is the sample temperature, kB the
Boltzmann constant, and µ0 the intra-grain mobility [81, 82].
The presence of grain boundaries therefore forces the free charge carriers to undergo thermionic
emission or tunneling, significantly restricting lateral transport. Consequently, the charge
transport in ZnO-dominated bilayers is largely transverse, as lateral mobility is constrained by
grain boundary effects.



2

32 2.3. Results and discussion

As shown in Figure 2.12, the Hall mobility in the bilayer structure is significantly higher than in
a single-layer IO:H. It suggests that lateral conduction occurs preferentially at the IO:H/ZnO
interface rather than within the bulk IO:H layer. This effect is directly correlated with the PDA
treatment, which facilitates the crystallization of IO:H, leading to the formation of a more
conductive interfacial pathway.
The band alignment between IO:H and ZnO may induce charge redistribution, forming an
accumulation layer at the interface. This generates an internal electric field that enhances
lateral carrier transport, reducing scattering and improving mobility [83, 84]. The effect
follows a parallel-transport model in which the interface conductivity σinterface contributes
significantly to the total bilayer conductivity σbilayer =σIO:H +σinterface [85].
It implies that free carrier lateral transport occurs within a certain penetration depth in the
IO:H material, defined as the portion of the IO:H thickness near the interface with ZnO that
allows free charge carriers to circumvent the ZnO grains. The interpretation of the free charge
carrier transport in the bilayer geometry is visually explained in Figure 2.13 through ma
simplified sketch..
An IO:H thickness of 70 nm may not be sufficient for bypass transport, as supported by the
data in Table 2.4. Conversely, thicker IO:H material may lead to a situation where the transport
of some carriers occurs within the bulk of the IO:H material rather than exclusively at the
interface, resulting in a decrease in mobility and an increase in carrier density. This leads to
the conclusion that bypassing free carrier transport is favorable when the thickness of the
conductive layer in the bilayer structure falls within the range of the penetration depth of free
electrons, which is approximately between 80 and 110 nm.
Furthermore, the effective carrier density of the bilayer (Nbilayer), measured via Hall effect, can
be approximated as:

Nbilayer ≈
dIOH, pen. depth

dIOH, pen. depth +dZnO
NIOH (2.4)

In Equation 2.4, dIO:H,pen.depth refers to the portion of the IO:H thickness near the interface
with ZnO through which free charge carriers bypass the ZnO grains, dZnO is the thickness of
ZnO layer, and NIO:H is the carrier density in the IO:H layer. Notably, the experimental findings
in Figure 2.12 align well with the theoretical prediction. The Hall carrier concentration in the
bilayer is reduced by approximately one order of magnitude (∼ 1019 cm−3) compared to the
single-layer IO:H structure. This agreement further reinforces the validity of the proposed
transport mechanism and the role of interface-driven charge conduction in the bilayer system.
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2.3.5. Series resistance analysis in nc-Si:H solar cells
To evaluate both the optical and electrical properties of the bilayer concept, it is integrated as
the front contact in nc-Si:H solar cells. For comparison, identical solar cells are processed with
single-layer ITO or IO:H as the front contact. It is important to note that while the performance
of these solar cells demonstrates the impact of the front contact layers, it does not reach record
levels.
Figure 2.14 presents J-V characteristics of 0.16 cm2 nc-Si:H solar cells, comparing the three
different front contact designs under investigation. The corresponding measured electrical
parameters are summarized in Table 2.5. For further details regarding the solar cell fabrication
process and structural configuration, refer to Section 2.2.5.

Figure 2.14: Current density-voltage (J-V) characteristics of the best nc-Si:H solar cell for each front contact
configuration (ITO, IO:H, and IO:H/ZnO bilayer).

The IO:H front contact results in a slight increase in Voc and a notable enhancement in Jsc

compared to the ITO reference. In addition, an improvement in fill factor is observed, leading
to an overall increase in device efficiency. This can be attributed to the enhanced optoelectrical
properties of the optimized IO:H layer, as described in Section 2.3.2, which improves charge
carrier collection and contact selectivity.
For the ITO monolayer, the material is selected based on the best optoelectrical trade-off
observed in Figure 2.2, where the absorption coefficient versus resistivity of ITO is studied.
This optimized ITO is then used as the front contact for comparison with the IO:H and bilayer
structures.

Table 2.5: External electrical parameters of the best nc-Si:H solar cell for each front contact configuration (ITO,
IO:H, and IO:H/ZnO bilayer). The reported short circuit current density [mA/cm2] is based on the EQE

measurements. The series resistance (Rs) and the shunt resistance (Rsh) are extracted from the slopes of the J-V
curves near open-circuit and short-circuit conditions, respectively.

TCO Voc [V] Jsc,EQE [mA/cm2] FF [%] η [%] Rs [Ω cm2] Rsh [Ω cm2]

ITO 0.52 23.56 56.27 6.89 23.99 1965.00
IO:H 0.53 25.22 58.25 7.79 23.65 2051.28
bilayer 0.51 23.85 64.56 7.85 9.81 2481.95
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The improved fill factor and overall efficiency of the cell with the bilayer are linked to a
reduction in series resistance and a slight increase in shunt resistance. The IO:H and ZnO
bilayer appears to lower series resistance in solar cells by combining the high conductivity
and excellent interface properties of both materials. The bilayer structure, being thicker than
the IO:H or ITO single-layer front contacts, introduces an interplay between its optimized
optoelectrical properties and thickness. Consequently, the thicker bilayer configuration is
expected to contribute to a reduction in series resistance. This demonstrates that a bilayer
configuration can decouple the optical and electrical properties of a single TCO front contact
while preserving or even improving the performance of a solar cell.
Figure 2.15 shows the EQE and reflection losses of the best-performing solar cells with different
front contacts. The bilayer structure exhibits reduced EQE at short wavelengths, attributed to
increased parasitic absorption in the ZnO layer, which has a lower bandgap than IO:H and
ITO (see Appendix A). As a result, the EQE-derived current density is higher for the IO:H front
contact than for the IO:H/ZnO bilayer.

Figure 2.15: External quantum efficiency (EQE) curves of the best nc-Si:H solar cell for each front contact
configuration (ITO, IO:H, and IO:H/ZnO bilayer). The plot also includes the 1-R curves, representing the front

reflection losses.

Furthermore, the EQE profiles of solar cells with IO:H and the bilayer are comparable in
the NIR region, with both outperforming the ITO configuration. Despite the high energy
bandgap of ITO, its performance in the NIR region is limited by significantly higher free carrier
absorption.
The reflection losses, as observed in the 1-R curves, reveal distinct interference patterns for the
various front contact configurations. The blue trend, corresponding to the solar cell with the
thick bilayer as the front contact, exhibits clear interference effects across the wavelength range
due to its increased thickness. In contrast, the red and black trends, representing the thinner
IO:H and ITO front contacts, show pronounced interference primarily at shorter wavelengths.
Notably, the IO:H fringe limits the blue response of the IO:H-based cell. Optimizing the
interaction between the TCO layers and the textured substrate could further reduce these
optical interference effects.
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2.4. Conclusions
This study demonstrates the significant advancements achieved by employing a bilayer front
contact design in thin-film Si-based solar cells, specifically utilizing hydrogenated indium ox-
ide (IO:H) and non-intentionally doped zinc oxide (ZnO). Through meticulous optimization of
deposition parameters and post-deposition annealing (PDA) conditions, this study effectively
enhances the optoelectrical performance of transparent conductive oxides (TCOs).
The resulting bilayer structure, featuring IO:H for its exceptional conductivity and ZnO for
its minimal parasitic absorption in the near-infrared region, delivers superior optoelectrical
properties, achieving a mobility of 120 cm2/Vs and a carrier density of 1.97 × 1019 cm-3.
Incorporating this bilayer structure as the front electrode in hydrogenated nanocrystalline
silicon (nc-Si:H) solar cells demonstrates its practical effectiveness.
The differences compared to other front contact designs are relatively modest, and no record-
breaking efficiencies are achieved. However, the true value of the bilayer approach lies in the
enhanced design flexibility it offers. Rather than relying on a single TCO to simultaneously
balance high conductivity and optical transparency, the bilayer configuration enables the
decoupling of these optoelectrical properties between two TCO layers. Each TCO is optimized
for a specific function: one for high conductivity (e.g., IO:H) and one for minimal free carrier
absorption (e.g., ZnO).
Moreover, the interaction at the interface between the two layers offers distinct advantages
for optimizing solar cell performance beyond what could be achieved by simply averaging
the properties of the individual layers. Notable effects, such as improved lateral carrier trans-
port and reduced recombination at the interface, can significantly contribute to the overall
performance.
Future work should focus on optimizing the thickness of the conductive and transparent
layers in the bilayer structure, as well as carefully controlling the annealing process to enhance
crystallization. These refinements could further improve optoelectrical performance and lead
to greater efficiency gains. Additionally, exploring indium-free TCO alternatives for the bilayer
concept offers a promising path to reduce reliance on the scarce indium material. Using
more abundant materials could enhance the scalability of the bilayer approach in solar cell
technologies.
To conclude, the bilayer approach opens new possibilities for designing TCOs in thin-film solar
cells, providing a flexible and potentially more effective pathway to improving the performance
of solar cell technologies.
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3.1. Introduction
Transparent conducting oxides (TCOs) are critical components in modern optoelectronic de-
vices due to their unique combination of high optical transmittance and electrical conductivity.
Indium tin oxide (ITO) remains the benchmark due to its optimal trade-off between optical
and electrical performance. However, its reliance on scarce and costly indium, along with sus-
tainability concerns, motivates the search for earth-abundant, indium-free alternatives [86].
Among these, tin-based compounds such as undoped tin dioxide (SnO2) and fluorine-doped
tin oxide (SnO2:F or FTO) have attracted growing interest as promising candidates to replace
ITO in these technologies [26, 27].
Fluorine-doped tin oxide is widely employed in industry when deposited at elevated tempera-
tures (∼ 500 °C), typically via atmospheric pressure chemical vapor deposition (APCVD), as
exemplified by commercially available Asahi glass substrates [87]. This choice is primarily
driven by the excellent crystallinity and superior carrier transport properties of FTO, which
are crucial for photovoltaic and other optoelectronic applications [88, 89]. However, such
high temperature processes are incompatible with many emerging applications that require
temperature-sensitive substrates, such as flexible photovoltaics (e.g., on PEN or PET), tandem
solar cells, and roll-to-roll and printing-based manufacturing [90, 91].
Room temperature (RT) sputtering offers a low thermal budget route to TCOs with large-area
uniformity and scalability. RT sputtered SnO2 has been employed as an electron transport layer
(ETL) in perovskite solar cells, delivering efficiencies above 17% with extended operational
lifetimes and compatibility with flexible substrates [92, 93]. This approach also enables
sequential layer-by-layer processing, essential for tandem architectures where sub-cells are
fabricated under strict thermal constraints [94]. Moreover, amorphous SnO2 deposited at RT
has improved electrical contact properties in indium-free silicon heterojunction (SHJ) solar
cells without sacrificing efficiency [95, 96].
Although RT deposition of SnO2 films offers significant advantages for flexible and temperature-
sensitive device integration, it typically results in films with limited crystallinity, incomplete
dopant activation, and suboptimal electrical performance. Therefore, the post-deposition
annealing (PDA) treatments at moderate temperatures have proven effective in improving
the structural and electronic properties of RT- deposited films without exceeding the thermal
budgets of sensitive substrates or adjacent layers [97–99]. Furthermore, annealing in reducing
atmospheres can further optimize carrier transport and electrical performance of SnO2 thin
films [100].
While achieving high optoelectrical performance in RT- deposited SnO2 and FTO remains
challenging, the potential of sputtering gas composition to tailor these properties has not
been sufficiently explored for photovoltaic applications. In particular, the combined effects of
oxygen, critical for stoichiometry and bandgap control, and hydrogen, known to influence
carrier concentration, defect chemistry, and passivation, have not been systematically studied
in SnO2-based films under RT sputtering conditions [101–104].
To address this gap in understanding, this study investigates the effect of varying oxygen
and hydrogen gas ratios during sputtering on the optoelectrical properties of RT-deposited
SnO2-based films. A post-deposition thermal treatment at 400 °C in nitrogen is applied to
assess whether optimized gas-phase deposition conditions can reproduce, in part or in full,
the optoelectrical improvements typically obtained through annealing.
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This investigation therefore focuses on key optoelectrical metrics relevant to the integration
of TCOs in photovoltaic devices, specifically as front electrodes or electron transport layers,
including optical transmittance, bandgap energy, carrier density, mobility, and sheet resistance.
By correlating these properties with compositional and structural analyses, this work evaluates
whether optimized RT-deposited films can approach the performance of their commercial
high temperature SnO2-based counterparts, offering a pathway toward scalable, cost-effective,
and thermally compatible solutions for next generation photovoltaic technologies.

3.2. Experimental procedure
This section describes the preparation and characterization of FTO and SnO2 thin films.
Section Section 3.2.1 details the deposition parameters and gas environments used during the
RF magnetron sputtering of the films. Section 3.2.2 explains the post-deposition annealing
process. Section 3.2.3 presents the optical and electrical characterization methods, and
Section 3.2.4 focuses on structural and compositional material analyses.

3.2.1. Film deposition
Fluorine-doped tin oxide (FTO) and undoped tin oxide (SnO2) thin films are deposited onto
Corning Eagle 2000 glass substrates using the radio frequency (RF, 13.56 MHz) magnetron
sputtering technique. The substrates, which have dimensions of 10 cm × 2.5 cm × 0.7 mm, are
subjected to ultrasonic cleaning in acetone and isopropyl alcohol for 10 min each to remove
contaminants before deposition.
Ceramic targets supplied by Process Materials Inc. are utilized in the deposition process,
including a SnO2 target of 99.99% purity for SnO2 films and a target of 98 wt% SnO2 with 2 wt%
SnF2, also at 99.99% purity, for FTO films. The sputtering process occurs at room temperature,
with a substrate temperature of approximately 19 °C, in a high-vacuum chamber with a base
pressure of 1 × 10-6 mbar. Prior to deposition, a 5 min presputtering step is performed to clean
the target surface.
Two distinct batches of experiments are conducted to investigate the effect of reactive gas
composition on film properties. In the first batch, the oxygen-to-argon (O2/Ar) ratio is varied
from 0% to 0.4% for FTO films and from 0% to 1% for SnO2 films, with 0% O2/Ar corresponding
to sputtering in a pure argon atmosphere. In the second batch, the O2/Ar ratio is fixed at 1%
for both materials, while the hydrogen-to-argon (H2/Ar) ratio is varied from 0% to 0.6%. Here,
0% H2/Ar refers to the baseline oxygen condition (1% O2/Ar) with no hydrogen added.
All films are deposited at a constant working pressure of 6 × 10-3 mbar. The total gas flow rate
remains constant at 50 sccm, using pure argon along with controlled mixtures of oxygen (up
to 1% O2 in Ar) and hydrogen (up to 0.6% H2 in Ar). All films are deposited at a rate of 0.04
nm/s using an RF power density at 0.8 W/cm2.

3.2.2. Post-deposition annealing
Following deposition, the films undergo post-deposition annealing to assess its effect on their
optoelectrical properties. Annealing is carried out at 400 °C for 20 min in a pure nitrogen
(N2) atmosphere using a Solaris rapid thermal processing (RTP) system, which provides rapid
heating and cooling with precise temperature control and a heating rate of 10 °C/s.
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3.2.3. Optical and electrical characterization
The transmittance (T) and reflectance (R) spectra of the deposited films are measured using a
PerkinElmer Lambda 1050 spectrophotometer. The characterization is conducted over the
spectral range of 300–1200 nm, covering the relevant portion of the solar spectrum where
efficient light transmission is essential for FTO and SnO2 in their role as front electrodes in
solar cell applications.
The optical bandgap energy (Eg) is extracted using the Tauc plot method [105]. The absorption
coefficient (α) is first calculated from transmittance and reflectance data using the following
relation, where t is the film thickness:

α(λ) = 1

t
ln

(
100−R%(λ)

T%(λ)

)
(3.1)

For direct bandgap materials such as SnO2 and FTO, the optical bandgap (Eg) is determined
by plotting (αhν)2 against photon energy (hν), following:

(αhν)2 = A(hν−Eg) (3.2)

where A is a proportionality constant and hν represents the photon energy. The bandgap value
is determined by extending the linear portion of the curve to the energy axis, corresponding to
zero absorption. Additional details are provided in Appendix B.
To complement the bandgap analysis and gain insight into defect-related states, the absorption
edge is further examined using the Urbach rule. In this model, the absorption coefficient
follows an exponential dependence on photon energy in the sub-bandgap region:

α(hν) =α0 exp(hν/EU) (3.3)

where α0 is a constant and EU is the Urbach energy [106]. This parameter quantifies the width
of the exponential tail, which reflects structural disorder and the presence of localized states
within the bandgap [107, 108]. Values of EU are obtained from the slope of ln(α) versus photon
energy in the low-energy region. Further details are provided in Appendix B.
The film thickness is determined using a Steag ETA-Optik mini-RT setup. In mini-RT measure-
ments, R and T spectra are recorded and processed through Scout software to estimate the
sample thickness.
The sheet resistance (Rsheet) is measured using the four-point probe (4PP) method with an
AIT CMT-SR2000N measurement system. In this configuration, four equidistant probes are
arranged in a linear geometry to ensure consistent and accurate readings.
The resistivity (ρ) is measured using an HMS-5000 Hall Effect measurement system via the
van der Pauw method. The carrier density (N) and mobility (µ) are derived from Hall effect
measurements at room temperature. The magnetic flux density is set to 0.55 T, and the input
current is 10 mA. The probes are arranged in a square configuration with approximately 1 cm
spacing, ensuring uniform geometry for accurate measurements. The sample thickness is
determined beforehand using the mini-RT setup.
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3.2.3.1 Hall effect measurement
Hall effect measurements on SnO2-based materials, including fluorine-doped tin oxide (FTO),
present inherent challenges, particularly when evaluating intrinsic or near-intrinsic films.
In undoped SnO2,the conduction arises primarily from thermally excited carriers or native
defects, leading to mixed conduction [109, 110]. In this regime, both electrons and holes con-
tribute to transport, and the Hall coefficient RH is governed by their respective concentrations
and mobilities [111]:

RH = pµ2
h −nµ2

e

q(nµe +pµh)2 (3.4)

where p and µh are the hole concentration and mobility, n and µe are the electron concentra-
tion and mobility, q is the elementary charge.
The equation can be simplified for intrinsic materials (n ≈ p) as:

RH = µ2
h −µ2

e

qn(µe +µh)2 (3.5)

This highlights that the sign and magnitude of the Hall coefficient reflect not just carrier type
but also relative mobilities. It means that intrinsic SnO2-based films can appear as n-type due
to the higher mobility of electrons or as p-type due to the higher mobility of holes.
Note the excitation current is set to 10 mA in this study. Although lower excitation currents (< 1
mA) are commonly used for high resistivity materials to limit Joule heating, a higher current is
employed in this study to improve the signal-to-noise ratio and enable the reliable detection
of Hall voltages. To ensure comparability across all samples, the measurement configuration,
including current, magnetic field strength, and contact geometry, is kept constant. This
consistency is critical when evaluating carrier concentration and mobility across SnO2-based
and other transparent conducting oxide films.
Each Hall measurement is repeated five times, and the reported carrier concentrations and
mobilities represent average values. The standard deviation from these repetitions is reported
as the measurement uncertainty. In this study, both positive and negative Hall coefficients are
observed across different samples. However, for each individual sample, the sign of the Hall
voltage remained consistent across all five measurements (see Appendix B).

3.2.3.2 Optoelectrical metrics
The optoelectrical characterization of SnO2-based films is guided by their intended function
as either front electrodes or electron transport layers in solar cell applications [112, 113]. The
selected metrics provide a comprehensive understanding of the trade-offs between optical
transparency and electrical conductivity.
For front-contact applications, high optical transmittance across the solar spectrum is essential
to maximize photon flux reaching the active layer of solar devices. Minimal reflectance and a
wide bandgap help suppress parasitic absorption in the ultraviolet (UV) and visible region,
particularly in the blue portion of the spectrum where band-to-band absorption may occur.
However, according to the Drude model increased carrier concentration enhances free carrier
absorption (FCA) in the near-infrared (NIR) region, which can degrade optical transparency in
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this range [114]. Therefore, while a certain level of doping is necessary to improve conductivity,
excessive carrier density leads to undesirable absorption losses.
Electrically, the TCO must exhibit low sheet resistance to enable efficient lateral charge trans-
port toward metal contacts when functioning as a front electrode or from the perovskite
absorber to the electrode when serving as an ETL. Achieving high Hall mobility is also crucial:
it facilitates effective carrier transport and mitigates FCA by reducing carrier scattering.

3.2.4. Structural and compositional characterization
To support and explain trends observed in the optoelectrical properties of the SnO2-based
films, a comprehensive material characterization is conducted, focusing on the bulk composi-
tion, crystallinity, and surface chemistry.
Energy dispersive X-ray spectroscopy (EDX) is employed to confirm the presence and relative
atomic percentages of Sn, O, and F in the bulk of the films. The measurements are carried
out on samples deposited on (100)-oriented silicon wafers to minimize substrate interference,
using a Nova NanoSEM 650 instrument equipped with an integrated EDX detector operating
at 15 kV. Quantification is performed using the eZAF Smart Quant algorithm, and the atomic
percentages along with relative uncertainties are reported in in Appendix B.
X-ray photoelectron spectroscopy (XPS) is performed to analyze the surface chemistry and
oxidation states of the constituent elements. Measurements are carried out using a PHI 5400
ESCA system (Physical Electronics, Inc.) equipped with a non monochromatic Al Kα X-ray
source (hν = 1486.7 eV), operating at 200 W with an accelerating voltage of 13.5 kV. The
takeoff angle is fixed at 45° for both survey and high-resolution scans. Each measurement
covers a circular analysis area that is 0.4 mm in diameter with an effective sampling depth
of approximately 3–5 nm. All XPS spectral processing is performed using MultiPak version
8.0 (Physical Electronics, Inc.). A Shirley-type background subtraction is applied to curve
fitting. For the analysis of high-resolution XPS data, the charge neutralization is performed by
referencing the C–C peak of the C 1s spectrum at 284.4 eV prior to curve fitting. The extended
data of XPS analysis are provided in Appendix B.
The crystalline structure of the films is analyzed using X-ray diffraction (XRD). Diffraction
patterns are acquired with a Bruker D8 Advance diffractometer configured in Bragg–Brentano
geometry, using Cu Kα radiation (λ = 1.5406 Å). The X-ray tube operates with a standard focus,
providing sufficient intensity for high-resolution phase identification.
The surface and cross-sectional morphologies of the films are investigated using field-emission
scanning electron microscopy (FE-SEM). A Hitachi Regulus 8230 system is used to obtain high
resolution images and evaluate surface texture, film growth, and structure. SEM images are
included in Appendix B.

3.3. Results and discussion
The study first examines the optoelectronic properties of FTO and SnO2 films. The effects
of varying the O2/Ar and H2/Ar ratios are analyzed in Section 3.3.1.1 and Section 3.3.1.2,
respectively. In Section 3.3.2, the material properties are studied through energy dispersive
X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), and X-ray diffraction
(XRD). The role of post-deposition annealing (PDA) is also evaluated, and all measurements
are performed on approximately 200 nm thick films.
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3.3.1. Optoelectrical properties

3.3.1.1 Oxygen series
To assess the impact of oxygen on the optoelectrical properties of FTO and SnO2 films, the
sheet resistance is used as a key metric due to its direct relation to electrical conductivity in
transparent electrodes. In photovoltaic devices, the sheet resistance of the TCO contributes
to the series resistance (Rs), affecting lateral charge transport. A high Rsheet leads to resistive
losses during current extraction, reducing the fill factor and overall power output. Therefore,
minimizing Rsheet is essential for efficient charge collection.
Figure 3.1 shows the sheet resistance trends of both FTO and SnO2 films as a function of
increasing O2/Ar ratio in the sputtering atmosphere. For the 0% O2/Ar condition, the films are
deposited in a pure argon environment, serving as the baseline reference.
In FTO (Figure 3.1a), the sheet resistance follows a U-shaped trend, reaching its minimum
value of 468Ω/sq at 0.3% O2/Ar, before increasing sharply at an O2/Ar ratio ≥ 0.4%. Oxygen
levels between 0.4% and 1% O2/Ar result in Rsheet values exceeding 107 Ω/sq, which are far
above the threshold relevant for low thermal budget solar cell applications. These conditions
are therefore excluded from the investigation.
For the SnO2 films (Figure 3.1b), the O2/Ar ratio is extended to 1%, corresponding to the
upper limit of the sputtering system. The Rsheet exhibits an exponential-like increase with
increasing oxygen content, indicating a continuous degradation in electrical conductivity
across the investigated range. The minimum Rsheet value of 610Ω/sq is achieved at 1% O2/Ar
after thermal treatment.
Overall, the post-deposition annealing induces a consistent downward shift in sheet resistance
toward approximately 103 Ω/sq for both materials, even when the oxygen content initially
causes a significant reduction in conductivity.

a) b)

Figure 3.1: Sheet resistance trends of (a) FTO and (b) SnO2 films (∼ 200 nm thick) as a function of O2/Ar ratio.
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Figure 3.2 illustrates the evolution of µ and N in the FTO and SnO2 films as a function of the
O2/Ar ratio under both as-deposited and PDA conditions. A general trend is observed where
increasing oxygen content in the sputtering atmosphere leads to higher mobility and lower
carrier density in both as-deposited and PDA states.
In the FTO films (Figure 3.2a and Figure 3.2c), the highest mobility (13.73 cm2/ V s) and lowest
carrier density (2.25 × 1019 cm−3) are achieved at 0.4% O2/Ar in the as-deposited films. In
comparison, the SnO2 films (Figure 3.2b and Figure 3.2d) exhibit slightly better values, with
the highest mobility (15.34 cm2/ V s) and lowest carrier density (1.10 × 1019 cm−3) obtained at
1% O2/Ar.
Hall measurements revealed both positive and negative Hall coefficients in the FTO and
SnO2 films, suggesting apparent ambipolar behavior. As Hall analysis in mixed-conduction
systems is inherently ambiguous, the conduction type cannot be determined conclusively.
The discussion therefore focuses on relative trends rather than absolute values. Further details
on the measurement procedure are provided in Section 3.2.3.1. Discussion of the ambipolar
behavior is given in Section 3.3.1.3, and complete N values are listed in Appendix B.

a) b)

c) d)

Figure 3.2: Carrier mobility (µ) and density (N) of (a, c) FTO and (b, d) SnO2 films (∼ 200 nm thick) as a function
of the O2/Ar ratio in as-deposited (as-dep.) and post-deposition annealed (PDA) conditions. The carrier density

sign is reported on the red dots.
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Despite the high Hall mobility and low carrier concentration at 0.4% O2/Ar, the four-point
probe measured sheet resistance is comparatively high. This difference arises because Hall
and four-point probe measurements independently assess the carrier transport and overall
resistance, respectively. Thus, favorable Hall parameters do not always correspond to low sheet
resistance, highlighting the need to report both for a complete electrical characterization [115–
117].
The values reported here are in good agreement with those of previous studies on TCO films
deposited at or near room temperature. Banyamin et al. [118] reported mobility values around
15 cm2/ V s for FTO films deposited via low temperature sputtering (∼ 170 °C). Similarly, Kam
et al. [119] demonstrated that SnO2 films deposited at room temperature by RF sputtering
can achieve µ and N values that make them suitable for use as electron transport layers in
optoelectronic devices.
Furthermore, the optical bandgap of the FTO and SnO2 films is analyzed as a function of
oxygen content and post-deposition annealing in Figure 3.3. The Eg values are determined
from Tauc plots and details are provided in Appendix B.

a) b)

Figure 3.3: Optical bandgap (Eg) of (a) FTO and (b) SnO2 films (∼ 200 nm thick) as a function of the O2/Ar ratio
in as-deposited (as-dep.) and post-deposition annealed (PDA) conditions.

In the FTO films (Figure 3.3a), the optical bandgap generally exhibits an increasing trend with
increasing O2/Ar ratio in the sputtering atmosphere. The highest values are observed at 0.2%
O2/Ar, reaching 3.92 eV in the as-deposited condition and 3.95 eV after PDA. This behavior is
consistent with previous reports, where oxygen incorporation during RT sputtering is found to
enhance transparency and shift the absorption edge toward higher photon energies [120].
The SnO2 films (Figure 3.3b) exhibit a more stable bandgap across O2/Ar ratios. The as-
deposited films show a nearly constant bandgap in the range of 3.76–3.80 eV. After the PDA
treatment, the greatest Eg shifts are observed at 0.5% and 0.75% O2/Ar, with values rising from
3.76 to 3.91 eV. These results are comparable to literature reports of RT sputtered or annealed
SnO2 thin films, where bandgaps in the range of ∼ 3.7–4.0 eV are commonly observed [93,
121].
In transparent conductive oxides, bandgap widening can result from two opposing effects.
The Burstein–Moss shift causes an apparent increase in Eg as conduction band states are
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filled by free carriers, while bandgap renormalization leads to a slight narrowing due to carrier
interactions [53]. However, the Hall measurements of FTO and SnO2 (Figure 3.2) generally
show a decreasing carrier density with an increasing O2/Ar ratio. Therefore, the observed
bandgap changes are more likely attributed to reduced defect density and improved structural
ordering, rather than band-filling effects.
Figure 3.4 presents the transmittance and reflectance spectra of the samples exhibiting the
lowest band-to-band absorption, with films deposited in pure argon being used as the refer-
ence. For clarity, only FTO films deposited with 0% and 0.2% O2/Ar (Figure 3.4a) and SnO2

films deposited with 0% and 0.5% O2/Ar (Figure 3.4b) are presented. Full T and R spectra for
all investigated O2/Ar ratios are available in Appendix B.
The introduction of oxygen into the sputtering gas results in a marked improvement in trans-
mittance, as indicated by the red arrow pointing from the pure argon condition toward in-
creasing O2 content in the gas phase. This enhancement is attributed to reduced sub-bandgap
absorption, which shifts the absorption edge toward the ultraviolet region [118]. In contrast,
the film sputtered in pure argon exhibits a brownish appearance, consistent with an optical
cutoff near 300 nm and more absorptive films.

a) b)

Figure 3.4: Transmittance (T) and reflectance (R) spectra of (a) FTO and (b) SnO2 films (∼ 200 nm thick) in
as-deposited (as-dep.) and post-deposition annealed (PDA) states. The films are sputtered in oxygen-deficient

and oxygen-containing atmospheres.

The fringe shifts in the reflectance spectra of Figure 3.4a and Figure 3.4b likely result from small
variations in film thickness rather than changes in the refractive index or density, caused by
slight deviations in the deposition rate or uniformity. Although the average reflectance of stan-
dalone SnO2/glass samples remains below 20%, this does not represent device-level behavior.
For example, in solar devices in the superstrate configuration, where light enters through the
glass substrate before reaching the absorber, reflectance losses are strongly reduced by light
management strategies such as antireflective coatings or textured interfaces [122].
For the FTO films (Figure 3.4a), PDA induces only minor changes in both transmittance and
reflectance. Meanwhile, the SnO2 films (Figure 3.4b) show a more pronounced improvement in
transmittance after thermal treatment regardless of the presence of oxygen during deposition.
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3.3.1.2 Hydrogen series
The hydrogen study is performed at a fixed O2/Ar ratio of 1%. This approach ensures a
consistent and direct comparison between FTO and SnO2 films, allowing the influence of
hydrogen to be isolated from that of oxygen. By maintaining a constant oxygen background, we
can more reliably attribute changes in optical and electrical behavior to hydrogen introduced
into the sputtering atmosphere. Lower oxygen conditions combined with hydrogen could not
be electrically characterized due to sheet resistance values exceeding the measurable range,
making 1% O2/Ar the lowest viable condition for meaningful optoelectrical analysis.
The optical analysis is focused on the evolution of the optical bandgap, as shown in Figure 3.5.
The Eg values are extracted using Tauc plots, as described in Section 3.2.3, with additional
details on the calculation provided in Appendix B. The as-deposited FTO films exhibit a narrow
bandgap range between 3.87 and 3.91 eV, with PDA inducing only minor changes (Figure 3.5a).
For SnO2, the optical bandgap widens with increasing H2/Ar ratio, reaching 3.88 eV at 0.4%
H2/Ar in the as-deposited state (Figure 3.5b). Following thermal treatment, the FTO bandgap
undergoes a slight widening, peaking at 3.92 eV for 0.2% H2/Ar. The observed Eg values in
hydrogen-containing atmosphere are consistent with previous reports on FTO and SnO2 films
sputtered at room temperature or under low-range thermal conditions (150 °C) [120, 123].

a) b)

Figure 3.5: Optical bandgap (Eg) of (a) FTO and (b) SnO2 films (∼ 200 nm thick) as a function of the H2/Ar ratio
in as-deposited (as-dep.) and post-deposition annealed (PDA) states. The oxygen content is fixed at 1% O2/Ar.

Figure 3.6 presents the transmittance and reflectance spectra for both materials under 0% and
0.4% H2/Ar conditions. The T and R spectra for other H2/Ar ratios are provided in Appendix B.
In Figure 3.6a, hydrogen introduction during sputtering leads to a slight decrease in transmit-
tance and a corresponding increase in reflectance, particularly between 400 and 600 nm. The
post-deposition annealing induces no significant changes in either trend, indicating a limited
optical response to hydrogen in FTO films. This behavior is consistent with previous findings,
which show that hydrogen addition to an O2/Ar sputtering atmosphere does not significantly
alter the bandgap energy or optical transparency [124].
In Figure 3.6b, the transmittance increases from 0% to 0.4% H2/Ar, as indicated by the blue
arrow. Notably, none of the SnO2 films deposited in the O2/Ar atmospheres achieve transmit-
tance values as high as those observed for the 0.4% H2/Ar sample, which reach an average of
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approximately 87% across the visible range of the solar spectrum (400–800 nm). However, at
higher hydrogen content (0.6% H2/Ar), a pronounced reduction in transmittance is observed,
as shown in Appendix B.
Furthermore, hydrogen-containing atmosphere has been reported to influence localized
defect states within the bandgap, affecting sub-bandgap absorption [124]. To probe these
states, the absorption behavior of FTO and SnO2 films is analyzed using the Urbach rule (see
Appendix B).
For FTO, the Urbach energy slightly decreases from 350 meV (0% H2/Ar) to 345 meV (0.4%
H2/Ar) in the as-deposited state. After annealing, the values converge to 342 meV for both
conditions, indicating a limited influence of hydrogen on sub-bandgap tail states.
For SnO2, the Urbach energy decreases from 407 meV (0% H2/Ar) to 363 meV (0.4% H2/Ar)
in the as-deposited state. After PDA, it further decreases to 337 meV for the hydrogen-free
sample, while remaining at 363 meV for the hydrogenated film. This suggests that hydrogen
reduces structural disorder during deposition, while limiting further relaxation during thermal
treatment.

a) b)

Figure 3.6: Transmittance (T) and reflectance (R) spectra of (a) FTO and (b) SnO2 films (∼ 200 nm thick)
deposited with 0% and 0.4% H2/Ar in as-deposited (as-dep.) and post-deposition annealed (PDA) states. The

oxygen content is fixed at 1% O2/Ar.

Following the analysis of optical properties, the electrical behavior of the films is examined.
Figure 3.7 presents the corresponding sheet resistance of FTO and SnO2. For the as-deposited
FTO films (Figure 3.7a), introducing hydrogen into the sputtering atmosphere leads to a reduc-
tion in Rsheet. After PDA, all samples converge to approximately 1 × 103 Ω/sq. Compared to the
pure oxygen series, where the lowest Rsheet (468Ω/sq) is achieved at 0.3% O2/Ar (Figure 3.1a),
the addition of hydrogen does not result in further improvement.
For the SnO2 films (Figure 3.7b), the sheet resistance decreases with increasing H2/Ar ratio in
the as-deposited state. After annealing, a pronounced reduction is observed for the hydrogen-
free sample, indicating that thermal treatment is more effective in improving conductivity in
the absence of hydrogen.
The sheet resistance behavior can be interpreted in relation to structural disorder, as quantified
by the Urbach energy extracted from the optical analysis. For FTO, a slight decrease in EU

with increasing hydrogen content is observed in the as-deposited state, accompanied by a
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reduction in Rsheet. After PDA, both 0% and 0.4% H2/Ar samples exhibit similar EU values,
together with stabilized sheet resistance around 1 × 103 Ω/sq.
For the SnO2 films, the 0.4% H2/Ar sample shows lower Urbach energy and sheet resistance
than the hydrogen-free sample. After annealing, EU and Rsheet remain nearly unchanged for
the hydrogenated sample, while both decrease for the 0% H2/Ar case.
While these findings suggests a link between reduced disorder and improved conductivity,
the limited variation in EU indicates that additional factors likely govern the electrical be-
havior [125]. If minimizing sheet resistance is therefore the primary objective, optimized
hydrogen content during deposition may eliminate the need for post-deposition annealing,
offering an alternative method for the fabrication of TCO layers in solar cell devices.

a) b)

Figure 3.7: Sheet resistance (Rsheet) of (a) FTO and (b) SnO2 films (∼ 200 nm thick) as a function of the H2/Ar
ratio in as-deposited (as-dep.) and post-deposition annealed (PDA) conditions. The oxygen content is fixed at

1% O2/Ar.

Figure 3.8 illustrates the evolution of µ and N in the FTO and SnO2 films as a function of
the H2/Ar ratio under both as-deposited and PDA conditions. The carrier density values
obtained from Hall effect measurements reveal both n-type (negative sign) and p-type (positive
sign) conduction across FTO and SnO2 films. A more detailed discussion of this ambipolar
behavior is provided in Section 3.3.1.3, while the Hall measurement procedure is described in
Section 3.2.3.1. Further details on the carrier density are given in Appendix B.
In the FTO samples (Figure 3.8a, Figure 3.8c), the highest mobility of 15.33 cm2/Vs is ob-
served at 0.4% H2/Ar after PDA, exceeding the peak value achieved in the oxygen series
(13.73 cm2/Vs). The carrier density remains higher in hydrogen-containing atmospheres
under both as-deposited and annealed conditions compared to the 1% O2/Ar reference, which
reaches 2.5 × 1019 cm−3 in the as-deposited state.
In Figure 3.8b and Figure 3.8d, both the mobility and carrier density values of the SnO2 films
exhibit noticeable fluctuations in the as-deposited state, indicating that hydrogen does not
induce a systematic trend in charge transport properties prior to annealing. After PDA, µ and
N values stabilize, with mobility peaking at 16.14 cm2/Vs at 0.4% H2/Ar and carrier density
converging around 3 × 1019 cm−3 across all hydrogen-containing conditions.
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a) b)

c) d)

Figure 3.8: Carrier mobility (µ) and density (N) of (a, c) FTO and (b, d) SnO2 films (∼ 200 nm thick) as a function
of the H2/Ar ratio in as-deposited (as-dep.) and post-deposition annealed (PDA) conditions. The oxygen

content is fixed at 1% O2/Ar. The carrier density sign is reported on the red dots.

3.3.1.3 n-type and p-type conductivity
Both Figure 3.2 (Section 3.3.1.1) and Figure 3.8 (Section 3.3.1.2) show apparent n-type and
p-type conduction in as-deposited SnO2 and FTO films, indicating ambipolar transport and
complex underlying defect chemistry. The consistent Hall coefficient sign across repeated
measurements of individual samples confirms the reproducibility of the dominant carrier
type, while variations between samples highlight the sensitivity to processing conditions. The
corresponding average carrier densities and carrier types are reported in Appendix B.
This apparent ambipolarity is attributed to the coexistence of donor- and acceptor-like defects
combined with structural disorder, which shifts the Fermi level between electron- and hole-
dominated regimes. In addition, simultaneous electron and hole transport cannot be excluded;
the Hall coefficient therefore reflects a mobility-weighted balance rather than a single carrier
type [126–128].
Post-deposition annealing in nitrogen drives all films toward stable n-type behavior, indicating
that reducing conditions promote donor-like defects while suppressing compensating states,
thereby shifting the Fermi level toward the conduction band.
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Previous studies on SnOx films have shown that small changes in sputtering conditions can
induce transitions between p- and n-type conduction by modulating oxygen vacancies and
tin interstitials. Oxygen-deficient conditions favor donor-like defects and n-type conduction,
whereas more oxygen-rich conditions suppress these donors and can promote acceptor-like
states, enabling p-type behavior [129].
The observed conduction behavior is consistent with the defect-state model proposed by
Henkel et al. [130], which attributes such phenomena to polaronic states, charge-transfer
processes, and excitonic defect configurations. Although a detailed transport mechanism
analysis is beyond the scope of this study, the findings underscore the critical role of gas-phase
composition during deposition and annealing in shaping the optoelectrical properties and
carrier dynamics of SnO2-based films.

3.3.1.4 TCOs overview
Figure 3.9 provides a comparative overview of transparent conducting oxides, highlighting the
relationship between the carrier mobility and carrier density. All samples, both from this work
and literature, are characterized using the Hall measurement setup described in Section 3.2.3.
The data set includes FTO and SnO2 films developed in this study, as well as indium tin oxide
(ITO), hydrogenated indium oxide (IO:H), aluminum-doped zinc oxide (AZO), and undoped
ZnO from Chapter 2.
Two industry benchmarks are also included: commercially available Asahi FTO glass (1.1 mm
thick) and FTO deposited via atmospheric pressure chemical vapor deposition (APCVD) at
500 °C [131], produced in collaboration with the industrial partner of this work. These samples
represent the upper performance limits achievable with high temperature processing.
The plot maps the distribution of TCOs in relation to the two main scattering mechanisms that
limit their performance: grain boundary scattering, which dominates at lower carrier densities,
and ionized impurity scattering, which becomes significant at higher concentration [52, 73,
121].

Figure 3.9: Carrier mobility (µ) versus carrier density (N) plot for FTO and undoped SnO2 deposited by room
temperature sputtering in this study, commercial FTO-coated Asahi glass and FTO deposited by atmospheric
pressure chemical vapor deposition (APCVD) at 500 °C. Comparative data for ITO, IO:H, AZO, and undoped ZnO

are also reported. Gray lines indicate ionized impurity and grain boundary scattering mechanisms.
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The SnO2 and FTO films fabricated in this work exhibit carrier densities ranging from 1019

to over 1021 cm−3, with mobilities in the range of 10–15 cm2/Vs. At lower carrier densities,
the mobility of FTO is comparable to that of undoped SnO2. However, the lack of significant
thermal activation at room temperature limits dopant activation and crystalline ordering,
thereby constraining further mobility improvement.
The relatively low carrier density of these films limits free carrier absorption in the near-
infrared, which is beneficial for front electrode applications in solar cells. However, an effective
front electrode must also promote light scattering to enhance the optical path length in the
solar device. SEM images in Appendix B show smooth and compact surfaces, which favor
charge transport but do not support efficient light scattering.
APCVD-grown FTO exhibits a favorable combination of a ∼1020 cm−3 carrier density and
higher mobility, attributed to improved crystallinity and dopant activation enabled by high
temperature processing (see Appendix B). The Asahi FTO reference shows an even higher
carrier density, with mobility comparable to IO:H.
Although the FTO and SnO2 films developed here do not match the performance of high
temperature benchmarks, they demonstrate that room temperature sputtered TCOs can
achieve a balanced optoelectrical performance without thermal processing. However, this
approach involves trade-offs in crystallinity and dopant activation, which must be carefully
considered when developing low temperature, scalable deposition strategies for photovoltaic
applications.

3.3.2. Material properties
Reference samples are deposited in four distinct sputtering atmospheres for each material
and summarized in Table 3.1. These representative conditions are chosen to explore the
relationship between gas-induced compositional and structural changes and the resulting
optoelectrical behavior, discussed in Section 3.3.1.1 and Section 3.3.1.2.

Table 3.1: Overview of sputtering gas compositions used for FTO and SnO2 material characterization. The
condition labeled as 0% O2/Ar and 0% H2/Ar corresponds to sputtering in a pure argon atmosphere.

FTO SnO2

O2/Ar [%] H2/Ar [%] O2/Ar [%] H2/Ar [%]

0 0 0 0
0.4 0 0.5 0
1 0 1 0.1
1 0.4 1 0.4

3.3.2.1 Energy dispersive X-ray spectroscopy analysis
Energy dispersive X-ray spectroscopy (EDX) is employed to qualitatively and semi-quantitatively
assess the bulk elemental composition of the deposited FTO and SnO2 films. Although XPS is
later used to probe surface chemistry and oxidation states, EDX complements this by offering
information from the bulk region of the films. To minimize interference from parasitic oxygen
signals originating from glass substrates, EDX measurements are conducted on samples de-
posited onto (100)-oriented silicon wafers. This approach ensures a more accurate detection of
oxygen and other film-specific elements. Quantitative atomic percentages and measurement
uncertainties are provided in Appendix B.
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Figure 3.10 shows the EDX spectra of FTO and SnO2 films deposited in selected sputtering
atmospheres. The elemental peaks corresponding to tin (Sn), oxygen (O), and fluorine (F)
are clearly detected, consistent with the intended film compositions. A silicon (Si) peak
(∼1.74 keV) from the silicon substrate is omitted from the displayed spectra for clarity. All
spectra are normalized to the O Kα peak (∼0.52 keV). Measurements are performed at a 15 kV
accelerating voltage.
In both material sets, Sn is consistently observed through its characteristic Nα (∼0.39 keV), Mα

(∼3.44 keV), Mβ (∼3.67 keV), and Lα (∼3.90 keV) peaks [132]. A weak F Kα peak (∼0.68 keV)
is identified in the FTO samples. A C Kα peak (∼0.28 keV) is also detected and is likely due to
surface contamination.

a) b)

Figure 3.10: Normalized EDX spectra of (a) FTO and (b) SnO2 thin films deposited in four distinct sputtering gas
atmospheres. Spectra are normalized to the O Kα peak (∼0.52 keV). The Sn, O, F, and C peaks are shown and

labeled in the spectra.

In FTO (Figure 3.10a), Sn peak intensities are slightly lower for oxygen- and hydrogen-containing
atmospheres compared to pure Ar, suggesting a shift toward a more oxidized composition. A
modest increase in the fluorine signal is observed under oxygen-rich conditions, potentially in-
dicating improved fluorine incorporation. However, based on EDX results and the comparable
optoelectrical behavior between FTO and undoped SnO2 (Section 3.3.1.1 and Section 3.3.1.2),
fluorine appears to exert limited electronic influence, likely due to the amorphous structure of
the films (Section 3.3.2.3) and the low temperature deposition environment [118, 133, 134].
In SnO2 films (Figure 3.10b), Sn peak intensities decrease as the O2/Ar ratio increases, con-
sistent with increased oxygen uptake. The sample deposited with both O2 and H2 shows a
slightly elevated Sn signal compared to the O2-only sample. The presence of hydrogen may
reduce the extent of oxygen incorporation, possibly by inducing a mild reducing environment
during deposition or promoting the formation of oxygen vacancies [135].
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3.3.2.2 X-ray photoelectron spectroscopy analysis
X-ray photoelectron spectroscopy (XPS) is performed to analyze the chemical composition
and Sn oxidation states in FTO and SnO2 films under the selected O2/Ar and H2/Ar sputtering
conditions reported in Table 3.1 [136]. The high-resolution Sn 3d5/2 spectra (Figure 3.11
and Figure 3.12) show three components assigned to Sn0 (484.5 eV), Sn2+ (486.0 eV), and
Sn4+ (486.7 eV), in agreement with literature values [129, 137]. The full XPS survey spectra,
quantified Sn0, Sn2+, and Sn4+ contents from the high-resolution data, and atomic percentages
of all detected elements are provided in Appendix B.
In Figure 3.11, the Sn 3d5/2 spectra of FTO films deposited in pure Ar or O2-containing atmo-
spheres are dominated by the Sn4+ component, indicating a predominantly stoichiometric
SnO2 surface. In contrast, the 0.4% H2/Ar sample shows a shift toward lower binding energies,
with a dominant contribution from sub-oxidized Sn2+ species, consistent with the reducing
nature of the sputtering atmosphere.
After annealing, the Sn 3d5/2 spectra remain largely unchanged for the O2/Ar samples, sug-
gesting a stable surface chemical environment. However, for the 0.4% H2/Ar sample, PDA
leads to a further increase in Sn2+ content, with the Sn4+ fraction decreasing from 24% to 15%
and Sn2+ increasing from 62% to 70%. This trend indicates that hydrogen-rich conditions
favor sub-stoichiometric tin states. The observed reduction is consistent with reports linking
increased Sn2+ content to oxygen vacancies in tin oxide systems [137, 138].

a) b)

Figure 3.11: Sn 3d5/2 XPS spectra of FTO films with varying gas ratios: (a) as-deposited (as-dep.) and (b)
post-deposition annealed (PDA). The 0.4% H2/Ar sample is deposited at a fixed 1% O2/Ar ratio.
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The XPS results provide insight into the optoelectrical behavior of the FTO films. While increas-
ing O2/Ar ratios lead to enhanced optical transmittance and bandgap widening (Figure 3.3a
and Figure 3.4a), they are also accompanied by a significant rise in sheet resistance (Fig-
ure 3.1a). However, these trends cannot be directly linked to changes in Sn oxidation states, as
the Sn4+ phase remains predominant across all O2-containing conditions.
In contrast, the enhanced electrical conductivity observed in films sputtered with hydrogen
(Figure 3.7a) may be associated with the presence of Sn2+ species, suggesting a correlation
with oxygen vacancy formation under reducing conditions. The additional decrease in sheet
resistance following PDA further coincides with an increased Sn2+ contribution, as revealed
by XPS.
Figure 3.12 presents the high-resolution Sn 3d5/2 spectra for SnO2 films deposited under varied
gas ratios. Across all conditions, the spectra exhibit a symmetric peak centered near 486.6 eV,
characteristic of fully oxidized Sn4+ in stoichiometric SnO2 [134]. The PDA treatment induces
no significant shift in the Sn 3d5/2 binding energies, reflecting the chemical robustness of the
SnO2 matrix across the investigated conditions. The relative contents of Sn0, Sn2+, and Sn4+

remain largely unchanged before and after annealing, as detailed in Appendix B.

a) b)

Figure 3.12: Sn 3d5/2 XPS spectra of SnO2 films with varying gas ratios: (a) as-deposited (as-dep.) and (b)
post-deposition annealed (PDA). The 0.4% H2/Ar sample is deposited at a fixed 1% O2/Ar ratio.

In Section 3.3.1.1, the optoelectrical trends indicate that increasing the O2/Ar ratio enhances
optical transmittance (Figure 3.4b) but raises sheet resistance (Figure 3.1b) in the as-deposited
SnO2 films. The post-deposition annealing further enhances transparency and stabilizes
conductivity across all gas compositions. However, these trends do not directly correlate with
the XPS results, which show minimal shifts in the Sn 3d5/2 binding energy and negligible
changes in the relative Sn0, Sn2+, and Sn4+ contributions.
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This discrepancy likely arises from the surface sensitivity of XPS, which probes only the top ∼
5 nm of the film and may not reflect bulk chemical variations. In contrast, the EDX analysis in
Figure 3.10b captures the overall film stoichiometry and indicates compositional changes not
resolved by XPS.
In Section 3.3.1.2, introducing hydrogen into an oxygen-rich sputtering atmosphere increases
transparency (Figure 3.5b and Figure 3.6b) and reduces sheet resistance (Figure 3.7b), despite
no detectable change in the Sn oxidation state. After annealing, carrier mobility and density
converge across all H2/Ar conditions. These results suggest that hydrogen enhances optoelec-
trical performance through defect passivation and structural reordering, without significantly
altering the oxidation state, as supported by XPS analysis [139–141].

3.3.2.3 X-ray diffraction analysis
X-ray diffraction (XRD) is used to assess the structural properties of selected FTO (Figure 3.13)
and SnO2 (Figure 3.14) samples deposited at room temperature and annealed at 400 °C for
20 min in a pure nitrogen (N2) atmosphere. This post-deposition annealing step is intended
to promote crystallization in an oxygen-deficient atmosphere [142]. Due to the limited film
thickness (∼ 200 nm), a high background from the amorphous glass substrate is present in the
raw patterns. To enhance peak visibility, all spectra have been background-subtracted.
In FTO films deposited in pure Ar (Figure 3.13a), no crystalline peaks are observed after PDA,
indicating an amorphous structure. In contrast, oxygen-containing atmospheres yield weak
diffraction peaks after annealing, corresponding to the (110), (101), and (211) planes of rutile
SnO2. These features indicate limited crystallization without preferred orientation, consistent
with randomly oriented nanocrystalline domains [118].

a) b)

Figure 3.13: XRD patterns of representative FTO films deposited in (a) pure Ar (0% O2/Ar) and 0.4% O2/Ar and
(b) 1% O2/Ar and 1% O2/Ar with 0.4% H2/Ar, shown for both as-deposited (as-dep.) and post-deposition

annealed (PDA) conditions.

In Figure 3.13b, the addition of hydrogen to a 1% O2/Ar atmosphere slightly enhances crystal-
lization, as reflected by sharper diffraction peaks. However, the PDA treatment induces only
minor additional changes, suggesting that hydrogen primarily affects early-stage nucleation
rather than promoting significant grain growth during annealing [143]. In highly disordered or
amorphous structures, the lack of well-defined substitutional sites may hinder the incorpo-
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ration of F− ions, confining them to less favorable or interstitial positions [144, 145]. These
results therefore suggest that the reduction in sheet resistance after PDA (Figure 3.1a and
Figure 3.7a) in oxygen-containing atmospheres, including hydrogen-containing conditions,
is associated with the onset of crystallization and increased structural ordering during the
amorphous-to-crystalline transition.
The XRD patterns of SnO2 films (Figure 3.14) show weak crystallization with no preferred orien-
tation under all tested conditions, consistent with previous reports [146, 147]. Post-deposition
annealing in nitrogen induces slight structural ordering, although the films remain largely
amorphous. Notably, the sample deposited with 1% O2/Ar and 0.4% H2/Ar (Figure 3.14b)
exhibits slightly sharper diffraction peaks than the oxygen-only counterpart. As observed
for FTO, the reduction in sheet resistance after PDA (Figure 3.1b and Figure 3.7b) is likely
associated with the onset of crystallization detected by XRD.

a) b)

Figure 3.14: XRD patterns of representative SnO2 films deposited in (a) pure Ar (0% O2/Ar) and 0.5% O2/Ar and
(b) 1% O2/Ar and 1% O2/Ar with 0.4% H2/Ar, shown for both as-deposited (as-dep.) and post-deposition

annealed (PDA) conditions.

The average grain size and full width at half maximum (FWHM) of the (101) and (211) diffrac-
tion peaks are analyzed, with FWHM values corrected for instrumental broadening. Grain
sizes are estimated using the Debye–Scherrer equation:

Dhkl =
0.9λ

βcosθ
(3.6)

where Dhkl is the crystallite size, λ is the wavelength of Cu Kα radiation (λ= 0.15406 nm), β
is the FWHM value in radians, and θ is the Bragg diffraction angle [148]. The resulting grain
sizes range from 6.8 to 9 nm for FTO films and from 6.5 to 7.5 nm for SnO2 films.
While fluorine incorporation at elevated temperatures (e.g., ≥ 400 °C) is known to promote
crystallite growth [149], the small grain sizes and weak diffraction peaks observed here suggest
that, under room temperature sputtering conditions, fluorine primarily promotes nucleation
rather than grain growth. The crystallite sizes remain in the nanometer range, indicating that
the available thermal energy is insufficient to drive significant structural coarsening.
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3.4. Conclusions
This study systematically investigates the impact of reactive sputtering gas composition on
the optoelectrical, structural, and surface chemical properties of room-temperature (RT) sput-
tered fluorine-doped tin oxide (FTO) and undoped tin dioxide (SnO2) thin films. By correlating
optical transmittance, charge transport, sheet resistance, and spectroscopic data, key process-
ing–property relationships are identified to guide the design of these transparent conducting
oxides (TCOs) for photovoltaic applications. The results demonstrate competitive optoelectri-
cal performance compared to typical RT-sputtered SnO2-based films, highlighting that careful
control of the sputtering gas composition enables effective tuning of film properties.
First, oxygen incorporation in the sputtering atmosphere governs the balance between optical
transparency and electrical conductivity. In FTO, 0.3–0.4% O2/Ar ratios yield the lowest sheet
resistance (468 Ω/sq) and highest carrier mobility (13.7 cm2/Vs) while maintaining a wide
optical bandgap (Eg > 3.9 eV). In undoped SnO2, sheet resistance increases monotonically
with oxygen content. However, the optimum condition occurs at 1% O2/Ar, where mobility
peaks (15.3 cm2/Vs) with moderate carrier density (∼ 1019 cm−3).
Second, introducing hydrogen into an oxygen-rich atmosphere (1% O2/Ar) significantly in-
fluences the optoelectrical response of undoped SnO2 films. Hydrogen addition enhances
transparency and reduces sheet resistance in the as-deposited state. XPS analysis shows
no change in the dominant Sn4+ oxidation state, suggesting that hydrogen acts primarily
through defect passivation and structural modification rather than chemical reduction. After
post-deposition annealing (PDA) at 400 °C in an N2 atmosphere, both hydrogenated and
non-hydrogenated samples exhibit converging mobilities and carrier densities. In FTO films,
hydrogen has a subtle effect on optical properties, while conductivity stabilizes at ∼103 Ω/sq
after PDA.
Although RT-sputtered FTO and SnO2 films do not yet match the optoelectrical performance
of high-temperature deposition methods, precise control of the sputtering gas composition
enables a tunable balance between transparency and conductivity. This provides a thermally
compatible, scalable, and cost-effective approach for fabricating transparent conductive
electrodes and charge transport layers, particularly for thermally sensitive technologies such
as polymer-based and next generation solar cells.
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4.1. Introduction
Thin-film (TF) Si-based solar cells remain attractive for cost-effective, lightweight, and scalable
photovoltaic technologies [1, 150]. Although amorphous silicon exhibits strong absorption at
short wavelengths due to its direct-like bandgap, its wider bandgap compared to crystalline
silicon limits near-infrared absorption and constrains device efficiency [151]. Effective light-
management strategies are therefore essential to minimize reflection losses and maximize
photon absorption in both single and multijunction TF architectures [152, 153].
Previous studies have explored a range of textured substrates to enhance light management
in thin-film silicon solar cells, including modulated surface textured (MST) electrodes [47],
random and periodic Si textures [154], Asahi glass [155], and flexible laminates [156]. High
efficiencies have also been achieved using advanced textures such as honeycomb patterns
on crystalline Si wafers [157, 158]. However, despite these developments, predictive optical
modeling of such complex architectures remains limited.
In particular, a unified optical model that captures both external quantum efficiency (EQE)
and front reflection losses (1 – R) in realistic multiscale device structures is still lacking [159,
160]. Most prior studies treat these quantities separately or rely on simplified geometries,

leading to discrepancies between simulations and actual device architectures [161, 162].
In this work, these metrics are integrated within a single experimentally validated optical
model, enabling a consistent and quantitative assessment of optical response and loss mecha-
nisms in textured TF-Si solar cells. Achieving this requires addressing two key challenges. First,
accurate modeling depends on reliable optical constants, refractive index (n) and extinction
coefficient (k), for all constituent materials. Second, realistic representation of interface textur-
ing is essential, as it governs light scattering, trapping, and interference within the multilayer
stack [163].
To address these challenges, two optical modeling approaches are investigated: rigorous
coupled-wave analysis (RCWA) [164] and ray optics [165]. The comparison is carried out using
two textured glasses: the widely used but less optically characterized Asahi VU-type glass with
random nanostructures [166], serving as the substrate for a single-junction hydrogenated
amorphous silicon (a-Si:H) solar cell, and a novel micro-periodic honeycomb-textured glass
developed in-house [4], used as the substrate for a single-junction hydrogenated nanocrys-
talline silicon (nc-Si:H) solar cell.
The RCWA model provides a full-wave solution capable of capturing complex interference
and scattering effects by solving Maxwell’s equations, and is therefore expected to deliver
high accuracy for fine-scale textures. However, its application to complex, non-periodic, or
conformal structures is computationally demanding and requires extensive optimization [167,
168]. In contrast, the ray tracing optical model offers significantly reduced computational

effort but is often considered less reliable for nanoscale features [169].
In this study, RCWA and ray optics are compared on experimentally fabricated a-Si:H and nc-
Si:H single-junction devices on commercial and in-house textured substrates, and extended
to an a-Si:H/nc-Si:H tandem architecture. By combining realistic interface morphologies,
measured optical constants, and validation against EQE and reflection data, the model re-
produces absorption and reflection in multiscale textured TF-Si devices with high accuracy
and computational efficiency. Beyond the specific cases investigated, this framework enables
predictive optical modeling of next generation textured photovoltaics.
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4.2. Optical modeling framework
The optical response of the solar cell structures is simulated using the GenPro4 solver [170],
which employs the net-radiation method with angular intensity distributions of reflection
and transmission as input. This approach captures multiple reflections, transmissions, and
scattering events, enabling realistic modeling of multilayer stacks with textured interfaces.
In GenPro4, each material within the solar cell stack is classified as either a layer or a coating,
depending on how interference is expected to influence light propagation. This distinction is
based on the optical thickness of the film relative to the coherence length of sunlight and on
the optical contrast between adjacent layers. The coherence length defines the distance over
which the phase of the electromagnetic wave remains correlated.
When this correlation is maintained, typically in thin or weakly absorbing films, reflected and
transmitted waves can interfere, and the film is considered optically coherent. Such layers are
modeled as coatings, where light propagation is treated in terms of field amplitudes including
both magnitude and phase.
When the optical thickness is sufficiently large or absorption is strong, the phase correlation
between multiple reflections is lost and interference effects average out. These layers are
considered optically incoherent and are modeled as layers, where only light intensities are
summed. This hybrid formalism enables GenPro4 to describe both coherent and incoherent
optical behavior within the same simulation framework [171].
Another key input to GenPro4 is the complex refractive index of each material, defined by
its refractive index (n) and extinction coefficient (k). These wavelength-dependent optical
constants determine the reflectance (R), transmittance (T), and absorptance (A) within the
stack. The implied photocurrent density Jph is calculated from the absorptance spectrum
according to Equation 4.1 [172]:

Jph =− e
∫ λ2

λ1

A(λ)ΦAM1.5G(λ)dλ (4.1)

where A(λ) is the absorptance in the photoactive layer,ΦAM1.5G(λ) (photons cm−2 s−1 nm−1)
is the AM1.5G spectral photon flux density, and e is the elementary charge. The integration
limits λ1 and λ2 correspond to the lower and upper bounds of the spectral range, respectively,
with λ2 typically set by the optical bandgap of the absorber material.
The standard GenPro4 solver models light interaction with textured surfaces using two com-
plementary approaches: ray optics and wave optics. The wave-optics formalism is based on
the scalar scattering theory developed by K. Jäger, which performs well for small-scale textures
such as Asahi U-type glass but loses accuracy for larger or more complex morphologies [173].
Full-wave Maxwell solvers can rigorously model light scattering but are computationally de-
manding and generally constrained to periodic boundary conditions, restricting simulations
to small unit cells that may not represent the complexity of random thin-film morphologies.
The rigorous coupled-wave analysis offers a practical alternative, enabling accurate treatment
of non-periodic and sub-wavelength textures at reduced computational cost. In this work,
RCWA is integrated into GenPro4 as an alternative Maxwell solver.
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For the validation study, ray optics and RCWA are applied independently within GenPro4, and
their predictions are directly compared with the measured optical response of the fabricated
solar cells. This strategy makes it possible to evaluate which model best reproduces the exper-
imental EQE and reflection spectra while quantifying the trade-off between computational
efficiency and predictive accuracy.
The deviation between simulated and experimental spectra is quantified by calculating the
root mean squared error (RMSE), expressed in percentage form as in Equation 4.2 [174]:

RMSE(%) = 100

√√√√ 1

N

N∑
i=1

[Xmodel(λi)−Xmeas(λi)]2 (4.2)

where Xmodel(λi) and Xmeas(λi) denote the simulated and experimental values at wavelength
λi, and N is the number of spectral points. Xmodel represents either the simulated absorptance
or the simulated total front reflection losses, while Xmeas corresponds to the external quantum
efficiency or the measured total front reflection losses, respectively. When simulated and
experimental spectra are sampled on different wavelength grids, the simulated data are linearly
interpolated onto the experimental grid prior to error evaluation.

4.2.1. Rigorous coupled-wave analysis (RCWA)
In RCWA, the structure is discretized into thin layers along the propagation direction (z-axis),
while arbitrary variations are retained in the transverse (x–y) plane. Maxwell’s equations are
solved in the Fourier domain using a semi-analytical approach: analytically along the z-axis
and numerically in the x and y directions.
In principle, an infinite number of Fourier harmonics is required to fully describe arbitrary
geometries. In practice, the expansion is truncated, and its accuracy depends on the number
of retained modes. A convergence analysis shows that 17 Fourier modes are sufficient to obtain
stable reflectance and absorption spectra for the investigated TF-Si structures, with higher
orders providing only marginal improvements at significantly increased computational cost.
The optimal number of modes is case-dependent and influenced by factors such as texture
height, feature geometry, and refractive index contrast.
In addition to harmonic truncation, the spatial discretization must be sufficiently fine to
resolve the electric field distribution E⃗ in the x, y, and z directions. As with the number of
Fourier modes, the grid resolution requires balancing accuracy and computational cost, since
finer discretization improves field representation but increases simulation time.
The RCWA simulations are executed on a workstation equipped with an AMD EPYC 7552
48-core processor and 1024 GB RAM. A complete wavelength sweep for each solar cell configu-
ration requires approximately one week of computation time.
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4.2.1.1 Tukey window function
Since RCWA relies on periodic boundary conditions, accurate modeling of experimentally
measured morphologies requires preprocessing of atomic force microscopy (AFM) height
maps. While the ray tracing model uses the AFM matrix directly, RCWA needs smoothed input
to suppress edge artifacts at the unit cell boundaries.
To address this, the AFM height matrices are processed using a two-dimensional (2D) Tukey
window function [172]. The window gradually tapers height values at the edges of the do-
main, reducing discontinuities while preserving central features of the measured profile. The
smoothing is controlled by an overall lateral rescale factor r = 0.2, which provides sufficient
tapering at the edges without significant loss of morphological detail. In this case, the central
64% of the AFM map remains completely unchanged, while the surrounding 36% is gradually
suppressed, ensuring that the core morphology is preserved while unit cell discontinuities are
minimized. Smaller values of r leave sharp edges, whereas larger values overly suppress the
central topography.
Geometrically, the smoothed morphology resembles a frustum of a square pyramid with
isosceles trapezoidal lateral faces, as illustrated in Figure 4.1.

Figure 4.1: Geometric representation of the three-dimensional (3D) Tukey window function used to smooth
AFM height maps prior to RCWA simulations. Parameters are the base length a, the top length b, the frustum

height h and the lateral face length c.

The frustum height is set to h = 1, the side length of the base equals the AFM pixel dimension
a, and the top face length is b = (1− r)a. The lateral face length c is calculated in Equation 4.3:

c =
√

h2 +
( ra

2

)2
(4.3)

4.3. Simulation input
This section outlines the model inputs required to predict the optical performance of TF-Si
solar cells. Emphasis is placed on the accurate representation of textured interfaces and
material optical properties, both of which are critical for obtaining realistic results with ray
optics and RCWA. Section 4.3.1 details the morphological characterization of the textured glass
substrates. Section 4.3.2 and Section 4.3.3 describe the device architectures, layer stacks and
optical constants of the a-Si:H and nc-Si:H single-junction solar cells, respectively. The optical
constants are subsequently used as inputs for a-Si:H/nc-Si:H tandem solar cell simulations.
Finally, Section 4.3.4 summarizes the key differences between the two optical models in tabular
form.
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4.3.1. Textured glass substrates
A widely used substrate for TF Si-based solar devices is the commercial SnO2:F (FTO)-coated
glass from Asahi Glass Company [175, 176]. The earlier Asahi U-type glass featured random
pyramidal facets with moderate slopes, designed to enhance light scattering while minimizing
potential electrical losses [177]. The shift from U-type to the current VU-type substrates was
motivated by the need to enhance long-wavelength light scattering (600–1000 nm), which is
crucial for improving performance in multijunction solar cells [178, 179]. The main morpho-
logical differences between Asahi U- and VU-type glass are described in Section 4.3.2.1.
While the U-type has been extensively characterized, detailed optical data on VU-type glass
remain limited. The increasing use of VU-type substrates in high-performance TF Si de-
vices, including this work, underscores the importance of accurate optical and morphological
characterization for reliable modeling and device design.
Figure 4.2 shows the AFM characterization of the Asahi VU-type glass surface. The morphology
exhibits a complex random nanoscale texture with peak-to-valley heights of approximately
0.31 µm over a 5 µm × 5 µm area, with a root mean square roughness (σRMS) of 45 nm.
Random textures such as those of Asahi glass scatter light diffusely without selectivity, which
limits their ability to redirect light into oblique guided paths or to efficiently scatter light at
longer wavelengths. This reduces their effectiveness in devices such as nc-Si:H solar cells,
where absorption extends beyond 1 µm. In contrast, engineered periodic textures enable
controlled light scattering, diffraction, and guided-mode coupling, improving absorption
across a broader spectral range.

a) b)

Figure 4.2: AFM images of the Asahi VU-type glass substrate: (a) 2D top-view and (b) 3D morphology. The
random texture exhibits a root mean square roughness σRMS = 45 nm over a 5 µm × 5 µm area.

Figure 4.3 displays the AFM characterization of the in-house fabricated honeycomb-textured
glass substrate. The morphology exhibits a highly uniform and periodic microstructure with a
lateral period of approximately 5 µm and a feature height of about 1 µm, corresponding to an
RMS roughness of σRMS = 262 nm.
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The well-defined geometry promotes efficient angular redistribution of incident light, increas-
ing the optical path length within the absorber and thereby enhancing light trapping in nc-Si:H
devices with thicknesses of approximately 3 µm, where improved long-wavelength absorption
is required.

a) b)

Figure 4.3: AFM images of the honeycomb-textured glass substrate: (a) 2D top-view and (b) 3D morphology.
The periodic structure exhibits a root mean square roughness σRMS = 262 nm over a 17 µm × 17 µm area.

4.3.2. a-Si:H solar cell on Asahi VU-type substrate
On the Asahi VU-type substrate, a p-i-n a-Si:H single-junction solar cell is fabricated in a
superstrate configuration. This architecture exploits the enhanced light scattering of VU-type
glass to improve optical confinement and device performance. The solar cell structure is
illustrated in Figure 4.4 (not to scale).
The device is deposited on a 1.1 mm Asahi VU-type glass coated with a 700 nm SnO2:F layer,
which functions as the transparent front electrode. The intrinsic a-Si:H absorber layer is 300
nm thick, with p-type and n-type regions of 10 to 20 nanometers located at the front and rear,
respectively. Both the p-type and n-type layers are composed of nanocrystalline silicon oxide
(nc-SiOx). A 10 nm thick aluminum-doped zinc oxide (AZO) buffer layer is inserted between
the substrate and the p-type layer.
In addition, a thin 3 nm intrinsic a-SiOx layer is inserted between the p-type nc-SiOx and
the intrinsic absorber. This interfacial layer improves the p/i interface quality by promoting
favorable nucleation of the intrinsic layer and reducing interface-related recombination. It
has also been reported to limit boron cross-contamination from the doped layer, contributing
to improved device performance [180].
The rear contact is modeled as a 300 nm silver layer acting as a back reflector. Although the
experimental stack includes Ag/Cr/Al, the contributions of chromium and aluminum are
neglected due to their negligible impact on the optical response.
All subsequent layers conform to the textured substrate, such that each interface inherits
the underlying morphology, with progressive smoothing as the film thickness increases. To
account for this in the optical model, two sample structures are fabricated and characterized,
terminated at the p-type and n-type interfaces, respectively. Accordingly, the AZO/nc-SiOx (p)
and nc-SiOx (n) layers define the first and second optical interfaces.
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Figure 4.4: Schematic cross-section of the a-Si:H single-junction solar cell on Asahi VU-type glass (not to scale).
Layers sequence: Asahi VU-type glass (1.1 mm) with SnO2:F (700 nm) / AZO (10 nm) / p-type nc-SiOx (10 nm) /

a-SiOx (3 nm) / a-Si:H (300 nm) / n-type nc-SiOx (20 nm) / Ag back reflector (300 nm).

The AFM scans of 20 µm × 20 µm areas (Figure 4.5) show that deposition of AZO and nc-SiOx

(p) reduces the surface roughness of the original VU-type substrate (σRMS = 45 nm, Figure 4.2)
to 32 nm. With deposition of the a-Si:H absorber, the roughness decreases further to 23 nm,
accompanied by a noticeable increase in lateral feature size (Figure 4.5b). The AFM-derived
height maps of these two interfaces are directly implemented in the ray tracing simulations.

a) b)

Figure 4.5: AFM top-view images of the textured interfaces in the a-Si:H single-junction solar cell on Asahi
VU-type glass. (a) Surface after deposition of p-type nc-SiOx layer. (b) Surface after subsequent deposition of

the intrinsic a-Si:H absorber.

Additional steps are necessary to handle the Asahi VU-type texture when the optical perfor-
mance is simulated with the RCWA solver. The AFM maps are first downscaled from 20 µm
× 20 µm to 2 µm × 2 µm sections (Figure 4.6a and Figure 4.6c), retaining key morphological
features while ensuring computational feasibility. A three-dimensional (3D) Tukey window
function (see Section 4.2.1.1) is then applied to suppress edge discontinuities and enable
periodic boundary conditions.
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The preprocessed height maps are shown in Figure 4.6b and Figure 4.6d are used as RCWA
inputs, ensuring numerical stability while preserving the essential characteristics of the exper-
imental textures. The resulting height matrices are discretized on 1001 × 1001 grids to resolve
fine surface features. This resolution ensures sufficient refinement in the x, y, and z directions
to numerical compatibility with the spatial resolution of the E⃗ distribution.

a) b)

c) d)

Figure 4.6: Preprocessing of AFM-derived surface morphologies for RCWA simulations of the a-Si:H solar cell on
Asahi VU-type glass. (a, c) Downscaled 2 µm × 2 µm AFM maps of the interfaces. (b, d) Corresponding

morphologies after application of the 3D Tukey window function.

4.3.2.1 Optical constants
The refractive index and extinction coefficient of all layers in the device stack are key inputs
for reliable optical modeling, regardless of the chosen optical solver. The FTO-coated Asahi
VU-type glass, serving as the textured front contact, plays a critical role in light coupling
and scattering. Its optical properties depend on deposition method, thickness, and surface
morphology [118, 145, 181]. Wavelength-resolved n and k data are required to quantify
reflection losses, parasitic absorption, and overall device performance.
Figure 4.7 compares the complex refractive index of FTO on U-type and VU-type substrates.
The U-type results from Sap et al. [182], obtained by fitting reflectance and transmittance spec-
tra with SCOUT software [183], serve as a reference. This work extends the characterization to
VU-type substrate using variable-angle spectroscopic ellipsometry (SE). The measured ampli-
tude ratio (Ψ) and phase difference (Δ) spectra are fitted in CompleteEASE software [184]. A
multilayer optical model is constructed, consisting of a surface SnO2 thin film for roughness-
induced modifications, a conductive FTO bulk layer described by Drude–Lorentz oscillators,
and a depth-dependent conductivity gradient for vertical inhomogeneity in the film.
While the real part (n) remains comparable for the U- and VU-type substrates in the UV–visible
range, the extinction coefficient (k) of the VU-type increases toward the near-infrared. Because
the absorption coefficient is given by α= 4πk/λ, this rise in k directly translates into stronger
absorption at long-wavelengths [185].



4

74 4.3. Simulation input

Figure 4.7: Refractive index (n) and extinction coefficient (k) spectra of FTO-coated Asahi U-type and VU-type
glass substrates. The VU-type data are obtained in this work from ellipsometry fitting, while the U-type

reference data are taken from [182].

In transparent conducting oxides, such near-infrared absorption originates from free-carrier
absorption (FCA), where conduction-band electrons absorb low-energy photons through intra-
band (Drude-type) transitions. The strength of this process increases with carrier density and
decreases with carrier mobility, producing a characteristic long-wavelength tail in k(λ) [186].
The enhanced k in the NIR region observed for the VU-type FTO is attributed to its higher FCA,
whereas the differences in bandgap energy, film thickness, and surface roughness reported in
Table 4.1 primarily affect visible-range transmission and scattering. These results therefore
highlight the importance of direct, substrate-specific optical characterization.

Table 4.1: Optical and morphological parameters of FTO-coated Asahi U-type and VU-type glass substrates. The
VU-type results are obtained in this work: bandgap energy and layer thickness from SE fitting, and RMS

roughness from AFM measurements. The U-type reference data are taken from [182].

FTO-Asahi U-type VU-type

Bandgap energy [eV] 4.26 4.05
Layer thickness [nm] 833.4 667.8
RMS roughness [nm] 39.88 45.49

The complete n and k spectra for all layers in the a-Si:H solar cell are shown in Figure 4.8.
For Ag and the glass substrate (excluding the FTO coating), previously measured SE data are
used [187, 188]. The glass exhibits a constant n of approximately 1.5 with negligible absorption.
Silver exhibits a refractive index well below 1 and an extinction coefficient above 2 across most
of the spectrum, consistent with strong metallic absorption and reflectivity [189].
All remaining materials are deposited and characterized in-house. Their optical constants are
extracted from SE measurements using a Cody–Lorentz model to describe inter-band transi-
tions, accounting for the presence of band tail states in disordered materials. An additional
Drude term is included for layers exhibiting free-carrier absorption in the near-infrared region.
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a) b)

Figure 4.8: Optical constants of the a-Si:H single-junction solar cell on Asahi VU-type glass: (a) refractive index
(n) and (b) extinction coefficient (k) of all layers, including glass, FTO, AZO, intrinsic a-SiOx, p- and n-type

nc-SiOx, and Ag. The a-Si:H films with optical bandgaps of 1.58 eV and 1.65 eV are compared.

To improve the short-circuit current density (Jsc) of the solar cell, a narrow-bandgap a-Si:H ma-
terial is employed. This material is deposited by plasma-enhanced chemical vapor deposition
(PECVD) under process conditions optimized to lower the bandgap [190, 191]. The resulting
film exhibits an optical bandgap of 1.58 eV. Its refractive index peaks near 5.0 at 400 nm and
decreases to approximately 3.5 in the near-infrared. For comparison, Figure 4.8 also shows
the optical behavior of a wider-bandgap a-Si:H material (1.65 eV). The measured data are
consistent with previously reported values [192, 193].
Compared with FTO, AZO exhibits a more gradual decrease of the extinction coefficient from
the UV to the visible region, while FTO shows a sharper reduction followed by a renewed
increase at longer wavelengths due to free carrier absorption. Overall, both materials remain
highly transparent in the visible range, whereas their near infrared response is governed by
Drude type losses [194]. The refractive index of both TCOs remains comparable across the
spectrum despite the differences in absorption behavior.
The intrinsic a-SiOx buffer layer shows a refractive index that peaks at 3.6 around 400 nm and
decreases to a stable value of 2.8 in the near-infrared. The extinction coefficient cuts off at
670–680 nm, corresponding to an optical bandgap of approximately 1.84 eV. These findings
are consistent with previous reports [195].
The n-type and p-type nc-SiOx layers exhibit peak refractive indices of approximately 2.8 and
3.0, respectively. Both show moderate absorption in the blue spectral region and negligible
extinction beyond 700 nm, reflecting the combined effects of nano-crystallinity and oxygen
incorporation [192, 196, 197].
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4.3.3. nc-Si:H solar cell on honeycomb substrate
On the honeycomb-textured glass substrate, a p-i-n nc-Si:H single-junction solar cell is fab-
ricated in a superstrate configuration. This architecture exploits the engineered periodic
honeycomb pattern to enhance long-wavelength scattering and improve optical confinement
in the absorber layer. The device structure is shown in Figure 4.9a, with layer thicknesses not
drawn to scale.
The solar cell comprises a 135 nm hydrogenated indium oxide (IO:H) front contact, a 5 nm
ZnO buffer layer, and nanocrystalline p- and n-type SiOx layers with thicknesses of 10 nm and
20 nm, respectively. A 3.2 µm intrinsic nc-Si:H layer serves as the absorber, while the back
reflector consists of a 60 nm ZnO layer and a 300 nm Ag contact. As noted in Section 4.3.2, the
back contact is optically simplified for modeling purposes.
A key feature of this architecture is the conformal replication of the honeycomb geometry
throughout the entire stack. This is confirmed by cross-sectional SEM imaging (Figure 4.9b),
which shows that the texture is faithfully preserved across all deposited layers. From the
same SEM, the honeycomb period, depth, and individual layer thicknesses are determined,
confirming both structural integrity and fabrication accuracy.
The apparent gap visible between the back contact and the underlying deposition stack arises
from mechanical damage introduced during sample cleaving for cross-sectional imaging and
is not present in the actual device.

a)

b)

Figure 4.9: Structure of the nc-Si:H single-junction solar cell on honeycomb-textured glass. (a) Schematic
cross-section of the device stack (not to scale). Layers sequence: glass (0.7 mm) / IOH (135 nm) / ZnO (5 nm) /

p-type nc-SiOx (10 nm) / a-SiOx (3 nm) / nc-Si:H (3.2 µm) / n-type nc-SiOx (20 nm) / ZnO (60 nm) / Ag (300
nm). (b) Cross-sectional SEM images showing conformal replication of the honeycomb texture throughout the

solar cell. The SEM magnified view highlights the honeycomb texture period and depth, and the nc-Si:H
thickness distribution.
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Optically, two textured interfaces are defined in the model, where the optical solvers (ray
tracing or RCWA) are applied to resolve the angular intensity distribution of scattered light.
These correspond to the front and rear sides of the intrinsic nc-Si:H absorber, where texturing
governs light coupling and redistribution within the device. The first interface, at the front of
the absorber, comprises the IO:H, ZnO, and p-type nc-SiOx layers, located between the glass
substrate and the nc-Si:H layer. Both the glass and nc-Si:H are modeled as incoherent layers.
This textured interface follows the honeycomb geometry shown in Figure 4.3.
The second interface, at the rear of the absorber, includes the n-type nc-SiOx and ZnO layers at
the nc-Si:H/Ag boundary. The AFM scans of the absorber surface (Figure 4.10) reveal that the
honeycomb texture is preserved after nc-Si:H deposition. Fine scale nanofeatures developed
during nc-Si:H growth, without significantly affecting the overall macro-scale texture. The
σRMS remains approximately 262 nm, indicating that the macro-scale roughness profile is
maintained. In contrast, VU-type substrate exhibits a reduction in σRMS after depositing layers
(see Section 4.3.2).

a) b)

Figure 4.10: AFM images of the honeycomb-textured glass substrate: (a) 2D top-view and (b) 3D morphology.
The periodic structure exhibits a root mean square roughness σRMS = 262 nm over a 17 µm × 17 µm area.

As with the Asahi VU-type texture (Section 4.3.2), implementing the honeycomb texturing in
the RCWA model requires defining a finite, periodic unit cell compatible with the boundary
conditions. In this case, the full geometry of a single honeycomb unit can be effectively
captured within a 6 µm × 6 µm section, which sufficiently represents the periodicity and
structural features of the texture.
To enforce RCWA boundary conditions, the unit cell edges are gradually tapered to zero height,
avoiding abrupt discontinuities and ensuring numerical stability during Fourier decompo-
sition. The resulting height matrices are discretized on 1001 × 1001 grids to resolve surface
features. This resolution ensures sufficient refinement in the x, y, and z directions to numerical
compatibility with the spatial resolution of the E⃗ distribution.
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Figure 4.11a shows a 6 µm × 6 µm honeycomb unit cell extracted from the AFM morphology
of the front interface (Figure 4.3), and shows the corresponding unit cell of the rear interface
(Figure 4.10). Figure 4.11b and Figure 4.11d display the same structures after application
of the 3D Tukey window function. This preprocessing step enables accurate representation
of the honeycomb morphology in RCWA while maintaining computational feasibility and
minimizing boundary artifacts.

a)
b)

c)
d)

Figure 4.11: Preprocessing of AFM-derived honeycomb morphologies for RCWA simulations. (a) 6 µm × 6 µm
unit cell of the front interface and (b) same unit cell after application of the 3D Tukey window function. (c) 6 µm

× 6 µm unit cell of the rear interface and (d) same unit cell after Tukey window preprocessing.

4.3.3.1 Optical constants
The optical constants of the TCO layers at the front electrode and of the intrinsic nc-Si:H
absorber are shown in Figure 4.12. The optical properties of the remaining layers in the device,
the glass substrate, the p-type and n-type SiOx layers, and the Ag back contact, are provided in
Figure 4.8 and discussed in Section 4.3.2.1.
Figure 4.12a presents the refractive index and extinction coefficient spectra of the optimized
TCO stack, consisting of hydrogenated indium oxide (IO:H) and zinc oxide (ZnO). The op-
tical constants are obtained from spectroscopic ellipsometry and fitted using combined
Cody–Lorentz and Drude models, capturing refractive index dispersion, ultraviolet absorption,
and free-carrier absorption in the near-infrared. The layers are deposited under optimized con-
ditions to balance optical transparency and electrical conductivity, ensuring high transmission
while maintaining sufficient carrier transport, as discussed in Chapter 2.
Optically, IO:H exhibits a peak refractive index of 2.4 at 320 nm, while ZnO peaks at 2.3
near 380 nm. The optical bandgaps are approximately 3.7 eV for IO:H and 3.0 eV for ZnO.
IO:H exhibits stronger near-infrared FCA absorption, whereas ZnO shows lower absorption.
Controlling FCA absorption in IO:H is therefore essential to minimize parasitic losses and
sustain high photocurrent generation in devices with absorption extending beyond 1 µm.
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a) b)

Figure 4.12: Refractive index (n) and extinction coefficient (k) spectra of: (a) IO:H and ZnO; (b) nc-Si:H, with
optical constants obtained from PDS ( [162]) and EMA fitting of SE data (this work).

Reliable optical constants of nc-Si:H are essential for realistic device simulation but remain
challenging to obtain due to its heterogeneous microstructure. Figure 4.12b compares the
refractive index and extinction coefficient spectra obtained by photothermal deflection spec-
troscopy (PDS) [198] and by effective medium approximation (EMA) [199–201].
In the PDS method, parasitic contributions such as defect-related absorption are subtracted
from the raw data to approximate a more representative extinction coefficient [162]. Additional
corrections account for interference effects arising from inhomogeneity along the growth
direction.
In this work, the optical constants are obtained from spectroscopic ellipsometry measure-
ments of a 250 nm nc-Si:H film deposited on Corning glass. The dielectric function is modeled
using a Bruggeman EMA, treating the film as a mixture of crystalline and amorphous silicon
phases. The optical constants of the constituent materials are taken from the J.A. Woollam
and Palik datasets [184, 202].
Within the Bruggeman formalism, the effective dielectric function is determined self-consis-
tently, from which the refractive index and extinction coefficient are obtained, inherently
satisfying the Kramers–Kronig relations. The approach assumes bulk-like polarizability of the
constituent phases and structural homogeneity on the wavelength scale, conditions that are
fulfilled for the optimized material studied here.
Previous studies indicate that a crystalline volume fraction of 60–65% yields optimal solar cell
performance, which is consistently achieved in this work through precise control of plasma
conditions during growth [203].
The EMA approach yields smooth spectral behavior and avoids artifacts commonly associated
with PDS. The extracted optical constants exhibit an optical bandgap close to 1.12 eV and
accurately describe the dielectric response of the material, providing a reliable basis for optical
modeling of nc-Si:H solar cells.
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4.3.4. Optical solvers overview
Table 4.2 summarizes the key differences between RCWA and ray optics solvers. RCWA requires
periodic boundary conditions; thus, measured textures are downscaled and tapered at the
unit cell edges using a Tukey window to enforce continuity. Ray optics does not impose such
constraints and can directly incorporate the measured morphology.
In single-junction architectures, the absorber layer is treated incoherently. The thin layers
between the glass substrate and the absorber define the front interface, while those between
the absorber and the metallic back contact define the back interface of the optical design.
At each defined interface, the corresponding AFM morphology is either preserved or reshaped
depending on the solver requirements. Both methods rely on experimentally determined
optical constants of the device materials.
The most pronounced difference lies in computational demand: RCWA typically requires
about one week for device-scale runs, whereas ray optics simulation completes within 30
minutes. Further details on computation time and resolution are provided in Section 4.4.1
and Section 4.4.2 for the a-Si:H and nc-Si:H single-junction devices, respectively.

Table 4.2: RCWA and ray optics solver comparison for optical performance prediction in TF-Si solar cells.

Aspect RCWA Ray optics

Boundary conditions Texture approximation required Not applicable

Texture Downscaled AFM maps

+ Tukey window (tapered edges)

AFM maps

Coherent layers Front and back interfaces Front and back interfaces

Optical constants Experimentally characterized Experimentally characterized

Computation time ∼1 week <30 min

4.4. Single-junction solar cells validation
This section presents the simulated optical performance of TF-Si single-junction solar cells.
Predictions from ray optics and rigorous coupled-wave analysis are compared with experi-
mental measurements of external quantum efficiency (EQE) and total front reflection losses
(1–R) from in-house fabricated devices. Section 4.4.1 focuses on the a-Si:H solar cell on ran-
dom nano-textured Asahi VU-type glass, while Section 4.4.2 examines the nc-Si:H device on
periodic honeycomb-textured glass.

4.4.1. a-Si:H solar cell optical performance
Figure 4.13 shows a comparison between simulated and measured optical response for the
a-Si:H single-junction solar cell on random nano-textured Asahi VU-type glass. The results
include predictions from ray optics and RCWA applied to the device structure described in
Section 4.3.2. A wavelength step of 10 nm is used in both models to ensure consistency.
The RCWA simulations are performed with convergence-optimized settings: 125 sublayers, a
25-point spatial grid in all directions, and 17 Fourier modes, sufficient for accurate thin-film
solar cell modeling [204, 205]. The presented results require approximately one week of
computation with RCWA and 30 minutes with ray optics.
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The ray optics model shows close agreement with experiment: the simulated a-Si:H absorp-
tance matches the measured EQE, and 1–R reproduces the reflection losses across the full
spectral range. In contrast, RCWA shows deviations, particularly in the near-infrared, where
absorption is underestimated and reflection losses are overestimated.
The dip between 300–350 nm in the measured 1–R likely arises from additional scattering
in the TCO, which is not captured by either model. Oscillations in the 550–800 nm range
are attributed to thin-film interference within the multilayer stack and are only partially
reproduced due to the different treatments of coherence and interface morphology.

Figure 4.13: Optical performance of the a-Si:H single-junction solar cell on Asahi VU-type glass. Blue dots
represent measured external quantum efficiency (EQE) and total reflection losses (1-R). Green lines show

simulated absorptance (A) in the a-Si:H absorber and 1-R obtained with the ray optics, while orange lines show
the corresponding results from RCWA model.

Table 4.3 summarizes the short-circuit current density from EQE and the implied photocurrent
density predicted by the models. Assuming every absorbed photon in the a-Si:H absorber con-
tributes to charge collection (i.e., negligible electrical losses), the Jsc extracted from EQE agrees
closely with the Jph from the ray optics model, indicating its predictive accuracy. The pho-
tocurrent estimated by the RCWA model is noticeably lower than the measured Jsc, reflecting
limitations of this approach under the current simulation conditions.

Table 4.3: EQE short-circuit current density (Jsc, EQE), ray optics and RCWA implied photocurrent density (Jph)
for the a-Si:H solar cell on Asahi VU-type glass. The measurement uncertainty in Jsc,EQE is quantified using the

root-mean-square error, yielding RMS ≈ 0.7 % (absolute).

Method Jph or Jsc, EQE [mA/cm2]

RCWA 15.62
Ray optics 16.08
EQE measurement 16.01
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A key limitation arises from the Asahi VU-type substrate morphology: its non-periodic nanofea-
tures are not fully compatible with the inherently periodic RCWA framework, which can lead
to inaccuracies in scattering and angular redistribution. Despite its theoretical rigor, RCWA is
therefore less suited for this case, whereas the simpler and faster ray optics model provides a
more reliable description of the optical behavior of the a-Si:H solar cell.
Over the spectral range of 300–800 nm, the root mean squared error (Equation 4.2 in Sec-
tion 4.2) amounts to 3.6% for the ray optics and 3.3% for RCWA when comparing simulated
absorptance with measured EQE. These values confirm that both models reproduce EQE with
good accuracy, with RCWA performing slightly better on average.
For 1–R, the deviations are 3.7% for ray optics and 4.7% for RCWA, consistent with the trends in
Figure 4.13, where the ray optics model better captures the experimental reflectance across the
spectrum. Together with the Jsc analysis in Table 4.3, these results show that both approaches
are quantitatively reliable, while the ray optics model achieves comparable or better agreement
with experiment and offers substantially higher computational efficiency for the a-Si:H solar
cell on random nano-textured glass.

4.4.1.1 Scattering matrices
Figure 4.14 shows the angular scattering matrices calculated at different interfaces of the
a-Si:H solar cell using ray optics and RCWA. In GenPro4, scattering matrices describe the
probability of light being reflected or transmitted between angular intervals on both sides of
an interface [170]. Each matrix is represented as a 2D map, with columns corresponding to
incoming angles and rows to outgoing angles, spanning ± 90° relative to the surface normal.
Further details are provided in Appendix C.
At the flat air/glass interface (Figure 4.14a), reflection is purely specular and transmission
follows Snell’s law due to the refractive index contrast. Figure 4.14b and Figure 4.14c show the
scattering matrices of the FTO-coated Asahi glass/a-Si:H interface calculated by ray optics and
RCWA, respectively. Figure 4.14d and Figure 4.14e present the corresponding results for the
absorber/back-contact interface.
Ray optics (Figure 4.14b and Figure 4.14d) produces broad angular redistribution, with signifi-
cant scattering into oblique angles, consistent with the diffuse nature of the random VU-type
texture. In contrast, RCWA (Figure 4.14c and Figure 4.14e) concentrates energy in the specular
direction and a limited number of diffraction orders, reflecting the periodic assumptions and
finite harmonic truncation inherent to the method.
These differences directly affect absorption and photocurrent generation. By capturing diffuse
angular redistribution, ray optics reproduces the light-trapping behavior of the Asahi VU-type
glass and agrees well with experimental trends. RCWA, by underestimating diffuse scattering,
does not fully capture long-wavelength light confinement in this device architecture.
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(a) air/glass (flat model)

(b) FTO/a-Si:H (ray optics)

(c) FTO/a-Si:H (RCWA)

(d) a-Si:H/back contact (ray optics)

(e) a-Si:H/back contact (RCWA)

Figure 4.14: Angular scattering matrices of the a-Si:H solar cell on Asahi VU-type glass: (a) flat air/glass
interface; (b, c) glass–absorber and absorber/back-contact interfaces from ray optics; (d, e) corresponding

RCWA results. The matrices are shown as 2D maps with incident (θin) and scattered (θout) angles over ± 90°
(calculated for λ = 800 nm).

4.4.2. nc-Si:H solar cell optical performance
Figure 4.15 shows a comparison between simulated and measured optical response for the nc-
Si:H single-junction solar cell on periodic honeycomb-textured glass. The RCWA simulations
are performed with convergence-optimized settings: 100 sublayers, a spatial resolution of
50 nm in the x–y plane and 10 nm along z, and 17 Fourier modes.
A spectral interval of 100 nm is used to limit computation time. The RCWA spectra are then
interpolated using a shape-preserving cubic scheme to match the 20 nm resolution of the ray
optics model and measurements, without introducing artificial oscillations. In contrast, the
ray optics simulations are completed within approximately 30 minutes.
The ray optics model shows very good agreement with experiment, reproducing both the
absorptance in the nc-Si:H layer and the 1-R losses across the full spectral range. In con-
trast, RCWA systematically underestimates absorption and overestimates reflection, with the
largest deviations observed between 800 and 1100 nm. Moreover, RCWA does not capture the
interference feature between 400 and 500 nm, which originates from the TCO front contact.
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Figure 4.15: Optical performance of the nc-Si:H single-junction solar cell on honeycomb-textured glass. Blue
dots represent measured external quantum efficiency (EQE) and total front reflection losses (1-R). Green lines

show simulated absorptance (A) in the nc-Si:H absorber and 1-R obtained with the ray optics, while orange
lines show the corresponding results from RCWA model.

Table 4.4 summarizes the Jsc extracted from EQE and the Jph predicted by the two models, un-
der the assumption that each absorbed photon generates a collected carrier. The Jsc obtained
from EQE shows excellent agreement with Jph from the ray optics model, confirming its high
predictive accuracy. The RCWA model yields a significantly lower photocurrent, reflecting its
limited ability to describe light trapping and scattering in this architecture under the chosen
input settings.

Table 4.4: EQE short-circuit current density (Jsc, EQE), ray optics and RCWA implied photocurrent density (Jph)
for the nc-Si:H solar cell honeycomb-textured glass. The measurement uncertainty in Jsc,EQE is quantified

using the root-mean-square error, yielding RMS ≈ 0.7 % (absolute).

Method Jph or Jsc, EQE [mA/cm2]

RCWA 27.90
Ray optics 28.90
EQE measurement 28.90

Over the 300–1150 nm range, the absorptance predicted by the ray optics model deviates on
average by 4.0% from the measured EQE, whereas RCWA shows a larger deviation of 5.2%. For
the 1-R losses, the ray optics model again provides the closer match, with an average deviation
of 1.7%, compared to 3.2% for RCWA. These larger deviations observed for RCWA should not
be interpreted as fundamental shortcomings of the method, but rather as a consequence of
the limited parameter optimization carried out in this study. With further refinement of the
numerical settings and improved preprocessing of the input textures, the accuracy of RCWA
could be enhanced.
Nevertheless, for the present case, the ray optics model offers a more accurate, reliable, and
markedly faster description of the optical performance of the nc-Si:H solar cell on periodic
honeycomb-textured glass.
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4.4.2.1 Scattering matrices
Figure 4.16 compares the angular scattering matrices calculated at different interfaces of the
nc-Si:H single-junction solar cell using ray optics and RCWA.
At the glass/nc-Si:H interface (Figure 4.16b), ray optics predicts pronounced angular redis-
tribution, with a significant fraction of the light scattered into oblique angles. This spread is
broader than in the Asahi VU-type case (Figure 4.14), reflecting the larger feature size and as-
pect ratio of the honeycomb texture. In contrast, the corresponding RCWA result (Figure 4.16c)
is confined to a limited set of discrete diffraction orders, with only modest angular broadening,
indicating that angular redistribution remains governed by diffraction and interference.

(a) air/glass (flat model)

(b) glass/nc-Si:H (ray optics)

(c) glass/nc-Si:H (RCWA)

(d) nc-Si:H/back contact (ray optics)

(e) nc-Si:H/back contact (RCWA)

Figure 4.16: Angular scattering matrices of the nc-Si:H solar cell on honeycomb-textured glass: (a) flat
air/glass interface; (b, c) glass–absorber and absorber/back-contact interfaces from ray optics; (d, e)

corresponding RCWA results. The matrices are shown as 2D maps with incident (θin) and scattered (θout)
angles over ± 90° (calculated for λ = 1100 nm).

At the nc-Si:H/back-contact interface, ray optics (Figure 4.16d) predicts strong redistribution
toward high propagation angles, promoting internal reflection and increasing the optical path
length. The RCWA matrix (Figure 4.16e) instead exhibits highly symmetric, localized features
forming a cross-like pattern, suggesting preferential coupling into specific diffraction orders.
However, this behavior should be interpreted with caution. Since each incident-angle column
is expected to satisfy energy conservation after normalization, the presence of simultaneously
intense symmetric branches may indicate artifacts related to normalization, angular mapping,
or binning, rather than a purely physical scattering response.
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4.5. Tandem solar cell validation
The optical modeling is first validated on two single-junction devices: an a-Si:H solar cell on
a randomly nano-textured Asahi VU-type substrate (Section 4.4.1) and an nc-Si:H solar cell
on a periodically micro-textured honeycomb substrate (Section 4.4.2). Two complementary
solvers are employed: a simplified refractive-regime approach based on ray tracing, and a full
wave-optical method based on RCWA.
While RCWA, grounded in rigorous electromagnetic theory, encounters challenges when han-
dling experimentally realistic input textures and requires substantially higher computational
effort, the ray optics model, when supplied with accurate optical constants and realistic inter-
face morphologies, successfully reproduces both absorptance and total front reflection losses.
These findings establish ray tracing as a robust and computationally efficient predictive tool
for TF-Si devices.
Building on this validation, the investigation is extended to an a-Si:H/nc-Si:H tandem solar cell
fabricated on honeycomb-textured glass. Tandem configurations leverage the complementary
absorption ranges of the wide-bandgap a-Si:H top cell (1.65 eV) and the narrow-bandgap
nc-Si:H bottom cell (1.12 eV), enabling improved utilization of the solar spectrum. Accurate
prediction of the optical response is particularly critical in this case, as both current matching
and light-trapping efficiency determine overall device performance.
Accordingly, ray optics simulations, validated as reliable and computationally efficient, are
employed here together with detailed material characterization and morphological inputs
(see Section 4.3) to assess the optical behavior of the tandem architecture. In practice, the
simulations are performed with a wavelength resolution of 10 nm, keeping the total runtime
below 30 minutes.

4.5.1. a-Si:H/nc-Si:H solar cell structure
A schematic representation of the device structure is provided in Figure 4.17. For visual clarity,
layer thicknesses are not drawn to scale. The front electrode consists of a 130 nm IO:H layer
and a 5 nm ZnO buffer layer. The top cell (ToC) comprises a p–i–n junction with a 20 nm p-type
SiOx layer, a 3 nm intrinsic a-SiOx buffer, a 300 nm a-Si:H absorber, and a 50 nm n-type SiOx

layer. The bottom cell (BoC) is also a p–i–n junction, incorporating a 3 µm nc-Si:H absorber
between 20 nm p-type and 50 nm n-type SiOx layers. The rear stack consists of an 80 nm ZnO
back reflector and a 300 nm Ag back contact. Optical constants for all layers are reported in
Figure 4.8 (Section 4.3.2) and Figure 4.12 (Section 4.3.3).
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Figure 4.17: Schematic of a-Si:H/nc-Si:H tandem device structure on periodic honeycomb-textured glass (not to
scale). Layers sequence: glass (0.7 mm) / IOH (130 nm) / ZnO (5 nm) / p-type nc-SiOx (20 nm) / a-SiOx (3 nm) /
intrinsic a-Si:H (300 nm) / n-type nc-SiOx (50 nm) / p-type nc-SiOx (20 nm) / nc-Si:H (3 µm) / n-type nc-SiOx

(50 nm) / ZnO (80 nm) / Ag (300 nm).

In the optical model, the TCO front contact and the whole a-Si:H top cell are treated coherently
as an assumed simplification, since their sub-micrometer thicknesses fall within the coherence
length of light and are dominated by interference effects. The thick nc-Si:H absorber in the
bottom cell is instead modeled incoherently due to its micrometer-scale thickness and strong
internal scattering, which randomize phase and suppress coherent interference.
The front textured interface in the model is defined by all layers between the glass substrate
and the intrinsic nc-Si:H absorber. The rear textured interface consists of the n-type SiOx of the
bottom cell together with the ZnO/Ag back reflector. The honeycomb texture is implemented
at both interfaces, following the same assumptions used for the nc-Si:H single-junction device
(Section 4.4.2), where conformal growth preserves the textured morphology throughout the
stack.

4.5.2. a-Si:H/nc-Si:H solar cell optical performance
Figure 4.18 compares the measured 1-R and EQE spectra with the modeled optical response.
The agreement is very good across the full spectral range, with both the overall spectral shape
and the interference fringes between 550–800 nm accurately reproduced. This demonstrates
that the combination of ray optics with coherent treatment of thin layers captures both
scattering and interference effects.
For the top cell, the simulated absorptance is slightly lower than the EQE in the 300–450 nm
range, suggesting a modest overestimation of parasitic absorption in the supporting layers.
The EQE peak is lower than predicted, likely reflecting measurement-related uncertainties.
For the bottom cell, the EQE closely follows the simulated absorptance across the entire
spectrum, confirming accurate transmission through the top cell and absorption in the nc-
Si:H layer. The comparison of short-circuit current densities with implied photocurrent
densities further supports this consistency, indicating that performance is limited by the top
cell.
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Figure 4.18: Optical performance of the a-Si:H/nc-Si:H tandem solar cell on honeycomb-textured glass:
measured external quantum efficiency (EQE) of the a-Si:H top cell (ToC, blue dots) and nc-Si:H bottom cell
(BoC, red dots), with corresponding simulated absorptance (A) shown as blue and yellow lines. Total front

reflection losses (1–R) are shown as green dots (measured) and a green line (simulated). Jsc, EQE and Jph
predicted by ray optics are reported for both ToC and BoC. The measurement uncertainty in Jsc,EQE is

quantified using the root-mean-square error, yielding RMS ≈ 0.7 % (absolute).

The quantitative comparison between modeled and measured spectra for the a-Si:H/nc-Si:H
tandem solar cell is performed using the RMSE metric defined in Equation 4.2 (Section 4.2).
Over the 300–800 nm range, the top cell A deviates on average by 6.1% from the measured EQE,
while in the 450–1150 nm range the nc-Si:H bottom cell shows an average deviation of 3.6%.
For the total front reflection losses over 300–1150 nm, the deviation between simulation and
experiment is 1.7%. These results confirm that the ray optics model, when complemented by
coherent treatment of thin layers, accurate optical constants, and realistic interface morpholo-
gies provides a reliable, fast and quantitatively accurate description of the optical performance
of the tandem device on periodic micro-textured glass.

4.6. Conclusions
Thin-film silicon solar cells are used as a framework to evaluate how accurately the optical
response of devices on multiscale textured substrates can be predicted. Two representative ar-
chitectures are fabricated in-house: an a-Si:H cell on randomly nano-textured Asahi glass and
an nc-Si:H cell on a micro-periodic honeycomb-textured substrate. In both cases, the analysis
incorporates experimentally derived optical constants and realistic interface morphologies
directly into the simulations.
A direct comparison is performed between a simplified ray optics model operating in the
refractive regime and rigorous coupled-wave analysis (RCWA). While RCWA captures electro-
magnetic scattering in detail, its application is constrained by periodic boundary conditions
and high computational cost. Ray optics, in contrast, directly accommodates realistic mor-
phologies. When supplied with experimental inputs, it reproduces absorptance and reflection
spectra with accuracy comparable to or exceeding that of RCWA, while reducing computation
time from approximately one week to less than 30 minutes.
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Benchmarking against measured external quantum efficiency (EQE) and front reflection losses
(1–R) of single-junction a-Si:H and nc-Si:H devices quantifies the predictive accuracy of both
methods using the root-mean-square error (RMSE). Across all cases, the ray optics model
achieves deviations comparable to or smaller than RCWA (typically 2–6%), while maintaining
substantially higher computational efficiency. Extending the approach to an a-Si:H/nc-Si:H
tandem solar cell on honeycomb-textured glass, the simulations reproduce the measured re-
sponse with deviations within 6%. The predicted photocurrent densities (Jph) and short-circuit
currents (Jsc) show a current mismatch below 0.2 mA/cm2, demonstrating the robustness of
the approach.
These results show that ray optics, combined with accurate optical constants and realistic
morphology, can reliably capture absorption, reflection, and angular scattering in multiscale
textured thin-film solar cells. This establishes ray optics as a computationally efficient and
predictive tool for thin-film silicon photovoltaics. The methodology is readily transferable to
other thin-film technologies, including perovskites, where multiscale light management is
central to next generation device design.
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5.1. Introduction
Perovskite solar cells (PSCs) have become one of the most intensively researched thin-film
(TF) photovoltaic technologies, driven by their solution processability, tunable bandgaps,
and rapid gains in power conversion efficiency (PCE). Single-junction PSCs now exceed 27%
efficiency on small area devices (0.1065 cm2), rivaling crystalline silicon and surpassing other
TF technologies [20, 206]. Their low temperature processing and compatibility with diverse
substrates further enable lightweight and flexible photovoltaics. However, translating these
record efficiencies into scalable, mechanically flexible photovoltaic technologies remains a
central challenge.
Flexible perovskite solar cells (f-PSCs) have attracted substantial interest in recent years.
For small-area devices (below 1 cm2), single-junction flexible perovskite solar cells have
been reported to exceed 23% efficiency, while flexible all-perovskite tandem devices have
approached 26% [207].
Early large-area flexible perovskite modules demonstrated efficiencies of 15.5% over 100 cm2,
12.9% over 225 cm2, and 11.8% over 400 cm2 aperture area [208]. More recently, flexible
perovskite modules exceeding 20% efficiency have also been reported [209]. In contrast, rigid
glass-based perovskite modules generally continue to exhibit higher efficiencies at large scale,
including a 0.73 m2 module reaching 17.7% [210].
Achieving high PCE on flexible substrates remains challenging for conventional polymer sub-
strates such as polyethylene terephthalate (PET) and polyethylene naphthalate (PEN) coated
with indium tin oxide (ITO), due to non-uniform perovskite crystallization, limited thermal
tolerance of polymeric substrates, and the intrinsic brittleness of ITO, which is prone to crack
formation under mechanical strain, thereby limiting device stability and performance [211–
214].
These challenges are further compounded by stringent requirements on charge transport
layers (CTLs), which must provide suitable energy-level alignment with adjacent materials to
enable selective carrier extraction, exhibit sufficient carrier mobility to suppress recombina-
tion losses, maintain high optical transparency, and ensure stability under thermal, chemical,
and environmental stress [215, 216]. Additional limitations arise from the low thermal toler-
ance of polymer substrates, typically below 150 ◦C, together with their limited resistance to
oxygen and moisture ingress [211, 217]. Collectively, these constraints motivate the develop-
ment of alternative device architectures and processing strategies.
Among scalable manufacturing strategies, roll-to-roll (R2R) processing is widely regarded
as one of the most promising industrial routes for flexible photovoltaics [218, 219]. LiftPV
(formerly HyET Solar) has developed a distinctive manufacturing technology in which flexi-
ble thin-film silicon (TF-Si) solar devices are fabricated in a superstrate configuration on a
temporary aluminum (Al) foil capable of withstanding high temperature processing.
In contrast to conventional polymer substrates, the temporary Al foil enables the deposition
of transparent conductive oxides (TCOs) and Si-based layers at temperatures up to 500 ◦C.
Following device fabrication, the back contact is sputtered and a permanent polymer carrier
foil is laminated onto the stack. The temporary Al foil on the front side is removed by etching,
resulting in ultralight flexible devices encapsulated between polymeric layers [15, 29, 220].
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Within this process, fluorine-doped tin oxide (FTO) is deposited by atmospheric pressure
chemical vapor deposition (APCVD) at 500 ◦C and employed as a mechanically robust and
chemically stable alternative to indium tin oxide (ITO) for the front electrode. Consequently,
temporary Al foils coated with FTO provide a promising route to overcome the thermal lim-
itations of polymeric substrates while enabling the integration of high quality TCOs [221,
222].

Although this manufacturing concept is well established in TF-Si photovoltaics, its potential
application to PSCs remains largely unexplored [223]. A schematic representation of the LiftPV
processing sequence is shown in Figure 5.1, where the main steps of the R2R fabrication line are
illustrated from left to right and the device layers are deposited in a superstrate configuration.

Figure 5.1: Schematic processing sequence of the LiftPV technology: a temporary Al foil is coated with
APCVD-grown FTO, followed by deposition of the p–i–n stack, including the hole transport layer (HTL),

absorber (Si or perovskite), and electron transport layer (ETL), and a metal back contact. A polymer carrier is
laminated, the Al foil is removed by etching, and the device is completed with polymer encapsulation.

In this work, the manufacturing concepts established in TF-Si technologies are extended to
flexible perovskite solar cells. Predictive optoelectrical simulations are employed as a design
tool to investigate viable device architectures compatible with superstrate foils and to assess
their performance potential.
To support this exploration, a validated thin-film silicon modeling framework is extended
by combining optical simulations in GenPro4 with two-dimensional TCAD simulations in
Synopsys Sentaurus [170, 224]. The approach leverages the well-established device physics of
hydrogenated amorphous silicon (a-Si:H) and hydrogenated nanocrystalline silicon (nc-Si:H)
technologies as an industrial reference point.
After benchmarking against experimental single- and tandem-junction devices, the framework
is applied to conceptual flexible architectures enabled by high temperature superstrate foils.
These include (i) a hybrid tandem combining a wide-bandgap a-Si:H top cell with a tin–lead
(Sn–Pb) perovskite bottom cell, and (ii) an all-perovskite tandem integrating wide- and narrow-
bandgap absorbers.
In the hybrid architecture, the a-Si:H top junction simultaneously functions as a photovoltaic
layer and UV–blue spectral filter below 450 nm, potentially mitigating halide migration, interfa-
cial defect formation, and photochemical degradation [225]. Its amorphous silicon robustness
also limits oxygen and moisture ingress [226], which is advantageous for flexible devices with
less effective encapsulation.
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5.2. Methods
5.2.1. Simulation framework
Optical absorption in the simulated devices is evaluated using the GenPro4 optical simulator
developed [170]. The model accounts for both coherent and incoherent light propagation, with
light scattering described through a ray-tracing approach that captures angular redistribution
and geometric light trapping in textured layers. Optical constants, layer thicknesses, and
interface morphologies are taken from experimentally validated datasets [227]. Further details
are presented in Chapter 4.
The simulation output provides spectrally and spatially resolved absorption profiles A(x,λ),
from which the local generation rate is derived as showed in Equation 5.1:

G(x,λ) = A(x,λ)

∆x
ΦAM1.5G(λ) (5.1)

where ∆x is the slice thickness of the discretized simulation grid andΦAM1.5G(λ) (photon cm−2

s−1 nm−1) is the AM1.5G spectral photon flux density. This formulation ensures photon
conservation, assuming one electron–hole pair per absorbed photon [228].
The depth- and wavelength-resolved generation profiles are imported into Sentaurus TCAD
[224]. Sentaurus TCAD performs two-dimensional (2D) drift–diffusion simulations that self
consistently solve Poisson’s equation and carrier-continuity equations under Fermi–Dirac
statistics, enabling rigorous modeling of electrostatics and charge transport.
The framework allows explicit representation of sub-gap defect states, including exponential
band tails and Gaussian deep traps, as well as tunneling mechanisms such as trap-assisted
(TAT) and band-to-band (BTB) tunneling. Surface recombination velocities (Sn, Sp) describe
interfacial losses, while adaptive meshing and numerical stabilization ensure convergence in
devices with high defect densities and strong internal fields [229].
Each layer of the simulated device stack is defined by its fundamental electronic param-
eters: bandgap (Eg), electron affinity (χ), dielectric permittivity (ε), and carrier mobilities
(µn, µp), together with material-specific physical models that describe charge transport and
recombination.
For semiconductors such as a-Si:H and nc-Si:H, localized defect distributions are represented
by exponential band-tail states near the band edges and Gaussian mid-gap traps, with electron
and hole capture cross sections (σn, σp) governing Shockley–Read–Hall (SRH) recombination
dynamics.
For perovskite absorbers, carrier recombination is modeled through an effective bulk lifetime
(τ) rather than explicit defect distributions. This approach reflects the relatively delocalized
electronic structure of perovskites and the experimentally observed dominance of band-to-
band and SRH recombination under operating conditions [230, 231].
Charge transport layers (CTLs) define the energy landscape at the absorber interfaces in
p–i–n architectures. The hole transport layer (HTL) selectively conducts holes while blocking
electrons, whereas the electron transport layer (ETL) performs the complementary func-
tion. Charge transport across these heterointerfaces occurs through thermionic emission or
tunneling depending on the barrier height and width determined by the conduction- and
valence-band offsets (∆EC, ∆EV) and the local carrier concentration [232, 233].
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The TA and B2B tunneling mechanisms are implemented through non-local meshes, while
surface-recombination velocities define carrier losses at defective interfaces. This treatment
enables accurate modeling of band alignment and defect-assisted recombination at hetero-
junctions.
Numerical stability is ensured through adaptive meshing with local refinement in regions of
strong band bending or high electric fields, combined with quasi-stationary voltage stepping.
The EQE spectra are computed by sweeping the probe wavelength under fixed bias, while
bias illumination is applied to decouple the contributions of individual sub-cells in tandem
configurations.
The combined GenPro4–Sentaurus TCAD framework provides a physically consistent descrip-
tion of optical generation, charge transport, recombination, and interfacial effects in thin-film
solar cells, enabling quantitative analysis of single-junction and tandem architectures.
The simulation workflow is summarized in Figure 5.2. Optical absorption profiles calculated
in GenPro4 (Chapter 4) are used to derive the generation rate, which is then imported into
Sentaurus TCAD for electrical simulation.
The device structure is defined through material parameters including Eg, χ, ε, N, µ, effective
tunneling masses of electrons and holes (mt), and density of states (DOS). These parameters
are coupled with the semiconductor transport equations to compute band diagrams, current
density–voltage (J–V) characteristics, and external quantum efficiency (EQE) spectra.

Figure 5.2: Flowchart of the simulation framework coupling GenPro4 and Sentaurus TCAD. Input parameters
are processed through physical models and semiconductor equations, yielding band diagrams, current

density–voltage (J–V) characteristics, and external quantum efficiency (EQE) spectra.

5.2.2. Modeling approach
A stepwise approach is adopted, starting from single-junction devices and extending to tan-
dem architectures, which are used to validate the framework before application to flexible
perovskite solar cells on aluminum foil.
The first stage focuses on single-junction TF-Si devices in a p–i–n configuration on glass,
serving as a benchmark to calibrate fundamental transport and recombination parameters in a
well-controlled architecture. Simulated and measured J–V characteristics and EQE spectra are
matched by adjusting bulk and interfacial SRH trap densities, capture cross sections, mobility
models, and contact energetics. This calibration ensures that the simulations accurately
reproduce single-junction device behavior before extending the analysis to multijunction
configurations.
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The second stage applies the calibrated model to a-Si:H/nc-Si:H tandem devices. Simu-
lated and experimental J–V and EQE responses are compared to verify the ability of the
GenPro4–Sentaurus TCAD framework to reproduce the behavior of both sub-cells. The tan-
dem configuration is then transferred from glass to an aluminum carrier foil, enabling direct
comparison with experimental flexible devices and quantifying the influence of substrate
choice on device operation.
The third stage investigates perovskite-based architectures on Al foil. A hybrid tandem combin-
ing a 1.65 eV wide-bandgap (WBG) a-Si:H top cell with a 1.23 eV narrow-bandgap (NBG) Sn–Pb
perovskite bottom cell is first considered, leveraging complementary spectral absorption
between silicon and perovskite absorbers. Building on this concept, the analysis is extended to
an all-perovskite tandem consisting of a WBG (1.68 eV) top cell and a Sn–Pb (1.23 eV) bottom
cell.
Across all stages, Sentaurus TCAD serves as the central physics-based simulation tool. Con-
tinuous validation against experimental J–V and EQE data constrains the parameter space
to physically meaningful, literature-consistent values, ensuring that simulated performance
improvements arise from device design rather than numerical artifacts. This stepwise pro-
gression from simple to complex architectures enables the extraction of quantitative design
guidelines for f-PSCs on Al foil.

5.2.3. Device fabrication
A p–i–n a-Si:H single-junction solar cell is fabricated in superstrate configuration on 1.1 mm
Asahi VU-type textured glass coated with 700 nm fluorine-doped tin oxide (FTO). A 10 nm
Al-doped zinc oxide (AZO) layer is deposited next to protect the underlying FTO from hydrogen
induced reduction during the deposition of silicon-based layers. The intrinsic a-Si:H absorber
(300 nm) is sandwiched between 13 nm p-type and 20 nm n-type nanocrystalline silicon oxide
(nc-SiOx) layers [234, 235]. On the p-type side, a 3 nm intrinsic a-SiOx barrier is included to
prevent boron cross-contamination [180]. The device is completed with a 300 nm Ag back
contact and the schematic cross-section is shown in Figure 5.3a.
A p-i-n nc-Si:H single-junction solar cells is fabricated on in-house developed honeycomb-
textured glass substrate, 0.7 mm thick with a hexagonal periodicity of 6µm [4]. The transparent
front electrode consists of 135 nm hydrogenated indium oxide (IO:H) layer with 5 nm ZnO
buffer. The p–i–n junction comprises 10 nm p-type nc-SiOx, 3 nm intrinsic nc-SiOx buffer,
3.2 µm intrinsic nc-Si:H absorber, and 20 nm n-type nc-SiOx layer. A 60 nm ZnO layer and
300 nm Ag reflector form the back electrode. A schematic cross-section of the device is shown
in Figure 5.3b.
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a) b)

Figure 5.3: TF-Si single-junction solar cells structure (not to scale): (a) 1.1 mm Asahi VU-type glass coated with
FTO (700 nm) / AZO (10 nm) / p-type nc-SiOx (13 nm) / a-SiOx (3 nm ) / a-Si:H (300 nm) / n-type nc-SiOx

(20 nm) / AZO (10 nm) / Ag (300 nm); (b) honeycomb-textured glass (0.7 mm) / IO:H (135 nm ) / ZnO (5 nm) /
p-type nc-SiOx (5 nm) / nc-Si:H (3.2 µm) / n-type nc-SiOx (20 nm) / ZnO layer (20 nm) / Ag (300 nm).

An a-Si:H/nc-Si:H tandem device combining a WBG a-Si:H top cell (1.65 eV) with a NBG
nc-Si:H bottom cell (1.12 eV) is first fabricated on honeycomb-textured glass. The transparent
front electrode consists of 130 nm IO:H layer and 5 nm ZnO buffer. The top cell follows a p–i–n
configuration with 20 nm p-type nc-SiOx, 3 nm intrinsic a-SiOx buffer, 300 nm intrinsic a-Si:H
absorber, and 50 nm n-type nc-SiOx. The bottom cell incorporates 3 µm intrinsic nc-Si:H
absorber between 20 nm p-type nc-SiOx and 50 nm n-type nc-SiOx layers. The rear electrode
is formed by 80 nm ZnO and 300 nm Ag. This architecture is illustrated in Figure 5.4a.
A flexible tandem device is fabricated in superstrate configuration on a temporary aluminum
foil, where 700 nm FTO followed by 5 nm AZO are deposited on the Al foil. The top cell is then
formed, comprising 10 nm p-type nc-SiOx, a 225 nm intrinsic a-Si:H absorber, and 20 nm
n-type nc-SiOx. The bottom cell is deposited next by sequential deposition of 16 nm p-type nc-
SiOx, 2 µm intrinsic nc-Si:H absorber, and 15 nm n-type nc-SiOx. The rear electrode consists
of 80 nm AZO and 300 nm Al.
The device is then laminated onto a permanent flexible polymer carrier foil. The temporary
front aluminum foil is then selectively removed by wet etching, exposing the FTO front elec-
trode while preserving the underlying photovoltaic stack. This release step yields a freestanding
flexible tandem device mechanically supported by the polymer carrier and encapsulated by
polymeric layers, as previously illustrated in Figure 5.1.The final device layout after removal of
the temporary aluminum foil is shown in Figure 5.4b.
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a) b)

Figure 5.4: a-Si:H/nc-Si:H tandem solar cells structure (not to scale): (a) honeycomb-textured glass (0.7 mm) /
IO:H (135 nm)/ ZnO (5 nm) / p-type nc-SiOx (20 nm) / a-SiOx (3 nm ) / a-Si:H (300 nm) / n-type nc-SiOx

(50 nm) / p-type nc-SiOx (20 nm) / nc-Si:H (3 µm) / n-type nc-SiOx (50 nm) / ZnO (80 nm) / Ag (300 nm); (b)
FTO (700 nm) / AZO (5 nm) / p-type nc-SiOx (10 nm) / a-Si:H (225 nm) / n-type nc-SiOx (20 nm) / p-type

nc-SiOx (16 nm ) / nc-Si:H (2 µm) / n-type nc-SiOx (15 nm) / AZO (80 nm) / Al metal back contact (300 nm).

5.2.4. Device characterization
The devices are characterized through current density–voltage (J–V) measurements and ex-
ternal quantum efficiency (EQE) analysis. J–V curves are measured at 25 ◦C under simulated
AM1.5G illumination (100 mW/cm2) using a WACOM-class AAA xenon–halogen dual-lamp
continuous solar simulator. EQE spectra are recorded with an in-house developed setup based
on monochromatic light, operated under short-circuit conditions (0 V).
The short-circuit current density derived from EQE (Jsc,EQE) is obtained by integrating the
measured EQE with the AM1.5G reference spectrum. This procedure prevents over- or un-
derestimation of current that may arise from spectral mismatch between the WACOM solar
simulator and the AM1.5G standard. In addition, it eliminates errors associated with the
determination of the active area in small-area devices.

5.3. Model validation using TF-Si devices
Before exploring flexible and perovskite-based architectures, the predictive capability of the
modeling framework is validated against experimentally realized TF-Si reference devices.
Single-junction and tandem a-Si:H/nc-Si:H solar cells are used as benchmark structures
to verify the accuracy of the coupled optoelectrical simulations. The calibration focuses on
physically meaningful material and defect parameters, whose influence is previously examined
through a sensitivity analysis (see Appendix C). This validation establishes a reliable baseline
before extending the framework to flexible substrates and emerging perovskite device concepts
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5.3.1. Single-junction validation
The a-Si:H single-junction device serves as the first experimental benchmark for validating
the optoelectrical simulation framework. The device architecture is described in Section 5.2.3
and shown in Figure 5.3a. The calibrated parameters are all listed in Appendix C.
The p-type front contact consists of a highly doped 3 nm nc-SiOx (p+) layer and a 10 nm
moderately doped nc-SiOx (p) layer. This graded configuration follows established TF-Si
design principles [236], where the p+ layer enhances the electric field and hole extraction,
while the p-layer reduces the valence-band offset and limits interface recombination. Acceptor
concentrations of 1 × 1020 cm−3 and 5 × 1019 cm−3 are assigned to the p+ and p layers,
respectively, consistent with reported values for nc-SiOx:H [237, 238].
The electron affinities (χ) of the nc-SiOx layers are interpolated between nc-Si (4.05 eV) and
SiO2 (0.90 eV) to reflect their mixed-phase nature. For the p-type layer (Eg = 2.84 eV), χ =
3.36–3.39 eV, while for the n-type layer (Eg = 2.42 eV), χ = 3.53–3.56 eV, yielding band offsets
consistent with experimental reports [239].
The effective density of states (NC = NV = 1 × 1020 cm−3) and bandgap (Eg = 1.63 eV) are tuned
to match Voc while remaining consistent with literature [237, 240–242]. The defect-related
parameters of the intrinsic absorber are then adjusted to reproduce the measured Jsc and Voc.
Donor- and acceptor-like band-tail states are characterized by Urbach energies (EU) of 30 meV
and 22 meV, respectively [162]. The corresponding tail-state density (Ntail) is set to 2 ×
1020 cm−3eV−1, while the dangling-bond density (NDB) is fixed at 0.8×1016 cm−3. Further
details are provided in Appendix C.
In Figure 5.5, the resulting simulated J–V and EQE characteristics exhibit excellent agree-
ment with measurements. In Table 5.1, the validated reference cell reaches an efficiency
of 9.81%, placing it close to the state-of-the-art for p–i–n a-Si:H single-junction devices in
superstrate configuration. High performance p–i–n a-Si:H cells fabricated on Asahi glass have
demonstrated efficiencies of 10.22 % for a device area of 1.04 cm2 [21].

a) b)

Figure 5.5: Calibration of the a-Si:H solar cell. Simulated and measured (a) current density-voltage (J-V)
characteristics under AM1.5G illumination; (b) external quantum efficiency (EQE) spectra.
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Table 5.1: Simulated and measured performance of the a-Si:H solar cell, including open-circuit voltage (Voc),
short-circuit current density (Jsc,EQE), fill factor (FF), and power conversion efficiency (ηEQE). The standard

deviation (σd) of the performance parameters, evaluated from the five best-performing cells, amounts to
σd(Voc) ≈ 2 mV and σd(FF) ≈ 0.5 %. The measurement uncertainty in Jsc,EQE is quantified using the

root-mean-square error, yielding RMS ≈ 0.7 % (absolute).

Performance metrics Simulated Measured

Voc [V] 0.85 0.86
Jsc,EQE [mA/cm2] 16.02 16.01
FF [%] 71.67 71.67
ηEQE [%] 9.81 9.81

The nc-Si:H single-junction device serves as the second experimental reference for validating
the simulation framework. Its structure is described in Section 5.2.3 and shown in Figure 5.3b.
The calibrated parameters are all listed in Appendix C.
In the model, the intrinsic nc-Si:H absorber is subdivided into three depth-dependent subre-
gions (nc-Si1, nc-Si2, nc-Si3) to reflect the evolution of crystalline fraction and defect density
during PECVD growth. Increasing crystallinity generally corresponds to reduced structural
disorder, leading to lower Urbach energy and bulk defect density, although grain-boundary
defects may still contribute to recombination [198].
From nc-Si1 to nc-Si3, the Urbach energy increases from 0.031 to 0.039 eV and the dangling-
bond density from 1.0 to 1.5 × 1014 cm−3, while the electron and hole mobilities increase from
20 to 30 cm2/Vs and from 3 to 6 cm2/Vs, respectively. The bandgap decreases from 1.25 to
1.15 eV.
The p- and n-type nc-SiOx layers employ the same parameters as in the a-Si:H device, except
for the n-layer ND set to 4 × 1019 cm−3, and the χ set to 3.48 eV, producing ∆EC for electron
extraction consistent with experimental values [243].
In Figure 5.6, the resulting simulated J–V and EQE characteristics exhibit excellent agreement
with measurements, with deviations of 0.02 mA/cm2 in Jsc and 0.02% in FF and efficiency
presented in Table 5.2.

a)
b)

Figure 5.6: Calibration of the nc-Si:H solar cell. Simulated and measured (a) current density-voltage (J-V)
characteristics under AM1.5G illumination; (b) external quantum efficiency (EQE) spectra.
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Table 5.2: Simulated and measured performance of the nc-Si:H single-junction solar cell, including open-circuit
voltage (Voc), short-circuit current density (Jsc,EQE), fill factor (FF), and power conversion efficiency (ηEQE).
The standard deviation (σd) of the performance parameters, evaluated from the five best-performing cells,

amounts to σd(Voc) ≈ 3 mV and σd(FF) ≈ 0.7 %. The measurement uncertainty in Jsc,EQE is quantified using
the root-mean-square error, yielding RMS ≈ 0.7 % (absolute).

Performance metrics Simulated Measured

Voc [V] 0.52 0.52
Jsc,EQE [mA/cm2] 28.59 28.60
FF [%] 62.18 62.20
ηEQE [%] 9.32 9.30

5.3.2. Tandem validation
The wide-bandgap a-Si:H and narrow-bandgap nc-Si:H single-junction devices described in
Section 5.3.1 are integrated into a monolithic two-terminal tandem architecture. The stack
consists of a p–i–n a-Si:H top cell (ToC) electrically coupled to a p–i–n nc-Si:H bottom cell
(BoC) through a highly doped tunnel recombination junction.
The material, defect, and transport parameters calibrated for the single-junction devices
serve as the baseline for the tandem model (see Appendix C). Since multijunction fabrication
can modify interfacial and electronic properties through plasma exposure, interlayer mixing,
and defect kinetics [241, 244, 245], only a limited subset of parameters is adjusted, while
maintaining consistency with the validated single-junction reference.

5.3.2.1 Energy band diagram
Figure 5.7 shows the equilibrium energy band diagram of the a-Si:H/nc-Si:H tandem solar cell
obtained from the self-consistent Poisson solution. The diagram illustrates band alignment
and the dominant charge transport mechanisms across the multilayer stack, independent of
the substrate.
In the a-Si:H top cell, the carriers transport mechanism at the TCO/p-nc-SiOx and p-nc-SiOx/a-
Si:H interfaces is governed by a combination of B2B and TA tunneling, accounting for both
direct tunneling through narrow barriers and defect-mediated recombination via localized
gap states.
The two cells are electrically connected through a highly doped tunnel recombination junction
that ensures current continuity with minimal resistive loss. The TRJ is modeled using a non-
local B2BT formulation, where tunneling occurs over a finite spatial region defined by the
tunneling length and permeation depth. The junction links the n-type a-Si:H layer to the
p-type nc-Si:H layer, and the adjacent nc-SiOx contact layers create strong band bending that
promotes efficient tunneling. The graded p-type SiOx bilayer on the BoC side further enhances
tunneling probability while maintaining low contact resistance.
The built-in electric field across the intrinsic layers drives carrier separation, while tunneling
and thermionic emission processes ensure efficient recombination at the TRJ and selective
carrier extraction at the contacts.
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Figure 5.7: Energy band diagram of the a-Si:H/nc-Si:H tandem solar cell in the dark at thermal equilibrium. The
solid blue line is the top of the valence band (EV). The solid red line is the bottom of the conduction band (EC).

The black dashed line is the Fermi level (EF). The arrows represent the transport of free charge carriers. The
illustrated transport mechanisms of free charge carriers are trap-assisted tunneling (TAT), band-to-band

tunneling (B2BT) and thermionic emission (TE).

5.3.2.2 Tandem performance
The a-Si:H/nc-Si:H tandem solar cell is first validated on micron-scale hexagonal textured glass.
The simulated J–V and EQE characteristics, together with the resulting performance metrics,
are reported in Figure 5.8 and Table 5.3. The model closely reproduces the experimentally
measured Jsc ∼ 11.7 mA/cm2 and Voc of 1.35 V, showing that both transport and optical
mechanisms are accurately captured. As discussed in Chapter 4, the textured glass enhances
light scattering, increases angular redistribution, and extends the optical path length in the
nc-Si:H bottom cell, leading to improved current generation.

a) b)

Figure 5.8: Calibration of the a-Si:H/nc-Si:H tandem solar cell on glass. Simulated and measured (a) current
density-voltage (J-V) characteristics under AM1.5G illumination; (b) external quantum efficiency (EQE) spectra.



5.3. Model validation using TF-Si devices

5

105

Table 5.3: Simulated and measured performance of the a-Si:H/nc-Si:H tandem solar cell on glass substrate,
including open-circuit voltage (Voc), total and sub-cells current density (Jtotal, Jsc,ToC, Jsc,BoC), fill factor (FF),
and power conversion efficiency (ηEQE). The standard deviation (σd) of the performance parameters, evaluated

from the five best-performing cells, amounts to σd(Voc) ≈ 3 mV and σd(FF) ≈ 0.9 %. The measurement
uncertainty in Jsc derived from the EQE setup is quantified using the root-mean-square error, yielding

RMS(Jsc,EQE) ≈ 0.7 % (absolute).

Performance metrics Simulated Measured

Voc [V] 1.35 1.35
Jsc,ToC [mA/cm2] 11.68 11.65
Jsc,BoC [mA/cm2] 14.40 14.57
Jtotal [mA/cm2] 26.08 26.22
FF [%] 58.22 58.22
ηEQE [%] 9.17 9.16

The tandem device is next validated on a flexible architecture (see Figure 5.4b), with further
details provided in Section 5.2.3. Compared with the tandem device developed on honeycomb-
textured glass, the FTO morphology of the front electrode provides weaker optical confinement,
which contributes to a measurable reduction in photocurrent.
The simulated J–V and EQE characteristics together with the performance outcome are re-
ported in Figure 5.9 and Table 5.4. The model remains in close agreement with the experi-
mental data, indicating that the calibrated transport and recombination parameters reliably
extend to the flexible platform.

a) b)

Figure 5.9: Calibration of flexible a-Si:H/nc-Si:H tandem solar cell. Simulated and measured (a) current
density-voltage (J-V) characteristics under AM1.5G illumination; (b) external quantum efficiency (EQE) spectra.
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Table 5.4: Simulated and measured performance of flexible a-Si:H/nc-Si:H tandem solar cell, including
open-circuit voltage (Voc), total and sub-cells current density (Jtotal, Jsc,ToC, Jsc,BoC), fill factor (FF), and power
conversion efficiency (ηEQE). The standard deviation (σd) of the performance parameters, evaluated from the
five best-performing cells, amounts to σd(Voc) ≈ 3 mV and σd(FF) ≈ 0.9 %. The measurement uncertainty in Jsc

derived from the EQE setup is quantified using the root-mean-square error, yielding RMS(Jsc,EQE) ≈ 0.7 %
(absolute).

Performance metrics Simulated Measured

Voc [V] 1.27 1.27
Jsc,ToC [mA/cm2] 11.37 11.70
Jsc,BoC [mA/cm2] 9.37 9.40
Jtotal [mA/cm2] 20.77 21.10
FF [%] 60.78 60.80
ηEQE [%] 7.25 7.26

The fabricated flexible a-Si:H/nc-Si:H tandem exhibits a PCE of ∼7 %, lower than the textured-
glass reference but representative of devices processed on flexible substrates. This reduction
primarily originates from processing constraints associated with the temporary Al carrier foil
rather than intrinsic limitations of the tandem architecture.
Benchmark values for mature flexible TF-Si technologies, such as PEN-based tandems reaching
11.2 % initial (9.8 % stabilized) efficiency [246] and roll-to-roll mini-modules on Al substrates
achieving 10.3 % [218], highlight the gap between early demonstrations and optimized flexible
devices. Within this context, the present results provide a physically grounded modeling frame-
work for designing scalable TF perovskite architectures compatible with high temperature
processing on flexible substrates.

5.4. Designing flexible perovskite solar cells
Building on the experimentally validated thin-film modeling framework established in Sec-
tion 5.3, it is extended to perovskite solar cells on flexible substrates. This approach enables
the performance prediction of perovskite device architectures while preserving physical con-
sistency with the calibrated reference devices.

5.4.1. Hole transport layer
In flexible perovskite solar cells, the hole transport layer (HTL) plays a central role in deter-
mining device performance and stability. Its electronic structure governs interfacial band
alignment and charge selectivity, while its defect landscape controls non-radiative recombina-
tion and long-term device resilience [247, 248]. These effects become particularly important
on aluminum foil substrates, where the increased thermal tolerance shifts performance lim-
itations from substrate constraints toward interfacial electronic properties. For this reason,
the present analysis focuses on HTL engineering as the primary variable for assessing the
feasibility of f-PSCs on Al foil.
In the model, the HTL/perovskite interface is defined through the HTL electron affinity,
bandgap, and doping density, which together determine the valence and conduction band
offsets (∆EV, ∆EC) and the resulting band bending. Interfacial recombination is described
through surface recombination velocities (Sn, Sp), which quantify the degree of interface
passivation and the associated non-radiative recombination losses.
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Five representative HTL materials are investigated to span the relevant design space. Poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) serves as a highly processable
polymeric benchmark, but suffers from hygroscopicity and chemical instability [249]. Poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) offers improved stability and hydrophobicity,
although its performance depends strongly on doping and surface wetting [250]. The self-
assembled monolayer (SAM) 2PACz (2-[9H-carbazol-9-yl]ethylphosphonic acid) enables pre-
cise tuning of the work function and effective interfacial passivation [251]. Nickel oxide (NiOx)
represents a leading inorganic HTL, combining chemical robustness with tunable electronic
properties, although its transport is often limited by defects and stoichiometry [252]. Finally,
nc-SiOx provides a thermally stable metalloid oxide compatible with scalable deposition
processes, and serves as a bridge to thin-film silicon manufacturing concepts [234].

5.4.2. Single-junction perovskite device
The analysis explores a single-junction perovskite solar cell as a test platform for HTL engi-
neering. The device structure is shown in Fig. 5.10. The structural and electronic parameters
of the investigated HTLs are summarized in Table 5.5 and taken from literature [253–255]. The
remaining material parameters are provided in Appendix C.
The optical front stack consists of an encapsulated multilayer composed of ethylene–tetrafluoro-
ethylene (ETFE) and optical adhesive layers deposited above the transparent electrode. This
configuration creates a graded refractive-index transition from air (n = 1.0) to ETFE (n = 1.43),
adhesive (n = 1.53), and FTO (n ∼ 1.9 in the UV), reducing reflection losses [256, 257].
The absorber is a mixed Sn–Pb metal–halide perovskite (ABX3 structure, where A = Cs, FA,
MA; B = Pb, Sn; X = I). The nominal composition is Cs0.1FA0.6MA0.3PbxSn1−xI3. The energy
bandgap is 1.23 eV, other material parameters are adopted from literature [258].
Electron extraction is modeled using a fullerene/organic bilayer consisting of [6,6]-phenyl-C61-
butyric acid methyl ester (C60) and bathocuproine (BCP). The C60 layer acts as the electron
transport layer (ETL), while the thin BCP layer introduces a favorable conduction-band offset
that suppresses electron backflow and supports high open-circuit voltage.

Figure 5.10: Flexible Sn–Pb-based perovskite solar cell (not to scale). Light enters through an adhesive ETFE
encapsulant (240 µm), followed by FTO (700 nm) / HTL (variable thickness) / Sn–Pb metal–halide perovskite

(900 nm) / C60 (25 nm) / BCP (8 nm) / Al metal back contact (300 nm).
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Table 5.5: Parameters of the hole transport layers (PEDOT:PSS, PTAA, 2PACz (SAM), NiOx, nc-SiOx) used in
Sentaurus TCAD model.

Parameter PEDOT:PSS PTAA 2PACz (SAM) NiOx nc-SiOx

Thickness [nm] 20 20 2 20 13
Eg [eV] 1.60 3.30 3.40 3.80 2.84
χ [eV] 3.50 1.80 1.70 1.46 3.37
ND [cm−3] 1×1019 1×1019 1×1020 1×1019 1×1020

NC [cm−3] 2.2×1018 2.2×1018 2.0×1018 2.2×1018 1.0×1020

NV [cm−3] 1.8×1019 1.8×1019 2.0×1019 1.8×1019 1.0×1020

µn [cm2/Vs] 1.8×10−3 4×10−5 1×10−3 1×10−3 10
µp [cm2/Vs] 1.9×10−2 4×10−5 1×10−3 1×10−3 2
Sn/Sp [cm s−1] 100 20 – 100 –

The equilibrium band diagrams obtained for the investigated HTLs are shown in Figure 5.11
(organic contacts) and Figure 5.12 (inorganic contacts).

a) b)

c)

Figure 5.11: Energy band diagrams in the dark at thermal equilibrium for the Sn–Pb perovskite solar cell
with (a) PEDOT: PSS, (b) PTAA, and (c) 2PACz as HTL.
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Among the organic HTLs, PTAA provides near-ideal alignment with ∆EV = 0.03 eV and ∆EC =
2.0 eV, enabling efficient hole extraction and strong electron blocking. PEDOT:PSS exhibits
a similar ∆EV but a smaller ∆EC (0.4 eV) due to its narrower bandgap, resulting in reduced
electron-blocking capability and increased recombination susceptibility.
For 2PACz, an effective acceptor density is introduced to reproduce the dipole-induced in-
terface potential step. The resulting alignment (∆EV = 0.03 eV, ∆EC = 2.2 eV) approaches the
ideal selective-contact condition. However, the ultrathin 2 nm SAM layer leads to tunneling-
dominated transport, such that electron-blocking effectiveness is limited by thickness rather
than energetics, and may benefit from combination with an additional HTL.

a) b)

Figure 5.12: Energy band diagrams in the dark at thermal equilibrium for the Sn–Pb perovskite solar cell
with (a) NiOx, (b) nc-SiOx as HTL.

Among the inorganic HTLs, NiOx forms a small ∆EV = 0.13 eV and a large ∆EC = 2.44 eV,
providing strong electron blocking with minimal barrier for hole extraction. In contrast, nc-
SiOx induces a large∆EV = 1.08 eV and a moderate∆EC = 0.5 eV, resulting in a transport regime
dominated by barrier-limited conduction and tunneling. NiOx thus behaves as a conventional
selective HTL, whereas nc-SiOx functions as a tunneling-type contact.

5.4.2.1 Performance prediction
Based on energetic alignment, PEDOT:PSS and NiOx are selected as representative hole trans-
port layers for full-device simulations. PEDOT:PSS serves as a process-compatible benchmark
for low-bandgap perovskites, while NiOx represents the inorganic counterpart with strong
electron-blocking capability and robust electronic properties [259–263]. Limiting the analysis
to these two cases ensures physical relevance while maintaining manageable computational
cost for drift–diffusion simulations involving tunneling and defect-rich interfaces.
The simulated J–V and EQE characteristics (Figure 5.13) and corresponding performance
metrics (Table 5.6) indicate efficiencies above 22% for both HTLs, suggesting that, under
the present modeling assumptions, device performance is primarily governed by interfacial
energetic alignment. NiOx yields a slightly higher Jsc (32.60 vs 32.13 mA/cm2), consistent with
improved carrier selectivity and reduced interfacial recombination, while Voc (0.85 V) and FF
(∼ 81%) remain essentially unchanged.
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The EQE spectra overlap across 400–1000 nm, with minor ultraviolet losses for NiOx due to
parasitic absorption. Despite identical density of states and doping, NiOx improves interfacial
transport through its wider bandgap and favorable band alignment, which enhance carrier
selectivity and support efficient hole extraction.

a) b)

Figure 5.13: Simulated (a) current density-voltage (J–V) and (b) external quantum efficiency (EQE)
characteristics of flexible Sn–Pb perovskite solar cells employing PEDOT:PSS (red) and NiOx (blue) as HTL.

Table 5.6: Simulated open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF), and power
conversion efficiency (η) for the Sn–Pb perovskite solar cell, using PEDOT:PSS and NiOx as HTL.

Performance Metrics HTL – PEDOT:PSS HTL – NiOx

Voc [V] 0.85 0.85
Jsc [mA/cm2] 32.13 32.60
FF (%) 81.09 81.30
η (%) 22.15 22.64

These results highlight the potential of NiOx as an effective HTL. However, this conclusion
is currently limited to simulation. Experimentally, flexible Sn–Pb perovskite solar cells on
ITO/PET using PEDOT:PSS reach 21.02% [264], while NiOx-based devices achieve up to 22.68%,
albeit with wider-bandgap absorbers [265].

5.4.3. Perovskite-based tandem devices
The analysis is extended to two-terminal multijunction architectures, including a hybrid
a-Si:H/perovskite tandem and an all-perovskite tandem, as shown in Figure 5.14. The corre-
sponding material parameters are provided in Appendix C.
For both architectures, two HTL configurations are investigated: (i) an organic configuration,
employing PTAA in the top cell (ToC) and PEDOT:PSS in the bottom cell (BoC); and (ii) an inor-
ganic configuration using NiOx in both sub-cells. The sub-cells are monolithically connected
through a 5 nm ITO recombination layer, forming a tunnel recombination junction that links
the ETL of the top cell to the HTL of the bottom cell.
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The hybrid design integrates a wide-bandgap a-Si:H top cell (Eg = 1.65 eV), adapted from the
calibrated a-Si:H/nc-Si:H tandem, with a Sn–Pb perovskite bottom cell (Eg = 1.23 eV). The
all-perovskite tandem couples a wide-bandgap (Cs0.15FA0.85Pb(I0.92Br0.08)3) top absorber (Eg

= 1.68 eV) with the Sn–Pb perovskite bottom absorber (Eg = 1.23 eV) [258].

a) b)

Figure 5.14: Flexible erovskite-based tandem solar cell architectures (not to scale): (a) ETFE encapsulant
(190 µm) / FTO (700 nm) / AZO (10 nm) / p-type nc-SiOx (16 nm) / a-Si:H (280 nm) / n-type nc-SiOx (50 nm) /

ITO (5 nm) / HTL (20 nm) / NBG perovskite (900 nm) / C60 (20 nm ) / BCP (8 nm) / Al metal back contact
(300 nm); (b) ETFE encapsulant (190 µm) / FTO (700 nm) / HTL (20 nm) / WBG perovskite (280 nm) / C60
(25 nm) / ITO (5 nm) / HTL (20 nm) / NBG perovskite (900 nm) / C60 (20 nm) / BCP (8 nm) / Al metal back

contact (300 nm).

For the hybrid tandem, a 10 nm AZO buffer layer is introduced between FTO and the p-type
nc-SiOx to prevent hydrogen-induced reduction of the front TCO during silicon deposition,
consistent with the device design described in Section 5.2.3. In particular, exposure to atomic
hydrogen during PECVD can reduce SnO2-based TCOs, degrading their electrical and optical
properties. The AZO layer therefore acts as a protective barrier under these conditions.
The AZO layer is not included in the perovskite tandem architecture, as no hydrogen-rich
plasma processes are involved, and therefore no such reduction of the front TCO is expected.

5.4.4. Hybrid a-Si:H/perovskite tandem performance prediction
PEDOT:PSS and NiOx are selected as representative organic and inorganic HTLs to assess
their impact on tandem operation. Figure 5.15 presents the equilibrium band diagrams,
highlighting the alignment at the tunnel recombination junction and the HTL/perovskite
interface.
NiOx exhibits a substantially larger conduction-band offset (∆EC = 2.44 eV) than PEDOT:PSS
(0.40 eV), consistent with its wider bandgap and resulting in stronger electron blocking. In
contrast, both materials show similarly small valence-band offsets (0.02–0.03 eV).
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Figure 5.15: Energy band diagrams in the dark at thermal equilibrium of the hybrid a-Si:H/perovskite tandem
solar cell using (a) PEDOT:PSS and (b) NiOx as HTL in the BoC. The diagrams highlight the modeled band

offsets at the HTL/perovskite interface for the conduction band (∆EC) and valence band (∆EV).

The simulated J–V and EQE characteristics are shown in Figure 5.16, with performance metrics
summarized in Table 5.7. Both configurations exhibit comparable efficiencies. A shallow EQE
dip is observed in the perovskite bottom cell near 800 nm for PEDOT:PSS, shifting to 900 nm
for NiOx. This feature arises from optical contrast introduced by the a-Si:H top cell, positioned
between the low-index front TCOs and the tunnel recombination junction [266].

a) b)

Figure 5.16: Simulated (a) current density–voltage (J–V) and (b) external quantum efficiency (EQE)
characteristics of the hybrid a-Si:H/perovskite tandem with PEDOT:PSS (red) and NiOx (blue) as HTL.
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Table 5.7: Simulated open-circuit voltage (Voc), total and sub-cells current density (Jtotal, Jsc,ToC, Jsc,BoC, BoC),
fill factor (FF), and efficiency (η) for the hybrid a-Si:H/perovskite tandem solar cell, using either PEDOT:PSS or

NiOx as HTL in the BoC.

Performance Metrics PEDOT:PSS NiOx

Voc [V] 1.61 1.62
Jsc,ToC [mA/cm2] 12.64 12.31
Jsc,BoC [mA/cm2] 15.61 16.83
Jtotal [mA/cm2] 28.25 29.14
FF [%] 78.13 79.17
η [%] 15.91 15.80

Although the hybrid architecture exhibits lower efficiency than the single-junction f-PSC
(Section 5.4.2.1), it outperforms the TF-Si tandem discussed in Section 5.3.2. The hybrid device
therefore serves as an intermediate platform between thin-film silicon and all-perovskite
multijunctions, enabling controlled investigation of interfacial energetics, optical coupling,
and tunnel recombination..

5.4.5. All-perovskite tandem performance prediction
The simulations isolate the influence of HTL on all-perovskite tandem performance by com-
paring an organic configuration, PTAA in the ToC and PEDOT:PSS in the BoC, with an inorganic
alternative using NiOx in both sub-cells. In Figure 5.17, NiOx as HTL provides greater electron-
blocking barriers in bot top and bottom junctions (∆EC,ToC = 2.64 eV, ∆EC,BoC = 2.44 eV).

Figure 5.17: Energy band diagrams in the dark at thermal equilibrium of the all-perovskite tandem solar cell for
PTAA/PEDOT:PSS and NiOx/NiOx as HTLs. The diagrams highlight the modeled band offsets at the

HTL/perovskite interfaces for the conduction band (∆EC) and valence band (∆EV).
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The simulated J–V and EQE characteristics in Figure 5.18, together with the performance
metrics in Table 5.8, reveal a pronounced HTL-dependent performance difference. The
tandem employing inorganic HTLs achieves efficiencies above 29 %, surpassing the organic
configuration (η = 26.5 %), consistent with improved carrier selectivity, stronger electron
blocking, and enhanced photocurrent extraction (33.4 mA/cm2).

a) b)

Figure 5.18: Simulated (a) current density–voltage (J–V) and (b) external quantum efficiency (EQE)
characteristics of the all-perovskite tandem solar cell using PTAA/PEDOT:PSS (red) and NiOx/NiOx (blue) as

HTLs in the ToC and BoC, respectively.

Table 5.8: Simulated open-circuit voltage (Voc), total and sub-cells current density (Jtotal, Jsc,ToC, Jsc,BoC),
fill factor (FF), and efficiency (η) for all-perovskite tandem solar cell, using PTAA/PEDOT:PSS and NiOx/NiOx as

HTLs in the ToC and BoC, respectively.

Performance Metrics PTAA/PEDOT:PSS NiOx/NiOx

Voc [V] 2.18 2.17
Jsc,ToC [mA/cm2] 15.71 16.21
Jsc,BoC [mA/cm2] 16.51 17.19
Jtotal [mA/cm2] 32.22 33.4
FF [%] 77.44 82.64
η [%] 26.47 29.13

For comparison, flexible two-terminal all-perovskite tandems on PET/ITO employing solution-
processed NiO nanocrystal HTLs have achieved efficiencies of 24.7% (certified 24.4%) and
23.5% for device areas of 0.049 cm2 and 1.05 cm2, respectively [267]. More recently, efficiencies
up to 27.5% have been reported for 0.049 cm2 flexible tandem solar cells employing NiOx

and self-assembled monolayer hole-selective contacts in the wide-bandgap top cell [268]. In
contrast, rigid glass-based all-perovskite tandems have surpassed 29% efficiency [269, 270].
The simulated performance therefore approaches the current state-of-the-art for rigid all-
perovskite tandems, suggesting that high temperature flexible architectures could potentially
achieve comparable efficiencies through further optimization of charge transport layers,
interface quality, and recombination management.



5.5. Conclusions

5

115

5.5. Conclusions
This work establishes a physically grounded optoelectrical modeling framework for the pre-
dictive design of perovskite photovoltaic devices. Validation against thin-film silicon single-
junction and tandem solar cells fabricated on rigid and flexible substrates provides an experi-
mentally anchored basis for extending the analysis to flexible perovskite solar cells on high
temperature aluminum foil substrates.
Application of the framework to Sn–Pb metal-halide flexible perovskite devices identifies
the hole transport layer (HTL) as a key parameter governing band alignment, interfacial
selectivity, and overall device performance. In single-junction devices, simulated efficiencies
of 22.1% with PEDOT:PSS and 22.6% with NiOx demonstrate the advantage of inorganic
HTLs, primarily due to their stronger electron-blocking capability. The same trend persists
in tandem architectures: hybrid a-Si:H/perovskite tandems achieve efficiencies above 15%,
while fully perovskite tandems reach 29.1% with NiOx/NiOx HTLs, compared with 26.5% for
the PTAA/PEDOT:PSS configuration.
The results establish HTL energetic alignment and carrier selectivity as central design criteria
for high performance flexible perovskite photovoltaics. More broadly, the study highlights the
potential of high temperature aluminum foil substrates, already established in roll-to-roll thin-
film silicon manufacturing, to support scalable fabrication of flexible perovskite devices. The
framework presented here therefore provides a predictive tool for guiding device architecture
and interface engineering, indicating that monolithic flexible perovskite tandems approaching
30% efficiency may be achievable through further optimization of charge-transport layers and
interfacial properties.





Pacific Sun by Dale Chihuly, Chihuly Garden and Glass Museum, Seattle, U.S.





6
CONCLUSIONS & OUTLOOK



6

120 6.1. Conclusions

The image placed at the opening of this chapter depicts Pacific Sun by Dale Chihuly, installed
at the Chihuly Garden and Glass Museum in Seattle, U.S. Chihuly has frequently emphasized
his fascination with how light interacts with glass, and the sun motif is one of the forms through
which he most explicitly explores this relationship. In his artistic vocabulary, works from the
Sun series are conceived as a celebration of glass as a medium of light, rather than merely as
a structural or decorative material. This artist-driven emphasis on light–material interaction
provides a visual analogy for one of the central themes of this thesis, which focuses on un-
derstanding, engineering, and modeling light–matter interactions in complex and multiscale
textured thin-film solar cells.

6.1. Conclusions
This thesis employed thin-film silicon (TF-Si) photovoltaics as a mature and experimentally
accessible platform to investigate transparent conductive oxides, multiscale light manage-
ment, and optoelectrical modeling strategies relevant to scalable next-generation thin-film
solar cells. The resulting framework was subsequently extended toward flexible perovskite
photovoltaic architectures compatible with high temperature superstrate processing. The
research questions were addressed as follows.

The first research question addressed the engineering of transparent conductive oxide (TCO)
architectures capable of decoupling optical transparency and electrical conductivity, together
with the physical mechanisms governing their optoelectrical performance in TF-Si devices.
Chapter 2 demonstrated that bilayer TCO architectures provide an effective strategy to over-
come the intrinsic trade-off between conductivity and optical transparency that limits con-
ventional single layer electrodes.
By combining hydrogenated indium oxide (IO:H) as a highly conductive layer with non-
intentionally doped zinc oxide (ZnO) as an optically transparent layer, the bilayer architecture
enabled independent optimization of carrier transport and optical losses. The resulting elec-
trodes exhibited carrier mobilities up to 120 cm2/Vs together with reduced near-infrared
parasitic absorption, while remaining fully compatible with thin-film silicon device integra-
tion.
The interface between the two TCO layers played an active role in determining charge trans-
port, indicating that interface engineering itself constitutes an important design parameter in
advanced front electrode architectures. Although the resulting solar cell efficiency improve-
ments remained moderate, the bilayer concept introduced an additional degree of freedom in
front electrode engineering.
Additional investigations demonstrated that the concept was not limited to a specific TCO
system. Bilayers based on indium cerium oxide (ICO) and ZnO confirmed the transferability
of the approach. Fully indium-free bilayers, such as fluorine-doped tin oxide (FTO) and
non-intentionally tin dioxide (SnO2), showed that good charge transport properties could be
achieved while maintaining compatibility with low thermal budget processing and scalable
manufacturing.
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The second research question examined the relationships between deposition conditions and
the resulting structural, chemical, and optoelectrical properties of indium-free SnO2-based
thin films processed under low thermal budget constraints.
Chapter 3 established quantitative processing–property relationships for room temperature
deposited FTO and SnO2 thin films through systematic reactive sputtering investigations.
Oxygen incorporation into the Ar forming-gas sputtering atmosphere during deposition was
identified as the relevant parameter governing the trade-off between optical transparency and
electrical conductivity. Optimal optoelectrical performance emerged within a narrow oxygen
window range that enhanced carrier mobility while limiting defect-related optical absorption.
Hydrogen was found to primarily influence the films through defect passivation and mi-
crostructural modification rather than direct chemical reduction, leading to enhanced trans-
parency and reduced sheet resistance in the as-deposited state. Following post-deposition
annealing at 400 ◦C in nitrogen atmosphere, hydrogenated and non-hydrogenated films con-
verged toward similar electronic properties, indicating that annealing-induced crystallization
governed long-term charge transport.
Although the absolute performance of room temperature sputtered SnO∗2-based films re-
mained below that of high temperature deposited counterparts, the identified processing–
property relationships established a tunable and thermally compatible design space for
indium-free TCOs. These results position SnO∗2-based materials as viable candidates for front
TCO electrodes and charge-transport layers (CTLs) in future photovoltaic technologies, where
thermal budget, mechanical flexibility, and material sustainability are critical constraints.

The third research question examined the extent to which light propagation, absorption,
and angular redistribution in multiscale textured TF-Si solar cells could be predicted using
experimentally grounded optical models with computation times below 30 minutes, and how
their predictive accuracy compared with rigorous electromagnetic approaches.
Chapter 4 provided direct experimental validation of ray optics modeling as a quantitatively
accurate and computationally efficient tool for predicting both front reflection losses and the
optical performance of thin-film photovoltaic devices.
By directly implementing experimentally measured optical constants together with realistic
interface morphologies, the ray tracing framework reproduced measured reflection spectra (1-
R) and external quantum efficiency (EQE) under the assumption of negligible recombination
losses. The deviations between simulation and experiment were comparable to, and in several
cases lower than, those obtained using rigorous coupled-wave analysis (RCWA).
While RCWA provides a rigorous electromagnetic description, its applicability is restricted by
periodic boundary conditions and high computational cost. In contrast, ray optics accommo-
dates realistic non-periodic morphologies and reduces computation times from approximately
one week to less than 30 minutes without sacrificing predictive accuracy when properly pa-
rameterized. The resulting framework accurately captured absorption, reflection, and angular
redistribution induced by multiscale surface textures.
These results establish experimentally grounded ray tracing as a practical and predictive
tool for multiscale optical design in thin-film photovoltaics, while providing a transferable
methodology for other thin-film technologies where advanced light management is essential.
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The fourth research question explored how optoelectrical modeling frameworks validated on
TF-Si devices could be extended to flexible perovskite solar cells fabricated in superstrate p-i-n
configurations, and which physical mechanisms most strongly limited device performance
under high temperature processing routes.
Chapter 5 established an optoelectrical modeling framework enabling physically grounded
performance prediction for flexible perovskite solar cells processed using the temporary
aluminum foil route. Validation against thin-film silicon single-junction and tandem devices
ensured that the framework remained anchored in experimentally characterized photovoltaic
devices.
Application of the framework to Sn–Pb metal-halide perovskite architectures identified HTL
energetic alignment and carrier selectivity as key factors governing interfacial losses and overall
device performance. Across both single-junction and tandem configurations, inorganic NiOx-
based HTLs consistently outperformed organic alternatives by providing stronger electron-
blocking barriers and improved carrier selectivity. Simulated efficiencies approaching 30% in
monolithic tandem devices therefore demonstrate the potential of high temperature flexible
perovskite architectures compatible with scalable thin-film manufacturing concepts.

6.2. Outlook
The results presented in this thesis open several research directions spanning TCOs engineer-
ing, multiscale optical modeling, and predictive optoelectrical simulation of next generation
thin-film solar cells.

• Future development of bilayer TCOs should focus on improving ultraviolet transparency
while preserving high electrical conductivity. Although indium-based bilayers success-
fully decoupled optical and electrical functionalities, parasitic ultraviolet absorption
remains a limitation for front electrode applications. Replacing indium-containing con-
ductive layers with tin-based alternatives may improve short-wavelength transparency
while maintaining favorable transport properties.
In addition, future bilayer architectures could exploit the intrinsic nanoscale surface
morphology of SnO2-based layers to enhance short-wavelength scattering without re-
quiring additional surface texturing. More broadly, reducing front reflection losses will
require integrated optimization of thickness, refractive-index grading, and interface
morphology, rather than thickness tuning alone.
From a processing perspective, this thesis relied exclusively on radio-frequency sputter-
ing because of its compatibility with industrial manufacturing. Future work may explore
alternative deposition routes to further improve scalability and industrial integration.

• Future investigations of SnO2-based TCOs should extend defect-engineering strategies
beyond room temperature deposition toward processing routes that promote dopant
activation, crystallinity, and carrier transport. Under low temperature deposition con-
ditions, fluorine doping remains only partially effective because electrically inactive
dopants, defect trapping, and scattering mechanisms fundamentally limit conductivity.
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Promising directions include high temperature deposition and post-deposition an-
nealing strategies aimed at improving dopant activation, grain growth, and defect
passivation. In this context, high temperature superstrate processing on temporary
metal carrier foils offers a viable pathway to combine high quality indium-free TCOs
with scalable flexible photovoltaic manufacturing.

• The experimentally validated ray optics framework developed in this work represents an
important step toward fast and reliable optical design of multiscale textured thin-film
solar cells. Future work should extend the framework to a broader range of thin-film
photovoltaic technologies to evaluate its general applicability.
Further developments are also required to relax some of the assumptions adopted in
the present implementation. While interference effects were retained at optically coher-
ent interfaces, the current framework neglects coherent propagation within optically
incoherent absorber regions. This approximation may become limiting in thinner or
weakly textured absorbers where coherent effects extend over larger fractions of the
device.
Coupled modeling approaches combining ray optics for incoherent regions with inter-
ference based electromagnetic descriptions for coherent layers could therefore improve
predictive accuracy across a wider range of device architectures. In addition, extending
the framework to explicitly account for grain-induced scattering in polycrystalline TCOs
would further enhance its physical relevance.
Future studies should also revisit rigorous electromagnetic approaches such as RCWA
within targeted and well-defined applications. Rather than full-device simulations of
complex multiscale morphologies, RCWA may be more effectively employed to bench-
mark specific interface geometries, periodic textures, and sub-wavelength scattering
mechanisms. Such coupled strategies could combine the physical rigor of electromag-
netic simulations with the speed and flexibility required for realistic device optimization.

• The coupling of advanced optical modeling in GenPro4 with drift–diffusion model in
Sentaurus TCAD constitutes a powerful framework for predictive design of next gen-
eration thin-film solar cells. Future model developments should extend the physical
description beyond effective interface parameters toward explicit treatment of transport
and degradation mechanisms relevant to perovskite photovoltaics.
In particular, incorporation of ion migration, field-dependent recombination, and time-
dependent interfacial degradation would allow the framework to capture hysteresis and
stability losses that remain critical challenges in perovskite solar cells. Integrating such
mechanisms would significantly strengthen the predictive capability of the model and
improve its ability to guide experimental device design and materials selection.
For tandem architectures, future studies should replace the idealized ITO-based recom-
bination junctions employed in this work with physically realistic tunnel recombination
junctions including defect-assisted transport and interface recombination. This would
enable more accurate prediction of multijunction devices performance.
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A.1. TCOs optoelectrical properties
The transparent conductive oxides (TCOs) presented in this appendix are selected as rep-
resentative materials to illustrate general trends in optical constants relevant to thin-film
photovoltaic applications. All films are deposited by radio frequency magnetron sputtering
(13.56 MHz) under varying processing conditions, including power density (W/cm2), sub-
strate temperature (°C), chamber pressure (mbar), and argon flow (sccm). Substrates with
dimensions of 10 cm × 2.5 cm × 0.7 mm are used. The resulting dataset therefore provides
a qualitative comparison of material dependent dispersion behaviour rather than a direct
performance benchmark.
Figure A.1a shows the wavelength dependent refractive index (n) and extinction coefficient
(k) of indium tin oxide (ITO), hydrogenated indium oxide (IO:H), indium cerium oxide (ICO),
aluminum doped zinc oxide (AZO), fluorine doped tin oxide (FTO), and intentionally undoped
zinc oxide (ZnO) and tin oxide (SnO2). Optical constants are extracted by spectroscopic
ellipsometry using a Cody-Lorentz model for the ultraviolet visible range and a Drude term to
account for free carrier absorption in the near infrared.

a) b)

Figure A.1: Optical properties of ITO, IO:H, ICO, AZO, ZnO, SnO2, and FTO): (a) refractive index (n) and
extinction coefficient (k); (b) absorption coefficient (α) shown on a logarithmic scale, including extracted

optical bandgap (Eg) values.

All materials exhibit a maximum in refractive index in the near-ultraviolet region. In2O3-based
compounds (ITO, IO:H, ICO) show the highest peak values (approximately 2.4–2.6) between
300 and 350 nm. ZnO and AZO display slightly lower maxima (below 2.4), shifted toward
350–400 nm, consistent with their wider optical bandgap and corresponding shift of inter-
band transitions to lower energies. SnO2 and FTO exhibit maxima below 300 nm, reflecting
the higher-energy onset of inter-band transitions in tin-oxide-based systems.
In the near-infrared region, differences in dispersion slope become evident. ITO, FTO, and
AZO exhibit a more pronounced decrease in refractive index compared to IO:H, ICO, ZnO, and
SnO2. This behavior is attributed to differences in free-carrier contributions, as described by
the Drude response, with higher carrier concentrations leading to stronger dispersion in this
spectral range.
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The extinction coefficient exhibits a similar distinction. At short wavelengths, the increase
in k is associated with inter-band absorption near the optical band edge. Toward longer
wavelengths, a characteristic infrared tail emerges due to free-carrier absorption. This Drude
contribution depends primarily on carrier concentration and carrier mobility. A pronounced
infrared tail is observed for ICO and FTO, while AZO, ITO, and SnO2 show moderate absorption.
ZnO and IO:H exhibit significantly reduced extinction in the near-infrared region.
Figure A.1b presents the absorption coefficient (α) calculated from the extinction coefficient
according to α= 4πk/λ. The logarithmic scale allows clear comparison of both the absorption
onset and the magnitude of absorption across the spectral range.
ZnO exhibits an optical bandgap of approximately 3.1 eV and shows the sharpest absorption
edge and lowest sub-bandgap absorption among the materials considered. Upon aluminum
doping, AZO displays an increased bandgap (3.6 eV), consistent with a Burstein–Moss shift
induced by increased carrier concentration. The In2O3-based materials (ITO, IO:H, ICO)
exhibit higher optical bandgaps (3.7–4.0 eV), accompanied by stronger high-energy absorp-
tion compared to ZnO. Tin-oxide-based films (SnO2, FTO) show bandgap values above 3.9
eV, comparable to indium-based TCOs. Differences in absorption magnitude and spectral
shape indicate variations in carrier concentration, defect states, and scattering mechanisms
associated with the deposition conditions.

Figure A.2 provides an overview of carrier mobility (µ) as a function of carrier density (N) for
representative TCO materials. The solid black curves indicate the theoretical mobility limits
for ZnO based metal oxides, illustrating the transition between different scattering regimes,
with the overall mobility governed by combined contributions according to (µ−1

II +µ−1
GB)−1,

where µII denotes ionized impurity scattering and µGB grain boundary scattering.

Figure A.2: Carrier mobility (µ) as a function of carrier density (N) for In2O3 based materials (ITO, IO:H, ICO),
ZnO based films (ZnO, AZO), SnO2 based films (SnO2, FTO), and FTO deposited by APCVD in collaboration

with the industrial partner as well as commercial FTO-coated Asahi glass. Solid black curves indicate theoretical
mobility limits governed by ionized impurity (µII) and grain boundary (µGB) scattering contributions for ZnO

based metal oxides combined as (µ−1
II +µ−1

GB)−1.
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The ITO data points cluster in the intermediate to high carrier concentration range (1020–1021

cm−3), with moderate mobilities, reflecting the typical trade-off between electrical conductiv-
ity and ionized impurity scattering in doped In2O3-based systems. IO:H exhibits comparatively
higher mobility at carrier concentrations around 1021 cm−3, indicating reduced ionized impu-
rity scattering, commonly attributed to hydrogen incorporation. Furthermore, ICO samples
show mobilities comparable to or slightly exceeding those of ITO at equivalent carrier concen-
tration.
ZnO-based films are located at lower carrier concentrations, with mobility values limited
by grain boundary and ionized impurity scattering. Aluminum doping (AZO) shifts the dis-
tribution toward higher carrier concentrations, with a corresponding increase in electrical
conductivity.
The SnO2 and FTO films span a broader range of carrier concentrations with moderate to
low mobilities. The FTO dataset includes films deposited by atmospheric pressure chemical
vapor deposition (APCVD) in collaboration with an industrial partner, as well as commercial
FTO-coated Asahi glass. The industrial APCVD FTO exhibits relatively high carrier concen-
tration combined with mobility values comparable to ITO and ICO, positioning it within the
conductivity regime relevant for industrial thin-film photovoltaic applications.

A.2. ICO/ZnO bilayer
Figure A.3a compares carrier mobility as a function of carrier concentration for single layer
TCOs (ITO, IO:H, ICO) and ICO/ZnO and IO:H/ZnO bilayers, both in the as-deposited state
and after post-deposition annealing (PDA) at 200 °C for 2 h 20 min in ambient environment.
The as-deposited bilayers exhibit mobilities comparable to single layer TCOs, but at reduced
carrier concentrations (1019–1020 cm−3). Following PDA, both bilayer configurations show a
pronounced increase in mobility, approaching or exceeding 100 cm2/Vs while maintaining
similar carrier concentration levels.

a) b)

Figure A.3: (a) Mobility (µ) versus carrier density (N) for ITO, IO:H, ICO, and ZnO, with bilayer structures
IO:H/ZnO (blue/orange) and ICO/ZnO (blue/yellow) shown in as-deposited and PDA treated states. (b)

Spectral absorptance (A) of a reference ITO monolayer and an ICO/ZnO bilayer before and after PDA.
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Figure A.3b shows the spectral absorptance of a 1.1 µm thick ICO/ZnO bilayer in the as-
deposited and post-deposition annealed states, compared to a 160 nm thick ITO reference.
The AM 1.5 spectrum is included for contextual reference.
The ICO/ZnO bilayer exhibits increased parasitic absorption over a broader wavelength range
in the blue region (300–500 nm) compared to single layer ITO. This is primarily attributed to
the bilayer thickness and the absorption contribution of the ZnO layer near its band edge. In
contrast, the absorptance in the visible and near-infrared range remains comparable to that of
the ITO reference.
Figure A.4 shows the cross sectional SEM image of a representative ICO/ZnO bilayer deposited
on glass. The structure consists of a dense and homogeneous 100 nm ICO layer directly on the
glass substrate, followed by a 1.7 µm ZnO layer exhibiting pronounced columnar grain growth.
The ZnO grains nucleate with small dimensions at the interface and progressively coarsen
with increasing thickness, resulting in a textured top surface.

Figure A.4: SEM cross-section image of an ICO/ZnO bilayer on glass 100 nm ICO and 1.7 µm ZnO.

A.3. FTO/SnO2 bilayer
Figure A.5a compares carrier mobility as a function of carrier density for single layer TCOs
(ITO, IO:H, ZnO, SnO2, FTO) and, IO:H/ZnO and FTO/SnO2 bilayers in the as-deposited
state and after post-deposition annealing (PDA) at 300 °C for 20 min in a controlled nitrogen
environment.
The as-deposited FTO/SnO2 bilayers exhibit mobility values in the intermediate range at
carrier concentrations on the order of 1019 cm−3. After PDA, mobility increases significantly,
reaching up to 97 cm2/Vs at a carrier density of 3 × 1018 cm−3.
Compared to the IOH/ZnO bilayer, similar mobility values are achieved at even lower carrier
density. Notably, the FTO/SnO2 bilayers follow the same slope trend as the single layer FTO
and SnO2 references in the µ–N representation. This suggests that the dominant scattering
mechanisms remain consistent with those governing the individual materials.
Figure A.5b presents the spectral absorptance of a 600 nm thick FTO/SnO2 bilayer in both
as-deposited and post-deposition annealed (PDA) conditions, compared to a 160 nm thick
ITO reference. In contrast to the ICO/ZnO case, the absorptance in the blue spectral region is
comparable to the ITO reference, consistent with the wide bandgap of both FTO and SnO2.
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Across the visible and near-infrared range, the absorptance remains low, indicating limited
free-carrier absorption. Following PDA, the electrical performance is improved and the optical
transparency is largely preserved. The FTO/SnO2 results highlight that the bilayer maintains a
favorable balance between electrical conductivity and optical losses.

a) b)

Figure A.5: (a) Mobility (µ) versus carrier density (N) for ITO, IO:H, FTO, SnO2 and ZnO, with bilayer structures
IO:H/ZnO (blue/orange) and FTO/SnO2 (light blue/pink) shown in as-deposited and PDA treated states. (b)

Spectral absorptance (A) of a reference ITO monolayer and an FTO/SnO2 bilayer before and after PDA.

Figure A.6 shows a cross-sectional SEM image of a representative FTO/SnO2 bilayer deposited
on glass. The structure consists of a 100 nm FTO layer followed by a 400 nm SnO2 film exhibit-
ing columnar growth. The columns maintain nearly constant lateral dimensions throughout
the film thickness, showing limited grain coarsening during growth.

Figure A.6: SEM cross-section image of an FTO/SnO2 bilayer on glass: 100 nm FTO and 400 nm SnO2.



A.3. FTO/SnO2 bilayer

A

131

A.3.1. SEM images of high temperature FTO
Figure A.7 compares cross-sectional SEM images of commercial FTO-coated Asahi glass and
FTO deposited by atmospheric pressure chemical vapor deposition (APCVD) at 500 °C in
collaboration with the industrial partner of this work. In both cases, the FTO thickness is
approximately 700 nm.

a) b)

Figure A.7: SEM cross-section images of high temperature FTO films (∼ 700 nm): (a) commercial FTO-coated
Asahi glass, (b) APCVD deposited FTO at 500 °C.

In Figure A.7a, the commercial FTO-coated Asahi glass exhibits a relatively compact columnar
morphology, with moderate surface roughness and fairly uniform grain size throughout the
film thickness.
In contrast, the APCVD FTO in Figure A.7b shows a clear evolution of the microstructure
during growth. A fine-grained nucleation layer forms at the substrate interface, followed by
progressive grain coarsening along the thickness direction. As a result, the upper region of the
film consists of larger, faceted grains that form sharp, randomly distributed pyramidal features
at the surface.
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A.4. TCOs overview
Table A.1 provides a comparative overview of the key performance metrics relevant for TCO
selection and engineering within thin-film photovoltaic architectures. The evaluation is
structured around the design objective of developing single layer and bilayer TCOs that
simultaneously satisfy optical and electrical requirements for front window, intermediate, and
back reflector application in solar devices.
From an optical perspective, the target characteristics include a high optical bandgap (Eg) to
preserve the blue spectral response of the device, low parasitic absorption across the visible
and near-infrared range (α1000nm), intrinsic or engineered surface texture to promote diffuse
scattering, and appropriate refractive index contrast to enable optical grading at adjacent
interfaces.
From an electrical perspective, the ideal TCO should exhibit high carrier mobility (µ) together
with an optimized carrier concentration (N), enabling high conductivity while limiting free-
carrier absorption losses.

Table A.1: Optoelectrical properties of single layer (ITO, IO:H, ICO, AZO, ZnO, FTO, SnO2) and bilayer
(IO:H/ZnO, ICO/ZnO, FTO/SnO2) TCOs. Optical metrics include bandgap energy (Eg) and absorption

coefficient at 1000 nm (α1000nm); electrical metrics include carrier concentration (N) and mobility (µ).
Surface texture is also indicated.

The comparison highlights that individual materials typically excel in specific metrics but
rarely satisfy all requirements simultaneously. Indium-based oxides provide favorable electri-
cal transport properties, whereas ZnO- and SnO2-based materials offer advantages in optical
transparency and surface morphology.
Consequently, bilayer configurations emerge as an effective strategy to combine materials
with complementary properties. For instance, high-mobility indium-based oxides such as
IO:H or ICO can be combined with optically favorable layers such as ZnO, while conductive
FTO can be paired with SnO2 to exploit complementary transparency and morphological
characteristics.
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B.1. Influence of oxygen on optical properties
B.1.1. Extended reflectance and transmittance spectra
The effect of oxygen on the optical behavior of FTO and SnO2 films is examined through
transmittance (T) and reflectance (R) measurements. Figure B.1 displays the full T and R
spectra for samples deposited under varying O2/Ar ratios. To illustrate the trends more
comprehensively than in Chapter 3, a broader range of conditions is included. Specifically,
FTO films sputtered with 0%, 0.15%, 0.2%, 0.3%, and 0.4% O2/Ar are shown, along with SnO2

films deposited at 0%, 0.25%, 0.5%, 0.75%, and 1% O2/Ar.

a) b)
Figure B.1: Transmittance (T) and reflectance (R) spectra of (a) FTO and (b) SnO2 thin films (∼ 200 nm thick)
deposited under varying O2/Ar ratios in as-deposited (as-dep.) and post-deposition annealed (PDA) states.

B.1.2. Tauc plot analysis
Figure B.2 shows the complete Tauc plots used to extract Eg values for both FTO and SnO2

films across the full range of O2/Ar ratios. The absorption coefficient (α) is derived from
transmittance and reflectance spectra, and (αhν)2 is plotted versus photon energy (hν) to
estimate the optical bandgap (Eg), assuming a direct bandgap transition.

a) b)
Figure B.2: Tauc plots of (a) FTO and (b) SnO2 thin films (∼ 200 nm thick) deposited with varying O2/Ar ratios,

assuming direct bandgap transitions. Solid lines correspond to as-deposited (as-dep.) samples, and dashed
lines represent post-deposition annealed (PDA) films.
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B.2. Influence of hydrogen on optical properties
B.2.1. Extended reflectance and transmittance spectra
Figure B.4 presents the complete transmittance (T) and reflectance (R) spectra of FTO and
SnO2 films deposited under varying H2/Ar ratios, with the oxygen content fixed at 1% O2/Ar.
The spectra correspond to hydrogen concentrations of 0%, 0.2%, 0.4%, and 0.6% H2/Ar.

a) b)
Figure B.3: Transmittance (T) and reflectance (R) spectra of (a) FTO and (b) SnO2 thin films (∼ 200 nm thick)
deposited at varying H2/Ar ratios, with a fixed oxygen concentration of 1% O2/Ar. Solid lines correspond to

as-deposited (as-dep.) samples, and dashed lines represent post-deposition annealed (PDA) films.

B.2.2. Tauc plot analysis
Figure B.4 shows the complete Tauc plots for FTO and SnO2 thin films deposited under varying
H2/Ar ratios, with the O2/Ar ratio fixed at 1%. The absorption coefficient (α) is derived from
transmittance and reflectance spectra, and (αhν)2 is plotted versus photon energy (hν) to
estimate the optical bandgap (Eg), assuming a direct bandgap transition.

a) b)
Figure B.4: Tauc plots of (a) FTO and (b) SnO2 thin films (∼ 200 nm thick) deposited at different H2/Ar ratios,
assuming direct bandgap transitions. Solid lines correspond to as-deposited (as-dep.) samples, and dashed

lines represent post-deposition annealed (PDA) films.
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B.2.3. Urbach energy
Figure B.5 shows the Urbach energy (EU) analysis for FTO films deposited with 0% and 0.4%
H2/Ar, with the oxygen content fixed at 1% O2/Ar. The plots show the linear fit of ln(α) versus
photon energy (hν), which are used to extract the Urbach energy values.

a) b)
Figure B.5: Linear fit on ln(α) vs photon energy (hν) for FTO films sputtered with 0% and 0.4% H2/Ar: (a)

as-deposited (as-dep.) and (b) post-deposition annealed (PDA) films.

Figure B.6 shows the Urbach energy (EU) analysis for SnO2 films deposited with 0% and 0.4%
H2/Ar, with the oxygen content fixed at 1% O2/Ar. The plots show the linear fit of ln(α) versus
photon energy (hν), which are used to extract the Urbach energy values.

a) b)
Figure B.6: Linear fit on ln(α) vs photon energy (hν) for SnO2 films sputtered with 0% and 0.4% H2/Ar: (a)

as-deposited (as-dep.) and (b) post-deposition annealed (PDA) films.
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B.3. Carrier type and density
Table B.1 and Table B.2 summarize the measured carrier densities and conduction types for
FTO and SnO2 films deposited under different O2/Ar and H2/Ar gas ratios. In the as-deposited
state, both n-type and p-type conductivity are detected. Following post-deposition annealing
(PDA) in a pure nitrogen environment, all films consistently exhibit n-type behavior. The
reported carrier density values represent the average of five Hall measurements performed on
the same sample.

Table B.1: Carrier density (N) of FTO and SnO2 films as a function of O2/Ar sputtering gas ratios in the
as-deposited and post-deposition annealed (PDA) states. Positive and negative signs indicate p-type and n-type

conductivity, respectively, as determined by Hall effect measurements.

FTO N [cm−3]

O2/Ar [%] as-deposited PDA

0 +4.45 ·1021 −2.84 ·1020

0.15 +4.22 ·1021 −1.64 ·1021

0.2 −2.34 ·1020 −2.23 ·1020

0.3 −2.15 ·1020 −2.30 ·1020

0.4 +2.25 ·1019 −3.86 ·1020

SnO2 N [cm−3]

O2/Ar [%] as-deposited PDA

0 +1.12 ·1021 −3.84 ·1020

0.25 −3.02 ·1020 −4.19 ·1020

0.5 −2.92 ·1019 −1.17 ·1020

0.75 +9.34 ·1019 −8.45 ·1019

1 −1.10 ·1019 −8.15 ·1019

Table B.2: Carrier density (N) of FTO and SnO2 films as a function of H2/Ar sputtering gas ratios, with O2/Ar
ratio fixed at 1%, in both as-deposited and post-deposition annealed (PDA) states. Positive and negative values

indicate p-type and n-type conductivity, respectively, based on Hall effect measurements.

FTO N [cm−3]

H2/Ar [%] as-deposited PDA

0 +2.50 ·1019 −2.01 ·1021

0.2 +5.04 ·1020 −4.72 ·1019

0.4 +1.63 ·1020 −3.65 ·1019

0.6 +6.53 ·1019 −2.24 ·1020

SnO2 N [cm−3]

H2/Ar [%] as-deposited PDA

0 −1.10 ·1019 −8.15 ·1019

0.2 −2.00 ·1021 −3.22 ·1019

0.4 −4.62 ·1019 −3.39 ·1019

0.6 −4.15 ·1020 −3.30 ·1019
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B.4. EDX - atomic %
Table B.3 and Table B.4 present the elemental composition of FTO and SnO2 films, respectively,
obtained by energy-dispersive X-ray spectroscopy (EDX). The quantified elements include C,
O, Si, Sn and F for the FTO samples, while C, O, Si, and Sn for the SnO2 films. All values are
reported with their corresponding measurement uncertainties. Quantification is carried out
using the eZAF Smart Quant algorithm.

Table B.3: Elemental composition (at. %) of FTO films, including C, O, Si, Sn, and F, with measurement
uncertainties (error %).

O2/Ar [%]
C K

at. %
C K

error %
O K

at. %
O K

error %
F K

at. %
F K

error %
Si K

at. %
Si K

error %
Sn K
at. %

Sn K
error %

0 6.63 12.10 11.92 8.12 0.00 99.99 61.49 3.26 8.28 1.90
0.4 8.02 12.04 22.57 8.16 0.66 12.69 61.48 3.15 7.27 1.95
1 7.48 12.27 21.89 8.20 0.57 13.63 63.38 3.05 6.69 2.07

1 + 0.4% H2/Ar 4.22 10.02 31.81 6.85 0.29 23.02 45.30 3.87 18.39 3.08

Table B.4: Elemental composition (at. %) of SnO2 films, including C, O, Si, and Sn, with measurement
uncertainties (error %).

O2/Ar [%]
C K

at. %
C K

error %
O K

at. %
O K

error %
Si K

at. %
Si K

error %
Sn K
at. %

Sn K
error %

0 7.10 12.25 21.13 8.23 64.54 3.10 7.23 2.02
0.5 – – – – – – – –
1 6.46 12.99 20.09 8.30 68.12 2.80 5.34 2.22

1 + 0.4% H2/Ar 6.93 12.38 21.03 8.26 66.08 2.92 5.97 2.10

B.5. XPS analysis – extended data
Figure B.7 and Figure B.8 present the full X-ray photoelectron spectroscopy (XPS) survey spec-
tra for FTO and SnO2 films, respectively, in both as-deposited (as-dep.) and post-deposition
annealing (PDA) states.
For FTO (Figure B.7), the detected core-level peaks include F 1s, O 1s, Sn 3d, and C 1s. A
weak F 1s signal is consistently observed near 684.9 eV across all investigated conditions. The
sputtering gas compositions are pure Ar (0% O2/Ar), 0.4% O2/Ar, 1% O2/Ar, and 1% O2/Ar +
0.4% H2/Ar.
For SnO2 (Figure B.8), the detected core-level peaks include O 1s, Sn 3d, and C 1s. The
sputtering gas compositions are pure Ar (0% O2/Ar), 0.5% O2/Ar, 1% O2/Ar, and 1% O2/Ar +
0.4% H2/Ar.
Figure B.9 shows the quantification of Sn0, Sn2+, and Sn4+ components derived from high
resolution XPS data. The results are presented for FTO and SnO2 films as a function of
sputtering gas composition.
Table B.5 and Table B.6 list the atomic percentages of the core-level elements for FTO and
SnO2 films, respectively, in both as-deposited and PDA states.
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a) b)
Figure B.7: Full XPS survey spectra of FTO films under varying gas compositions in (a) as-deposited (as-dep.)
and (b) post-deposition annealing (PDA) states. Detected core-level peaks include F 1s, O 1s, Sn 3d, and C 1s.

A weak F 1s signal is visible near 684.9 eV for all gas compositions.

a) b)
Figure B.8: Full XPS survey spectra of SnO2 films under varying gas compositions in (a) as-deposited (as-dep.)

and (b) post-deposition annealing (PDA) states. Detected core-level peaks include O 1s, Sn 3d, and C 1s.
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a) b)

Figure B.9: Quantification of Sn0, Sn2+, and Sn4+ components obtained from high resolution XPS
measurements for (a) FTO and (b) SnO2 films as a function of sputtering gas composition, shown for both

as-deposited (as-dep.) and post-deposition annealed (PDA) states.

Table B.5: Atomic percentage of core-level elements (F, O, Sn, C) in FTO films, measured by XPS in as-deposited
(as-dep.) and post-deposition annealed (PDA) states at different sputtering gas compositions.

O2/Ar [%]
O1s at. %
as-dep.

Sn3d5 %
as-dep.

C1s at. %
as-dep.

F1s %
as-dep.

O1s at. %
PDA

Sn3d5 %
PDA

C1s at. %
PDA

F1s %
PDA

0 31.8 29.8 38.4 <1 29.2 37.2 33.6 <1
0.4 38.0 34.3 25.8 1.9 36.7 35.0 26.7 1.6
1 35.7 34.4 28.9 0.9 37.3 35.9 25.2 1.6

1 + 0.4% H2/Ar 31.4 27.8 40.4 0.5 20.5 14.0 64.2 1.2

Table B.6: Atomic percentage of core-level elements (O, Sn, C) in SnO2 films, measured by XPS in as-deposited
(as-dep.) and post-deposition annealed (PDA) states at different sputtering gas compositions.

O2/Ar [%]
O1s at. %
as-dep.

Sn3d5 %
as-dep.

C1s %
as-dep.

O1s at. %
PDA

Sn3d5 %
PDA

C1s %
PDA

0 37.0 33.8 29.2 49.4 27.1 23.5
0.5 35.3 34.3 30.5 57.2 25.5 17.3
1 36.8 33.6 29.7 57.3 23.1 19.6

1 + 0.4% H2/Ar 38.4 38.3 23.3 37.7 35.2 27.1
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B.6. XRD analysis of high temperature APCVD FTO
A representative FTO sample deposited by atmospheric pressure chemical vapor deposition
(APCVD) is characterized using X-ray diffraction (XRD). The film is grown on an aluminum
substrate under standard industrial processing conditions at 500 °C. The XRD pattern (Fig-
ure B.10) displays pronounced diffraction peaks corresponding to the (110) and (200) planes,
indicating that these are the preferred crystallographic orientations

Figure B.10: XRD patterns of a representative FTO film deposited by atmospheric pressure chemical vapor
deposition (APCVD) at 500 °C. The prominent peaks at (110) and (200) indicate preferred crystal orientations.

The measurement is performed on 700 nm FTO film on aluminum substrate.

B.7. SEM analysis
A comparative scanning electron microscopy (SEM) analysis of representative FTO (Fig-
ure B.11) and SnO2 (Figure B.12) films, deposited on (100)-oriented silicon wafers, reveals
distinct differences in film thickness and surface morphology through high resolution cross-
sectional and top-view imaging.
In the cross-sectional views (Figure B.11a and Figure B.12a), both films exhibit vertically aligned
columnar structures, characteristic of directional growth during sputtering. A distinct seed
layer is visible at the film–substrate interface, acting as a nucleation site for grain formation
and influencing the orientation, density, and size of the columns. As deposition progresses,
the columns widen, leading to grain coarsening and the formation of larger structural features
near the surface.
Top-view SEM images highlight clear morphological differences. In the FTO film (Figure B.11b),
the grains are not tightly packed together, and there are visible gaps, boundaries, or irregular
spacing between them. The SnO2 film (Figure B.12b) exhibits a denser, more uniform surface
morphology, indicating more effective grain coalescence and compact growth.
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a) b)

Figure B.11: SEM images of a representative FTO film (200 nm thick) deposited on a (100)-oriented Si wafer: (a)
cross-sectional view; (b) top-view.

a) b)

Figure B.12: SEM images of a representative SnO2 film (170 nm thick) deposited on a (100)-oriented Si wafer: (a)
cross-sectional view; (b) top-view.
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C.1. GenPro4 scattering matrices
In GenPro4, each optical interface is described by angular scattering matrices that define how
light is redistributed after interacting with the interface. For every incident angle, the matrices
specify the probability that light exits the interface at a given outgoing angle. Four scattering
channels are considered: forward transmission, forward reflection, backward transmission,
and backward reflection.
For visualization, these channels are combined into a single 2×2 block matrix, as illustrated
in Figure C.1. The horizontal axis represents the incident angle, θin, and the vertical axis the
outgoing angle, θout. The left and right columns correspond to light incident from the air and
substrate sides, respectively, while the upper and lower rows represent light exiting toward the
substrate and air. Each quadrant therefore describes a specific scattering process.
Angles are defined with respect to the surface normal, ranging from normal incidence (0◦)
to grazing propagation (±90◦). The color scale represents the normalized redistribution
probability, indicating the fraction of incident light redirected from a given incident angle
into a specific outgoing angle. The angular domain is discretized into finite intervals, with the
resolution chosen to balance numerical accuracy and computational cost.
For each incident direction, energy conservation requires that the sum over all outgoing
angles equals unity, while optical reciprocity imposes symmetry relations between forward
and backward scattering processes.
For flat interfaces, the scattering matrices are fully determined by the Fresnel equations and
Snell’s law, resulting in purely specular reflection and refraction. Specular reflection appears
as a diagonal feature because the incident and reflected angles coincide, whereas transmission
generates curved features associated with refracted propagation that terminate at the critical
angle for total internal reflection. These characteristic signatures are visible in the scattering
matrix of the flat air/glass interface shown in Figure C.1.

Figure C.1: Schematic illustration of the four scattering processes arranged in a two by two block matrix (left).
Angular scattering matrix representation of a flat air/glass interface in a solar cell device.: light redistribution

probability as a function of incident angle θin and outgoing angle θout (right).
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C.2. Sensitivity analysis
A sensitivity analysis is performed prior to experimental validation to identify the defect-
related electronic parameters that most strongly govern the performance of the reference
a-Si:H and nc-Si:H single-junction devices. The analysis focuses on the Urbach energies
(EU) of the exponential band tails and the density of mid-gap dangling bonds (NDB), which
influence sub-gap absorption, Shockley–Read–Hall (SRH) recombination, and ultimately the
attainable short-circuit current density (Jsc) and open-circuit voltage (Voc). For both absorbers,
a two-dimensional parameter sweep is conducted by varying EU and NDB over experimentally
relevant ranges while keeping all remaining parameters fixed at their baseline values.
For the a-Si:H device, the acceptor-like Urbach energy is varied between 0.010–0.070 eV,
the donor-like Urbach energy between 0.018–0.078 eV, and the dangling-bond density over
the range typical of PECVD-deposited a-Si:H. The resulting contour maps (Figure C.2) show
that Jsc is partially sensitive to variations in tail-state width or defect concentration, as tail
states primarily broaden the absorption edge while contributing comparatively weakly to
recombination under the calibrated capture cross-sections.
In contrast, Voc exhibits a pronounced dependence on both EU and NDB. Larger EU values
increase the density of band-tail states extending into the bandgap, while higher NDB con-
centrations introduce mid-gap defects that strongly enhance SRH recombination. Although
the total tail-state density (∼ 1020 cm−3 eV−1) is several orders of magnitude higher than the
dangling-bond density (∼ 1016 cm−3), the mid-gap energetic position of the dangling bonds
makes them the dominant recombination centers contributing to voltage loss.

a) b)

Figure C.2: Sensitivity of the calibrated a-Si:H single-junction solar cell to defect-related parameters:
(a) contour map of the open-circuit voltage (Voc) as a function of Urbach energy (EU) and dangling-bond

concentration (NDB); (b) corresponding contour map of the short-circuit current density (Jsc) within the same
parameter space. The black contour lines mark the combinations that reproduce the experimental

performance (Voc = 0.86 V, Jsc = 16.01 mA/cm2).

A similar analysis is performed for the nc-Si:H single-junction device, which is represented
using three depth-dependent sublayers to capture the evolution of crystalline fraction and
defect density during film growth. The resulting contour maps (Figure C.3) reveal trends
consistent with those observed in a-Si:H: Jsc remains relatively insensitive to EU and NDB,
whereas Voc depends strongly on both parameters due to enhanced mid-gap recombination.
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Despite their lower absolute concentrations (1014–1015 cm−3), dangling-bond defects again
dominate voltage loss because of their energetic position and high recombination activity. Tail
states influence Voc through their effect on quasi-Fermi-level splitting, but remain less critical
than mid-gap defects.

a) b)

Figure C.3: Sensitivity of the calibrated nc-Si:H single-junction solar cell to defect-related parameters:
(a) contour map of the open-circuit voltage (Voc) as a function of Urbach energy (EU) and dangling-bond

concentration (NDB); (b) corresponding contour map of the short-circuit current density (Jsc) for the same
parameter space. The black contour lines mark the combinations that reproduce the experimental values

(Voc = 0.52 V, Jsc = 28.6 mA/cm2).

Overall, the sensitivity analysis shows that Jsc in both a-Si:H and nc-Si:H absorbers is primarily
governed by optical absorption and carrier collection, while Voc is controlled by the density and
energetic distribution of recombination-active defects. Minimizing mid-gap dangling-bond
states while maintaining moderate Urbach energies therefore emerges as the most effective
strategy for optimizing voltage and overall device performance in both TF-Si absorbers.
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C.3. Sentaurus TCAD input parameters
Tables C.1–C.4 report the input parameters used in the Sentaurus TCAD device simulations.
Further details regarding the non-local tunneling models implemented across all simulated
solar cells, the optical absorptance profiles employed in the optoelectrical simulations, and
additional insights into the material properties, device configurations, and physical models
are provided in our previous work [271].

Table C.1: Material, defect and doping parameters for the p–i–n single junction a–Si:H solar cell.

Parameter AZO nc–SiOx (p+) nc–SiOx (p) a–Si:H (i) nc–SiOx (n)

Extended states
Bandgap, Eg [eV] 3.3 2.84 2.84 1.63 2.42
Electron affinity, χ [eV] 4.5 3.37 3.37 4.00 3.55
εr [–] 9.0 11.9 11.9 11.9 11.9
Nc [cm−3] 1.0×1020 1.0×1020 1.0×1020 1.0×1020 1.0×1020

Nv [cm−3] 1.0×1020 1.0×1020 1.0×1020 1.0×1020 1.0×1020

µn [cm2/Vs] 20 10 10 10 10
µp [cm2/Vs] 10 2 2 2 2
Doping concentration [cm−3] 3.8×1020 −1.0×1020 −6.0×1019 – 2.0×1019

Valence band tails
Urbach energy, Eu [eV] – 0.05 0.05 0.03 0.094
Nv,tail [cm−3/eV] – 1.0×1021 1.0×1021 2.0×1020 1.0×1021

σe [cm2] – 1.0×10−16 1.0×10−16 1.0×10−16 1.0×10−16

σh [cm2] – 1.0×10−16 1.0×10−16 1.0×10−16 1.0×10−16

Conduction band tails
Urbach energy, Eu [eV] – 0.08 0.08 0.022 0.068
Nc,tail [cm−3/eV] – 1.0×1021 1.0×1021 2.0×1020 1.0×1021

σe [cm2] – 1.0×10−16 1.0×10−16 1.0×10−16 1.0×10−16

σh [cm2] – 1.0×10−16 1.0×10−16 1.0×10−16 1.0×10−16

Dangling bonds
NDB [cm−3] – 1.3×1018 1.3×1018 7.8×1015 1.3×1018

Peak width [eV] – 0.21 0.21 0.14 0.21
Donor peak position [eV] – 1.1 1.1 0.92 0.9
Acceptor peak position [eV] – 1.4 1.4 1.02 1.2
Donor σe [cm2] – 3.0×10−14 3.0×10−14 3.0×10−14 3.0×10−14

Donor σh [cm2] – 3.0×10−15 3.0×10−15 3.0×10−15 3.0×10−15

Acceptor σe [cm2] – 3.0×10−15 3.0×10−15 3.0×10−15 3.0×10−15

Acceptor σh [cm2] – 3.0×10−14 3.0×10−14 3.0×10−14 3.0×10−14

Table C.2: Parameters used for the perovskite based single junction and tandem devices. The nc–SiOx (p)
parameters are adopted from the a–Si:H single junction solar cell (Table C.3).

Parameter Perovskite (WBG) Perovskite (Sn–Pb) C60 BCP NiOx PEDOT:PSS PTAA 2PACz (SAM) nc–SiOx (p)

Bandgap, Eg [eV] 1.68 1.23 2.10 3.50 3.80 1.60 3.30 3.40 2.84
Electron affinity, χ [eV] 4.00 3.90 3.90 2.50 1.46 3.50 1.80 1.70 3.37
Permittivity, εr [–] 6.5 20 10 10 10.7 3 3 10 11.9
Doping concentration [cm−3] – – 1.0×1019 1.0×1020 1.0×1019 1.0×1019 1.0×1019 1.0×1020 1.0×1020

Nc [cm−3] 1.0×1020 1.0×1018 2.0×1018 2.0×1018 2.0×1018 2.2×1018 2.2×1018 2.0×1018 1.0×1020

Nv [cm−3] 1.0×1019 1.0×1018 2.0×1019 1.8×1019 1.8×1019 1.8×1019 1.8×1019 2.0×1019 1.0×1020

µn [cm2/Vs] 35 20 8.9×10−4 1.0×10−3 1.0×10−2 1.0×10−3 4.0×10−5 1.0×10−3 10
µp [cm2/Vs] 35 10 8.9×10−4 5.0×10−2 1.0×10−3 1.9×10−2 4.0×10−5 1.0×10−3 2
Bulk lifetime, τ [s] 1.0×10−6 1.0×10−6 – – 1.0×10−7 5.0×10−6 1.0×10−5 – –
Surface recombination velocity [cm/s] – – – – 100 100 20 – –
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Table C.3: Material, defect and doping parameters for the p–i–n single junction nc–Si:H solar cell.

Parameter IO:H AZO nc–SiOx (p+) nc–SiOx (p) nc Si1 nc–Si2 nc–Si3 nc–SiOx (n)

Extended states
Bandgap, Eg [eV] 3.3 3.4 2.84 2.84 1.25 1.20 1.15 2.42
Electron affinity, χ [eV] 4.5 4.4 3.33 3.33 4.05 4.05 4.05 3.39
εr [–] 9.0 9.0 11.9 11.9 11.9 11.9 11.9 11.9
Nc [cm−3] 1.0×1020 1.0×1020 1.0×1020 1.0×1020 8.0×1019 8.0×1019 8.0×1019 1.0×1020

Nv [cm−3] 1.0×1020 1.0×1020 1.0×1020 1.0×1020 6.0×1019 6.0×1019 6.0×1019 1.0×1020

µn [cm2/Vs] 20 20 10 10 20 25 30 10
µp [cm2/Vs] 10 10 2 2 3 5 6 2
Doping concentration [cm−3] 3.8×1020 1.0×1015 −1.0×1020 −6.0×1019 – – – 2.0×1019

Valence band tails
Urbach energy, Eu [eV] – – 0.05 0.05 0.031 0.034 0.037 0.094
Nv,tail [cm−3/eV] – – 1.0×1021 1.0×1021 1.0×1019 5.0×1019 1.0×1020 1.0×1021

σe [cm2] – – 1.0×10−16 1.0×10−16 1.0×10−16 1.0×10−16 1.0×10−16 7.0×10−16

σh [cm2] – – 1.0×10−16 1.0×10−16 1.0×10−17 1.0×10−17 1.0×10−17 7.0×10−16

Conduction band tails
Urbach energy, Eu [eV] – – 0.08 0.08 0.031 0.034 0.037 0.068
Nc,tail [cm−3/eV] – – 1.0×1021 1.0×1021 1.0×1019 5.0×1019 1.0×1020 1.0×1021

σe [cm2] – – 1.0×10−16 1.0×10−16 1.0×10−17 1.0×10−17 1.0×10−17 7.0×10−16

σh [cm2] – – 1.0×10−16 1.0×10−16 1.0×10−16 1.0×10−16 1.0×10−16 7.0×10−16

Dangling bonds
NDB [cm−3] – – 1.3×1018 1.3×1018 1.5×1014 1.5×1014 1.5×1014 1.3×1018

Peak width [eV] – – 0.21 0.21 0.14 0.14 0.14 0.21
Donor peak position [eV] – – 0.9 0.9 0.7 0.7 0.7 1.1
Acceptor peak position [eV] – – 1.2 1.2 0.85 0.85 0.85 1.2
Donor σe [cm2] – – 3.0×10−14 3.0×10−14 3.0×10−15 3.0×10−15 3.0×10−15 3.0×10−14

Donor σh [cm2] – – 3.0×10−15 3.0×10−15 3.0×10−16 3.0×10−16 3.0×10−16 3.0×10−15

Acceptor σe [cm2] – – 3.0×10−15 3.0×10−15 3.0×10−16 3.0×10−16 3.0×10−16 3.0×10−15

Acceptor σh [cm2] – – 3.0×10−14 3.0×10−14 3.0×10−15 3.0×10−15 3.0×10−15 3.0×10−14

Table C.4: Material, defect and doping parameters for the p–i–n junctions of the tandem a–Si:H/nc–Si:H solar
cell for rigid and flexible substrates.

a–Si:H top subcell nc–Si:H bottom subcell

Parameter nc–SiOx (p)/a–SiOx a–Si:H (i) nc–SiOx (n) nc–SiOx (p+)/(p) nc–Si:H (i) nc–SiOx (n)

Extended states
Bandgap, Eg [eV] 2.84 1.65 2.42 2.84 1.25 2.42
Electron affinity, χ [eV] 3.37 4.00 3.55 3.33 4.05 3.39
εr [–] 11.9 11.9 11.9 11.9 11.9 11.9
Nc [cm−3] 1.0×1020 1.0×1020 1.0×1020 1.0×1020 6.0×1019 1.0×1020

Nv [cm−3] 1.0×1020 1.0×1020 1.0×1020 1.0×1020 8.0×1019 1.0×1020

µn [cm2/Vs] 10 10 10 10 30 10
µp [cm2/Vs] 2 2 2 2 6 2
Doping concentration [cm−3] 1.0×1020/1.0×1018 – 8.0×1019 2.0×1020/6.5×1019 – 4.0×1019

Valence band tails
Urbach energy, Eu [eV] 0.05 0.03 0.094 0.05 0.036 0.094
Nv,tail [cm−3/eV] 1.0×1021 2.0×1020 1.0×1021 1.0×1020 4.8×1019 1.0×1021

σe [cm2] 1.0×10−16 1.0×10−16 1.0×10−16 1.0×10−16 1.0×10−16 1.0×10−16

σh [cm2] 1.0×10−16 1.0×10−16 1.0×10−16 1.0×10−16 1.0×10−17 1.0×10−16

Conduction band tails
Urbach energy, Eu [eV] 0.08 0.022 0.068 0.08 0.036 0.068
Nc,tail [cm−3/eV] 1.0×1021 2.0×1020 1.0×1021 1.0×1020 9.6×1019 1.0×1021

σe [cm2] 1.0×10−16 1.0×10−16 1.0×10−16 1.0×10−16 1.0×10−17 1.0×10−16

σh [cm2] 1.0×10−16 1.0×10−16 1.0×10−16 1.0×10−16 1.0×10−16 1.0×10−16

Dangling bonds
NDB [cm−3] 1.3×1018 1.74×1016 1.3×1018 1.3×1018 3.0×1015 1.3×1018

Peak width [eV] 0.21 0.14 0.21 0.21 0.14 0.21
Donor peak position [eV] 1.1 0.92 1.1 1.1 0.7 1.1
Acceptor peak position [eV] 1.2 1.02 1.2 1.4 0.85 1.2
Donor σe [cm2] 3.0×10−14 3.0×10−14 1.0×10−14 1.0×10−14 3.0×10−15 1.0×10−14

Donor σh [cm2] 3.0×10−15 3.0×10−15 1.0×10−15 1.0×10−15 3.0×10−16 1.0×10−15

Acceptor σe [cm2] 3.0×10−15 3.0×10−15 1.0×10−15 1.0×10−15 3.0×10−16 1.0×10−15

Acceptor σh [cm2] 3.0×10−14 3.0×10−14 1.0×10−14 1.0×10−14 3.0×10−15 1.0×10−14
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C.4. Optical constants of absorber materials used in GenPro4

a) b)
Figure C.4: Refractive index (n) and extinction coefficient (k) of the absorber materials, including a-Si:H,

nc-Si:H, and perovskite absorbers with different bandgaps.
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