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ABSTRACT

Lead-tin (Pb-Sn) mixed perovskite solar cells (PSCs) enable bandgap tuning (1.1-1.4
eV), reduce toxicity, and offer great potential for efficient all-perovskite tandem
devices. Although they exhibit promising optoelectronic properties, Pb—Sn mixed
perovskites still face significant challenges that limit their overall device performance.
One critical issue is the loss of open-circuit voltage (Voc) due to energy-level
misalignment and defects arising from the coexistence of Pb and Sn within the
perovskite structure. This energy-level mismatch hinders efficient charge extraction
at the interfaces. At the same time, the mixed-metal-induced defects create local
variations in the conduction and valence bands, leading to band tailing, bandgap
fluctuations, and enhanced non-radiative recombination. Another issue is the rapid
formation of the perovskite film, especially the Sn-rich phase, leading to tiny gaps
where Pb and Sn atoms should be, thereby creating vacancies. Consequently, the
resulting films exhibit poor interface between the perovskite and adjacent transport
layers, further promoting recombination. Moreover, uncontrolled and poor
crystallization of the perovskite film can create tiny gaps, pinholes, or grain
boundaries, which act as shunt pathways. These key factors lead to leakage currents
and a reduction in Vo, consequently decreasing overall device efficiency. This thesis
aims to address these limitations by using interfacial engineering and controlling
crystallization kinetics.

In the first project, we improved the charge transport dynamics of the Pb-Sn
perovskite (FASNI3),.¢(MAPDI3)e., using an interface engineering strategy by
inserting an ultra-thin layer of poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA)
between the commonly used hole transport layer (HTL) poly(3,4-
ethylenedioxythiophene) polystyrene sulfonic acid (PEDOT: PSS) and the Pb-Sn
mixed perovskite layer. This selective interfacial material effectively passivates
surface defects, aligns more closely with the perovskite’s valence band, and thereby
enhances charge extraction. As a result, the Voc was substantially improved,

reaching 0.82 V, thereby increasing the power conversion efficiency (PCE) to 20.3%.



In the second project, the HTL—perovskite interface was improved by optimizing the
PTAA interlayer concentration in single-junction narrow-bandgap (NBG) perovskite
solar cells. This work built upon the advancements of the first project to enhance the
compatibility of NBG cells within all-perovskite tandem architectures. In these
configurations, the NBG sub-cell functions as the bottom cell, where efficient charge
extraction and suppressed interfacial recombination are critical for maximizing device
performance. By integrating this high-performance NBG cell with a wide-bandgap
(WBG) top cell, a monolithic all-perovskite tandem solar cell was realized.
Specifically, Csy.3FA.6MAq.1Pb(lo.7Br¢.3)3, Which has a bandgap of approximately
1.70 eV—the system was successfully translated into an all-perovskite tandem

structure, achieving a Voc exceeding 2.0 V and a PCE of 25.1%.

In the third project, a gas quenching (GQ) approach is introduced as an alternative to
conventional anti-solvent (AS) quenching to achieve slower crystallization, smoother
perovskite films with fewer pinholes, enhanced Voc, and improved PSC efficiency.
The GQ approach resulted in slower crystallization and modified film quality. Devices
fabricated using the GQ approach also demonstrated better performance with higher
Voc values. Specifically, devices prepared with the AS method achieved a champion
PCE of 18.3%, whereas those prepared with the GQ method achieved a higher PCE
of 19.1%.

This improvement in efficiency, combined with enhanced reproducibility and the
simplicity and environmental friendliness of the GQ approach, underscores its
advantages for processing NBG Pb-Sn mixed perovskite films. Therefore, the GQ
method holds significant potential for application in the fabrication of NBG Pb-Sn
PSCs.

Keywords: All-perovskite Tandem Solar Cells, Crystallization Engineering, Gas-

Quenching, Interface Engineering, Pb—Sn Mixed Perovskites.
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1 INTRODUCTION

1.1 Motivation of the Study

Globally, energy demand increases over time due to economic development,
technological advancements, population growth, climate and seasonal changes,
and shifts in infrastructure and lifestyle."* To meet this need, a diverse range of
energy sources is utilized, categorized into fossil fuels (such as oil, coal, and
natural gas), renewable energies (such as solar, wind, hydro, biomass,
geothermal, and hydrogen), and fissile materials (notably uranium and
thorium).®>* Man-made climate change, closely linked to energy demand and
consumption, is one of the most pressing global challenges of our time.
Nonrenewable energy sources, particularly fossil fuels, are the primary
contributors to global climate change due to their high greenhouse gas
emissions. Consequently, the use of renewable energy sources is considered as
a vital option to mitigate this problem while meeting our energy demand. In
relation to this, renewable energy sector is experiencing rapid growth amid rising
global energy demand. It represents a superior alternative to conventional non-
renewable sources, offering substantial economic and strategic benefits while
remaining environmentally sustainable.® These sources are abundant,

sustainable, enhance energy security, and have minimal environmental impact.®”’
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Figure 1.1: The National Renewable Energy Laboratory (NREL) solar cell efficiency
chart, taken from the 2025 report.8

Among the various renewable and clean energy sources, solar energy stands out
as an ideal candidate due to its abundance, free availability, and carbon emission-
free nature.® On a clear day, the Earth receives about 173,000 terawatt-hours of
energy from the sun—almost the same as the total amount of energy the world
used each year before the COVID-19 pandemic.’® This enormous supply of
sunlight shows how much potential solar panels have as a clean and dependable
source of electricity. Important advances in solar technology began in the early
1900s with the development of quantum theory and the discovery of the
photovoltaic effect.!* A photovoltaic (PV) device, or a solar cell, which converts
solar energy into electrical energy, is fundamental to solar energy utilization.
While research in this field began in the mid-20th century—most notably with the
development of silicon-based devices in 1954—it has since expanded to include
a wide variety of new materials. Most commercially available solar cells today are
based on silicon, which is well known for its high efficiency in converting sunlight
into electricity. However, challenges such as silicon’s low light absorption
coefficient and rigidity have driven the need to develop alternative PV
technologies.**** In response to these limitations, recent advancements have led

to the development of next-generation solar cells, including organic solar cells,



dye-sensitized solar cells, and perovskite solar cells. Each of these technologies
offers unique advantages and promising pathways toward high-efficiency, low-
cost photovoltaics.***°

Of these next-generation approaches, perovskite solar cells rapidly emerged as a
leading technology. Their rise is driven by exceptional optoelectronic properties—
such as long carrier diffusion lengths'®, high absorption coefficients,*’ lower
manufacturing costs, low-temperature processing, lightweight nature, and simpler
production methods, compared to traditional silicon-based cells.**'° The rapid
evolution of perovskite solar cells is the result of transformative contributions
from several key figures in the scientific community. The field was inaugurated in
2009 by Tsutomu Miyasaka, who demonstrated the first perovskite-based
photovoltaic device.”® This foundation was significantly expanded by Michael
Gratzel, whose pioneering work on dye-sensitized solar cells provided the
conceptual framework for early perovskite research, and Nam-Gyu Park, who
was instrumental in developing high-efficiency solution-processed PSCs.?!??
However, the rapid rise of the perovskite was catalyzed in 2012 by Henry Snaith
and colleagues at Oxford University, who developed solid-state perovskite solar
cells and significantly improved device architectures,?® while Alex Jen advanced
the field through interface engineering and the development of flexible devices.?*
Furthermore, the collective efforts of scholars such as Yang Yang, Edward H.
Sargent, and C. Adachi have been instrumental in optimizing stability, thereby
positioning PSCs as a leading next-generation technology.?*2%%’

As shown in Figure 1.1, the power conversion efficiencies of perovskite solar
cells have increased from 3.8% in 2009 to an anticipated 27.0% in 2025,
approaching the record efficiency of silicon solar cells, which currently stands at
27.81%, according to a recent press release.? However, these high-performing
perovskite devices are primarily lead-based, raising concerns about
environmental toxicity and limiting their suitability for sustainable large-scale

deployment. To address these challenges, partial substitution of lead with tin has



emerged as a viable strategy. Lead—tin mixed perovskites reduce the toxic lead
content and enable bandgap tuning toward the infrared region. Pure lead-based
perovskites, while efficient, pose toxicity concerns and have limited spectral
coverage. Tin-based perovskites, on the other hand, offer lower bandgaps but
face challenges in stability and reproducibility. By alloying lead and tin,
researchers can engineer perovskites with tunable bandgaps in the ideal range of
1.2-1.4 eV.?® This compositional tuning enables the integration of Pb-Sn mixed
perovskites as bottom cells in all-perovskite tandem architectures, pushing the

boundaries of solar cell efficiency.?**°

Despite their promising potential, Pb-Sn mixed perovskite solar cells continue to
face several critical challenges. A primary concern is the consistently low open-
circuit voltage (Voc), which results from enhanced non-radiative recombination,
oxidation of Sn** to the more stable Sn**, defect formation, and suboptimal
energy band alignment—factors that collectively limit device performance.
Furthermore, the next target highlights limitations of the conventional antisolvent
method used in perovskite film formation. Specifically, Sn crystallizes much faster
than Pb, leading to inhomogeneous Pb-Sn crystallization throughout the film,
uneven film morphology, and poor batch-to-batch repeatability, all of which
further degrade device efficiency.

To address Voc losses, the first project, titled “Mechanisms and Mitigation of Voc
Losses in Pb—Sn Perovskite Solar Cells,” demonstrated the effectiveness of
interface engineering in suppressing non-radiative recombination. A key strategy
involved introducing a thin poly(triarylamine) (PTAA) interlayer between the
poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) and the
narrow-bandgap (NBG) Pb—Sn mixed perovskite. This interfacial modification,
combined with careful optimization of film morphology and device architecture,
significantly improved Voc and enhanced overall photovoltaic performance. The
second project, titled “Impact of Improved NBG Cells in All-Perovskite Tandem

Architectures,” demonstrated that integrating the improved narrow-bandgap



(NBG) perovskite with a wide-bandgap (WBG) perovskite, specifically
Cso.3FAq.6MA(.1Pb(ly.7Bro.3)s, which has a bandgap of approximately 1.70 eV,
led to significant improvements in open-circuit voltage and overall power

conversion efficiency.

The third project addressed limitations associated with film formation by replacing
the traditional antisolvent technique with gas quenching, which has shown
considerable promise. This approach enables better control over crystallization
kinetics, eliminates the need for toxic solvents, improves film uniformity,
enhances reproducibility, and yields larger grain sizes, ultimately contributing to

superior device performance.

1.2 Research Objectives
1.2.1 General Objective

This research aims to enhance the performance of Pb-Sn perovskite solar cells
by addressing two critical challenges. First, it targets open-circuit voltage losses
in narrow-bandgap absorbers used in both single-junction perovskite solar cells
and all-perovskite tandem architectures. Second, it seeks to overcome the film-
forming challenges of Pb-Sn mixed perovskites encountered in conventional
antisolvent-quenching-based processing. The study proposes strategies to
mitigate Voc losses in narrow bandgap perovskite sub-cells for all-perovskite
tandem solar cells and to employ a gas-quenching-based processing technique
to fabricate high-quality Pb-Sn mixed perovskite films, thereby improving the

efficiency of single-junction perovskite solar cells.

1.2.2 Specific Objectives

The primary objectives of this research are to:
I.  Optimize the concentration of the interlayer (PTAA) between PEDOT: PSS
and Pb-Sn perovskite.

ii.  Fabricate narrow bandgap sub-cells using various hole transport materials,



such as PEDOT: PSS-based PSCs, PTAA-based PSCs, and PTAA/PEDOT:
PSS-based PSCs to enhance Voc and incorporate them into tandem
architectures.

Investigate the crystallization kinetics of Pb-Sn mixed perovskite films under
gas-quenching conditions compared to conventional antisolvent methods.
Assess the film morphology, grain size, and repeatability of perovskite films

fabricated via gas quenching.

1.3 Dissertation Outline

This dissertation comprises seven chapters and discusses concerns about
PSCs, including both single-junction and tandem configurations. The first chapter

outlines the motivation, objectives, and structure of the dissertation.

The second chapter provides the theoretical background of solar cells, an
overview of PSCs, and their working principles. Section 2.3 focuses explicitly on
Pb-Sn mixed perovskites, highlighting their advantages, such as bandgap tuning,
reduced toxicity, and compatibility with tandem applications, compared to pure
lead- and pure tin-based perovskites. It also addresses the challenges
associated with Pb—Sn mixed perovskites, including instability, energy band
misalignment, tin oxidation, defects, Voc losses, and uncontrolled crystallization.
To overcome these challenges, researchers have employed a combination of
guenching techniques, additive engineering, passivation strategies, and interface
modifications. The final section of this chapter further explores two distinct all-
perovskite tandem configurations, four-terminal (4T) and two-terminal (2T), by
reviewing their device architectures and providing a brief comparison of their

structural and operational characteristics.

Chapter 3 describes the research methods and experimental steps needed to
make perovskite thin films and both single-junction and all-perovskite tandem



solar cells. Furthermore, this chapter describes the procedures for thin-film and

device performance characterization applied to both configurations

Chapter 4 explores the mechanisms behind Voc losses and their mitigation in
Pb—Sn perovskite solar cells through interface engineering between the HTL and
the perovskite. The study focuses on a Pb—Sn perovskite absorber with a narrow
bandgap of 1.25 eV. Instead of using a conventional single-layer HTL, a bilayer
configuration is introduced, resulting in a significant enhancement of Voc and
enabling the device to achieve a power conversion efficiency of 20.3%.
Furthermore, this chapter provides a comprehensive characterization of the
synthesized perovskite films, employing microscopic and spectroscopic
techniques to assess surface morphology and topography, as well as interfacial

properties, including defect states and energy-level alignment.

In tandem solar cells, the Voc of the bottom cell directly contributes to the total
device voltage. Therefore, enhancing the Voc in Pb—Sn mixed perovskites is
crucial for improving overall tandem performance, as described in Chapter 5.
This chapter builds on the findings presented in Chapter 4, beginning with the
optimized design of single-junction Pb—Sn mixed perovskite solar cells and
progressing toward the development of all-perovskite tandem architectures. The
tandem cell employs a 1.25 eV bandgap Pb—Sn mixed perovskite, combined with
a conventional Pb-based perovskite with a 1.7 eV bandgap. A charge-carrier-
selective bilayer strategy enables effective charge-carrier extraction, enabling the
tandem structure to achieve an open-circuit voltage of 2.00 V and a power

conversion efficiency of 25%.

The various challenges associated with Pb-Sn mixed perovskite solar cells,
discussed in Chapter 2, directly affect their efficiency. Chapter 6 explores gas
guenching as an alternative to the traditional antisolvent method for fabricating
Pb-Sn mixed perovskite solar cells. This technique eliminates the need for

hazardous antisolvents and enhances performance consistency. The gas-



guenching-based selective crystallization technique also helps produce high-
quality films by allowing grains to grow at a controlled rate and slowing the
crystallization process. These advancements ultimately enabled a power
conversion efficiency of 19.1% to be achieved.

The final chapter presents the conclusions and outlooks derived from the
research conducted throughout this thesis, summarizing key findings and their
scientific implications. It also offers a forward-looking perspective on potential
future directions for perovskite solar cell development, including opportunities for

further material optimization and device engineering.



2 STUDY BACKGROUND AND STATE OF THE ART

This chapter offers a foundational overview of solar cells and metal-halide
perovskites, with a particular focus on the Pb—Sn mixed compositions employed in
this thesis. It begins by outlining the fundamentals of solar cells and the evolution of
solar cell technologies across successive generations, highlighting their respective
potentials, inherent challenges, and the rationale for selecting perovskites as
promising candidates for future-generation device physics. The chapter concludes by
synthesizing key theoretical frameworks and experimental findings from the literature,
encompassing both single-junction Pb—Sn perovskite solar cells and all-perovskite

tandem architectures.

2.1 Solar Cells

Solar cells are semiconductor devices that convert sunlight directly into electricity
using the photovoltaic effect. When the solar cell absorbs photons, their energy
excites electrons from the valence band to the conduction band, leaving behind
holes. This procedure generates electron-hole pairs within the absorber material,
typically a p-n junction. An internal electric field separates these charge carriers
and drives them toward the electrodes, resulting in an electric current that can
power external loads.®! The theoretical foundation of solar cells lies in the
photoelectric effect, first observed by Alexandre Edmond Becquerel in 1839 and
later explained by Albert Einstein in 1905.3%%% The first actual solar cell was
developed in 1883 by C. Fritts, using selenium coated with a thin layer of gold,
though its efficiency was less than 1%.** Building on these early experiments, a
breakthrough came in 1954 at Bell Labs, where D. Chapin, C. Fuller, and G.
Pearson created the first silicon-based photovoltaic cell, achieving around 6%
efficiency. This year marked the beginning of practical solar technology, initially
used to power satellites during the 1960s space race, where reliability and
independence from Earth-based power sources were critical.®*® Following this
milestone, the subsequent decades withessed significant improvements as solar

cells became more efficient and affordable, as illustrated in Figure 2.1.



2.1.1 Generation of Solar Cells

Classifying solar cells into three generations offers a distinct framework for
understanding their technological development, material advancements, and

performance achievements.

First-generation solar cells are silicon-based technologies, including
monocrystalline and polycrystalline silicon cells. These cells rely on well-
established semiconductor physics and have been the backbone of commercial
photovoltaics for decades.® These devices are known for their superior efficiency
and stability. Despite their stability and reliability, first-generation cells face
limitations in material costs, energy-intensive production, and performance
degradation at high temperatures.®”*

Second-generation solar cells, often called thin-film cells, employ semiconductor
layers only a few micrometers thick, significantly thinner than those in crystalline
silicon-based cells. The combination of using less material and lower-cost
manufacturing processes enables manufacturers of solar panels based on this
technology to produce PV panels at much lower cost. There are three types of
solar cells considered in this category: amorphous silicon (a-Si), cadmium
telluride (CdTe), and copper indium gallium selenide (CIGS). However, concerns
over toxic elements (e.g., cadmium in CdTe) and the devices' lower efficiency
and long-term stability have limited their widespread adoption.3%°

The third-generation solar cells represent the frontier of photovoltaic innovation,
aiming to surpass the Shockley—Queisser efficiency limit through novel
mechanisms and materials. This category includes perovskite solar cells, organic
photovoltaics, quantum dot cells, and multi-junction tandem architectures.***
These emerging technologies explore advanced concepts like hot-carrier
extraction, upconversion, and intermediate band absorption to harness a broader

spectrum of sunlight.****
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While still facing challenges in stability, scalability, and commercialization, third-
generation cells embody the future of high-performance, sustainable solar
energy. Therefore, the third generation of PV technology, particularly perovskite
solar cells, is regarded as the most promising, lightweight, and versatile option
for photovoltaic power generation. Indeed, the most compelling features of these
devices include tunability of their optoelectronic and electronic properties,

solution-processability, and the low cost of their precursor materials.*
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Figure 2.1: Three generations of solar cells illustrating the transition from conventional
silicon to advanced thin-film and next-generation materials, driving the global shift
toward sustainable energy solutions.

Understanding the limits of solar cell performance requires a thorough
examination of the fundamental physical principles governing their operation.
These limiting factors encompass the electronic band structure of
semiconductors, the position of the Fermi level, theoretical efficiency bounds
such as the Shockley—Queisser Ilimit, and loss mechanisms such as
thermalization and non-radiative recombination. Each of these plays a critical role
in determining a solar cell's effectiveness in converting sunlight into electrical

energy.
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A semiconductor’s bandgap E4 is the energy difference between its valence band
(maximum energy of occupied states) and conduction band (minimum energy of
unoccupied states). Only photons with energies E 2 E4 can excite an electron
across the bandgap, initiating electrical conduction. The bandgap, therefore,
determines the spectral region over which a solar cell can harvest photons for

energy conversion:
Eg = EC - Ev, (21)

where Ec and Ey are the energies of the conduction and valence band edges, in
a solar cell, the process begins with photon absorption, since only photons with
energy greater than or equal to the semiconductor bandgap can excite electrons
from the valence band into the conduction band. The probability of absorption
determines the material’s absorptivity, which depends on the absorption
coefficient a(E), the thickness (d) of the absorber layer governed by the Beer—

Lambert law:
A(E) =1 — 2B (2.2)

The interaction between the semiconductor materials in the device and incident
light primarily determines current generation in a solar cell. Each material has a
unique energy-dependent absorptivity a(E), which indicates how strongly it
absorbs a range of photon energies. When photons are absorbed, they generate
electron-hole pairs; if these charge carriers are effectively separated and guided
to the electrodes, they can collect an electrical current. The resulting
photogenerated current density J,n depends on two main factors: the material’s
ability to absorb light and the spectral distribution ¢(E) of the light source, which
describes the range of photon energies and their intensities, as shown in

equation 2.3.
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Jon = qf P(E) (1 — e “BXgE (2.3)
0

However, if the photon energy is much larger than the bandgap, the excited
carriers quickly lose excess energy through phonon scattering, a process known
as thermalization, and the energy lost per photon is Ejsss = (Ephoton — Eg), Which
fundamentally limits the efficiency of single-junction devices. Moreover, after
relaxation, carriers must be transported to the electrodes, which occurs via drift in

the built-in electric field of the p—n junction.

Additionally, during carrier transport, recombination processes inevitably occur,
either radiatively or non-radiatively via defect states through Auger interactions,
or Shockley—Read—Hall mechanisms, as depicted in Figure2.2. Such
recombination pathways impose fundamental losses, thereby reducing both

current and voltage.

Radiative recombination, which is also called band-to-band recombination,
occurs when an electron in the conduction band recombines with a hole in the
valence band, releasing energy in the form of a photon. This emitted photon has
energy approximately equal to the semiconductor's bandgap. It is relatively
unimportant in silicon because its radiative lifetime is extremely high.*® Yet, on
the other hand, there are also non-radiative recombination processes, and it can
be auger or trap-assisted recombination.

Auger recombination involves three particles: an electron and a hole, which
recombine via a band-to-band transition and release the energy to another
electron or hole.*” The expression for the net recombination rate is similar to that
of simple band-to-band recombination, but the involvement of a third particle
affects the recombination rate.*® Shockley-Read-Hall (SRT) recombination, also
named trap-assisted recombination. SRT is a two-step process that occurs when
an electron falls into a trap, an energy level within the bandgap caused by a

foreign atom or a structural defect. Once the trap fill, it cannot accept another
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electron. In a second step, the electron occupying the trap falls into an empty
valence-band state. The number of impurities and defects in the silicon

determines SRH recombination.*®

Energy

Radiative Auger Shockley-Read-Hall (SRH)

Figure 2.2. Schematic recombination mechanisms in a band diagram, (a) Radiative
recombination and (b) Auger band-to-band decay represent intrinsic processes, ()
Shockley—Read—Hall (SRH) recombination.

Furthermore, under illumination, the system departs from equilibrium, and
separate quasi-Fermi levels for electrons and holes emerge; the splitting
between them determines the maximum open-circuit voltage. The combined
effects of absorption, generation, relaxation, transport, recombination, and quasi-
Fermi level splitting captured in the Shockley—Queisser detailed balance limit,
which predicts the maximum efficiency of a single-junction solar cell to be about
33.7% near E; approximately 1.34 eV under AM1.5G illumination, and the

current—voltage relation for a single junction cell is expressed as in question
2.4.°°

JW) = Jon = Jo (" er = 1), (2.4)

where J, is the dark saturation current linked to recombination.
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2.2 Perovskite Solar Cells

Perovskite solar cells are named after the mineral perovskite, as they share its
distinct crystal structure. The original compound identified as perovskite was
calcium titanate (CaTiO3), discovered in 1839 by German mineralogist Gustav
Rose. He named it in honor of Lev Perovski, which led to the broader family of
materials sharing the same distinctive crystal structure being called
'perovskites’.>* These compounds share a common crystal framework described
by the general formula ABX3, where A is typically a monovalent cation (such as
methylammonium, formamidinium, or cesium), B is a divalent metal cation
(commonly lead, or tin), and X is a halide anion (such as iodide, bromide,
chloride or oxygen). Together, they form the characteristic perovskite lattice
structure, as illustrated in Figure 2.3a and b. Hybrid perovskites, comprising both
inorganic and organic components, were first synthesized and reported in 1978.%
Yet, their potential as light-harvesting materials was not reported until 2009,
when Kojima and co-workers demonstrated the first solar cell employing
methylammonium lead iodide (MAPI) and methylammonium lead bromide
(MAPBY). In this pioneering work, perovskite nanocrystals were introduced as
absorbers within a dye-sensitised solar cell (DSSC) configuration, effectively
replacing conventional organic dyes and achieving a power conversion efficiency
(PCE) of 3.8%.%°
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Figure 2.3: Basic structure of ABXs; perovskite (a) reproduced with permission from
Springer Nature®® and Schematic representation of the compositional diversity of
perovskite materials, highlighting key categories such as halide-based perovskites and
oxide-based perovskites (b).

The perovskite materials structure features a body-centered lattice that may
adopt hexagonal, cubic, or orthorhombic symmetry, with the positively charged
A-site cation occupying the central position. As shown in Figure 2.4, for a
perovskite to adopt a stable, symmetric cubic structure, the tolerance factor
typically falls within 0.8-1.0. Values close to 1.0 indicate a near-perfect fit,
resulting in a highly symmetric and efficient crystal lattice ideal for charge
transport. Deviations below 0.8 often lead to structural distortions, such as
orthorhombic or tetragonal phases, while values above 1.0 may result in

hexagonal or other non-perovskite structures.>
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Figure 2.4: Structural variations in perovskite materials as a function of tolerance factor
reproduced with permission from reference®, Copyright © 2015 ACS
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Specifically, a Goldschmidt tolerance factor within the appropriate range
indicates that the body-centered structure is perovskite.
The Goldschmidt tolerance factor (t) is defined as follow:

= fatlx (2.5)
V2(rg+ryx)’

where rp, g, and ry are the effective ionic radii for A, B, and X atoms,
respectively. It should be within the range of 0.8 <t< 1.0 to sustain the 3D
structure.”® The A-site cation in perovskite materials can be either inorganic, such
as rubidium (Rb*) or cesium (Cs*), or organic, including methylammonium (MA*,
CH3NH3*) and formamidinium (FA*, HC(NH,),"). Importantly, compositional
mixing of these cations is not only feasible but also beneficial, as it can
substantially enhance the structural and environmental stability of the

perovskite.>’

Perovskite solar cells have emerged as one of the most promising innovations in
photovoltaic technology due to their exceptional photoelectric properties,
including high absorption coefficients, long carrier diffusion lengths, and tunable
bandgaps.®®*® Their low-temperature solution-based fabrication methods also

enable cost-effective and flexible manufacturing.

2.2.1 Structural Configurations of Perovskite Solar Cells

This section presents the core design principles of perovskite solar cells,
focusing on two primary device architectures: the planar n—i—p and the inverted
p—i—n configurations, as shown in Figure 2.5. It also highlights the key functional

layers essential for efficient photovoltaic operation.

In the regular (n-i-p) architecture, Figure 2.5a, the perovskite layer is deposited
on electron transport layer (ETL) such as TiO,, SnO,, ZnO, PCBM (([6,6]-phenyl-
Ce1-butyric acid methyl ester) and a hole transport layer (HTL), Spiro-MeOTAD
(2,2',7,7'2,2',7,7"-Tetrakis[N,N-di(4-methoxyphenyl)amino]9,9'9,9'spirobifluorene),
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PTAA (poly(triarylamine)), P3HT (poly(3-hexylthiophene)) and NiOy (inorganic
alternative).®® This design enables simpler fabrication and is well-suited for
scalable techniques like blade coating and inkjet printing. However, it demands
high-quality perovskite films with minimal defects to ensure efficient charge

extraction and reduced recombination.

On the other hand, the inverted (p—i—n) architecture, as seen on Figure 2.5b,
reverses the layer sequence, placing the HTL such as, poly(3,4-
ethylenedioxythiophene) poly(styrene sulfonate) (PEDOT: PSS), PTAA, P3CT.x
(X = Na, K, Rb, Cs), NiO4, CuSCN, Cul, and CuO beneath the perovskite and
the ETL with PCBM, Cgo, ZnO, TiO,, M0oO3, SnO, on top.61 This configuration is
compatible with low-temperature processing and flexible substrates, making it
attractive for tandem integration. Inverted architecture exhibits reduced
hysteresis and demonstrates superior interface stability, especially when utilizing

organic transport layers.

Electrode Electrode
HTL Sy <+ <4 /150
Perovskite 7 Perovskite

ETL HTL
ITO ITO

Figure 2.5. Typical device structure of perovskite solar cells: (a) regular (n—i—p)
architecture, where the electron transport layer (ETL) is deposited beneath the
perovskite absorber, followed by the hole transport layer (HTL) on top, and (b) inverted
(p—i—n) architecture, where the HTL is at the bottom, followed by the perovskite layer
and then the ETL.

2.2.2 Working Mechanism of Perovskite Solar Cells
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Perovskite solar cells operate by converting sunlight into electricity through a
sequence of photophysical processes within a layered device structure, as
discussed in the previous section. Figure 2.6 shows the general working
mechanism of perovskite solar cells. In a typical perovskite solar cell, the working
mechanism begins with photon absorption by the perovskite active layer, which
initiates the generation of charge carriers. These carriers then undergo
separation, are transported through the respective charge-transport layers, and
are ultimately collected at the electrodes, representing the key sequential steps
that define the device’s operational process.®® The electron transport layer,
composed of n-type material, facilitates the migration of electrons from the
absorber layer to the cathode. The hole-transport layer, made of p-type material,
carries holes from the absorber layer to the anode. Finally, the electrodes
included an anode and a cathode, including FTO, ITO, Ag, Al, Au, etc.®®

\ HTL
fe-\
ITo £ ‘
- h
h+

\ " h* Electrode
Perovskite

ETL

Figure 2.6: Schematic illustration of working principle of typical p-i-n structure perovskite
solar cells, with the key processes involved in light absorption, exciton generation,
charge separation, and carrier transport across the full stack perovskite device layers.

Light absorption & Exciton generation: In a first step, Perovskite materials
exhibit strong absorption across the visible spectrum due to their direct bandgap

and high absorption coefficients. Upon illumination, photons are absorbed in the
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perovskite layer, generating electron—hole pairs (excitons).®* These steps are
governed by the material’'s band structure, exciton binding energy, film
morphology, and optical design, all of which determine how efficiently photons
are absorbed and converted into bound or free electron—hole pairs.

Exciton diffusion to the interface & dissociation: Once generated, excitons or
free carriers must reach the interfaces with transport layers due to the low
exciton binding energy in perovskites, these pairs readily dissociate into free
charge carriers. Electrons are transported to the ETL, while holes migrate to the
hole HTL. Dissociation occurs at interfaces with ETL or HTL layers, where

energy-level offsets facilitate charge separation.®>®

Charge Transport and Collection Mechanisms

Following dissociation, electrons and holes migrate through their respective
transport layers. Efficient charge transport depends on the mobility and
conductivity of ETL and HTL materials.®’ These properties, combined with
minimal interfacial defects and low extraction barriers, dictate the efficiency of
carrier transfer across the interface. Finally, the electrodes collect the charges;
these typically comprise a transparent front contact, such as ITO or FTO, and a
metal or carbon-based rear contact. Early research established the use of gold
and silver rear contacts to ensure high conductivity.®® More recently, pioneers
such as Henry Snaith have championed the integration of carbon electrodes as a

cost-effective and stable alternative to traditional metal evaporation.®
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Figure 2.7: Overview of commonly used charge transport layers in perovskite solar cells,
including hole transport layers (HTLs) and electron transport layers based on their
function and compatibility with different device architectures.

Figure 2.5 depicts the typical architecture of perovskite solar cells, which play a
pivotal role in regulating carrier flow and minimizing recombination in photovoltaic
and optoelectronic devices.”® The active layer, perovskite, is sandwiched
between these transport layers, HTLs and ETLs, each further subdivided into
organic and inorganic categories as shown in Figure 2.7. On the HTL side,
organic materials such as Spiro-OMeTAD and PEDOT: PSS are widely used for
their tunable energy levels and solution-processability, while inorganic HTLs like
NiOx and CuSCN offer superior thermal stability, High mobility, excellent
transparency, good chemical stability, high conductivity, perfect band alignment,
and long-term durability.”*"? Similarly, the ETL branch includes organic options
like PCBM and Cg, known for their compatibility with low-temperature

374 alongside inorganic ETLs such as TiO,, SnO,, and ZnO, which

processing,
provide excellent electron mobility and band alignment.””® ETLs such as TiO,,
Sn0O,, or ZnO selectively extract and transport electrons toward the cathode,
while HTLs like Spiro-OMeTAD, PTAA, or NiOy enable efficient hole collection at
the anode. The energy-level alignment between layers is optimized to minimize

recombination and maximize charge separation, thereby enhancing device
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performance. Arrows indicate the flow of photogenerated electrons and holes
under illumination, emphasizing the importance of interfacial engineering and

material selection in achieving high power conversion efficiency.

Key performance metrics of perovskite solar cells

This thesis evaluates the perovskite solar cell performance evaluated through
current—voltage (I-V) measurements, which yield key parameters such as power
conversion efficiency (PCE), open-circuit voltage (Voc), fill factor (FF), and short-
circuit current (Jsc) under a measurement of 1 sun illumination (100 mW/cm?) as
shown in Figure 2.8. During the measurement process, a bias voltage is applied
to the illuminated solar cell, and the corresponding current is recorded across a

range of applied voltages.

a) Short-circuit current density (Jsc): The amount of current generated per unit
area when the perovskite solar cell is short-circuited (i.e., when the voltage
across the cell is zero, V = 0 V). It represents how effectively the cell converts
light into electrical current and is typically expressed in mA/cm2. In practical
applications, the short-circuit current (lsc) is generally reported as current density,
defined as the electric current per unit area:

Jsc = Isc X Active area of the solar cells (2.6)

b) Open circuit voltage (Voc): Voc is the maximum voltage with no current
flowing (i.e., the circuit is open) or no current is flowing (Jsc = 0 mA/cm?), the
voltage of the electrodes under illumination is neutralized due to the bias voltage.
The expression for open-circuit voltage is derived by setting the net current in the
solar cell equation to zero.

KT I
Voo = nTln (_L 1), 2.7)

Lo
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where n is the ideality factor of the diode, K is Boltzmann constant (1.38 x 10
233/°K), T is the temperature, q is electron charge (1.602 x 10™*° coulombs), I, is
the current generated through light illumination, and I, is reverse saturation

current at which the solar cell is operating.

c) Fill factor (FF): FF quantifies how "square" the J-V curve is, indicating how
efficiently the solar cell converts the available voltage and current into usable

power. This parameter can be calculated via equation 2.8.

FF = Pmax =]maxxvmax (28)

N VovXJsc VocxJsc '

where Pnax is the maximum output power, Voc is the open-circuit voltage, Jsc is
the short circuit current, and J and Vnax are the current and voltage at the

maximum power point.

P
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™
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- Pmax
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E T
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Figure 2.8: Typical current density-voltage (I-V) and power—voltage (P-V) curve for a
perovskite solar cell (red curve) under illumination and Efficiency of the perovskite solar
cell for different applied voltages (blue curve). The circles mark the maximum power
point. The black rectangle represents the maximum power density achieved.
Reproduced with permission from reference’” under license CC BY 3.0.

d) Power conversion efficiency (PCE): PCE is the percentage of incident solar
energy that is converted into electrical power. It's the most crucial figure of merit

for comparing solar cell technologies. Calculated by equation 2.9.
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PCE (77) _ Pe;)ectrical _ Pr;ax _ FF - IIE)C X]sc' (2.9)
light i i

where Pnax is the maximum electrical power output, Pj, is the incident light power
density (under 100 mW/cmz2 under AM 1.5G conditions), FF is the fill factor, Voc
is the open-circuit voltage, and Jsc is the short-circuit current density.

In this thesis, J-V measurements were performed on samples with an illuminated

pixel area of 13.3 mm>.
e) Quantum Efficiency and Quasi-Fermi Level Splitting:

Another essential set of measurements in perovskite solar cells involves the
External Quantum Efficiency (EQE) and Luminescence Quantum Yield (LuQy),
both of which provide critical insights into device performance and loss
mechanisms. One is EQE, which quantifies the ratio of incident photons that are
successfully converted into collected charge carriers at each wavelength,
providing a spectral fingerprint of the device’s photo response. The EQE at a

specific wavelength is given by:

AN (2.10)

EQE(A) = 7D (D)’

where Ipn(A) is the photocurrent generated at wavelength, q is the elementary
charge (1.602x10™°C), and ®(A) is the Incident photon flux at a specific

wavelength, which is a key performance metric.

Therefore, the total EQE, which is the device's performance across the entire
solar spectrum, is the same as the total current contribution of the whole

spectrum, expressed as:

EQEc = Jsc = f EQE(1) S()dA, @.11)
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where Jsc is the short-circuit current density (A/m?), q is the elementary charge
(1.602x10°C), EQE(A) is external quantum efficiency at wavelength, and S(A)
spectral photon flux of the light source.

The second is internal quantum efficiency (IQE) which is the ratio of charge
carriers collected by the solar cell to the number of photons absorbed by the cell.
It isolates internal processes by excluding reflection and transmission losses,
unlike External Quantum Efficiency (EQE), which includes them. The relationship
between EQE and internal quantum efficiency (IQE) is given by the wavelength-

dependent absorptance a(A):

EQE(A) (2.12)

IQE(D) = D

where IQE(A) is internal quantum efficiency, EQE(A) is external quantum

efficiency, and a(A) is reflectance at wavelength A.

Another critical analysis in perovskite solar cells is the estimation of Quasi-Fermi
Level Splitting (QFLS), which reflects the maximum achievable open-circuit
voltage under illumination. QFLS describes the energy difference between the
electron and hole quasi-Fermi levels in a non-equilibrium state and is directly
linked to the absorber's radiative recombination efficiency. It can be extracted
from photoluminescence Quantum Yield (PLQY) measurements, which quantify
the ratio of emitted photons to absorbed photons under solar-like excitation. In
ideal cases, LuQY approaches the PLQY measured under open-circuit
conditions, where all photogenerated carriers recombine radiatively. The QFLS
can be estimated using the following relation:

(2.13)

1
QFLS = kgT.In (m) + Ey — AEyqq

Here, Kg is Boltzmann’s constant, T is the absolute temperature, Eg is the

bandgap of the absorber, and AE,q accounts for radiative losses due to imperfect
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outcoupling or reabsorption. A high PLQY suggests minimal non-radiative losses
and strong quasi-Fermi level splitting, which translates into a high Voc.
Conversely, a significant drop in PLQY indicates increased non-radiative

recombination, often at interfaces or transport layers.

2.3 Lead-Tin Mixed Perovskite Solar Cells

This thesis focuses on Pb-Sn mixed perovskite solar cells, which offer a
promising pathway toward low-bandgap absorbers suitable for tandem
architectures. A key factor governing the performance of Pb—Sn mixed perovskite
solar cells is the interaction between lead and tin within the absorber lattice.
Variations in the Pb—Sn ratio strongly influence bandgap tuning, defect formation,
and charge-carrier dynamics. To clarify these effects, the following subsection
examines the impact of lead—tin alloying on the optoelectronic properties of the

perovskite absorber.

2.3.1 Impact of Lead-Tin Alloying in Perovskite Absorber

I) Bandgap tuning: According to the Shockley—Queisser (SQ) limit, the optimal
bandgap for single-junction solar cells is approximately 1.34 eV.”® As shown in
Figure 2.9b, conventional lead halide perovskites typically possess wider
bandgaps, which fall outside this ideal range, thereby limiting their theoretical
efficiency. To address this, the incorporation of tin into lead-based perovskites
has attracted growing research interest, as it enables bandgap narrowing toward
the SQ optimum. This compositional tuning not only enhances the utilization of
the solar spectrum in single-junction devices but also facilitates the development
of all-perovskite tandem architectures. Moreover, the partial substitution of lead
with tin offers a pathway to reduce Pb-related toxicity during device fabrication.
Mixed Pb-Sn halide perovskites thus hold significant promise for achieving
higher efficiency, improved stability, and scalable integration in both single-

junction and monolithic all-perovskite tandem solar cells.” Perovskite can be
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tuned to as low as 1.2 eV by simply alloying the B-site cation (Sn and Pb) in a
proper ratio. If Cs is used as the A-site cation and Br, Cl, or | is used as X, the

bandgap can be tuned as high as 3.06 eV.*
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Figure 2.9: Tunable band gaps for ABX; structures of perovskite with various energy
ranges. A colloidal library of CsPbX; (X = ClI, Br, 1) solutions under UV illumination (a).
Energy level alignment of representative perovskite compositions: MAPbBr;, MAPDI;,
FAPbI;, MAPb;_xSnxl;, and MASNI;, (b) reproduced from reference® copyright ©2014
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (c) Representative PL spectra of
CsPbX; extended to MA(Sn/Pb)l; perovskites. (a) and (c) reproduced from the
reference.??

As shown in Figure 2.9a and c, the colloidal CsPbCl; and CsPbls exhibit PL
peaks at 405 nm (3.06 eV) and 700 nm (1.77 eV), respectively. The peaks for
MAPDbI3; and MASNnPbl; on Sn/Pb metal are at 780 nm (1.59 eV) and 960 nm
(1.29 eV), respectively. Remarkably, due to these compounds' band-gap
anomaly, MASNg gPbg »l3 exhibits the most significant red-shifted peak at 1080 nm
(1.15 eV). Zhao et al. measured the PL peak position in Sn/Pb perovskites.®

II) Reducing toxicity: Lead toxicity remains a critical concern in the development

27



and deployment of perovskite solar cells, prompting extensive research into
mitigation strategies. One promising approach involves the partial substitution of
Pb with Sn, forming mixed Pb—Sn halide perovskites that reduce the overall Pb
content while maintaining high photovoltaic performance. This compositional
tuning lowers the overall Pb content of perovskite, thereby reducing its toxicity
while preserving high photovoltaic performance.®* In addition to material
substitution, encapsulation techniques are used to prevent lead leakage during
operation, including multilayer barrier coatings and self-healing polymers.?®
Lifecycle safety is further addressed through recycling protocols and recovery

systems designed to capture and reuse lead from decommissioned devices.®®

[I) Compatible with tandem architectures: Lead-tin mixed perovskites are
highly suitable as narrow-bandgap absorbers in monolithic all-perovskite tandem
solar cells, owing to their tunable bandgap, improved crystallinity, and enhanced
interface quality. Introducing a two-dimensional seed layer to guide vertical
crystal growth in FAy.;MA..3Pbo.5Sng.sl5 films, significantly improving buried
interface contact and charge extraction, key factors for efficient bottom-cell
integration.®”  Complementing this, a study by Yang et al. addressed
crystallization barriers in Sn—Pb perovskites by optimizing DMSO content,
enabling synchronous crystallization and yielding a certified tandem efficiency of
28.87%.%% Meanwhile, Temitmie et al. reported the use of PTAA as an interlayer
between the HTL and the active layer to address the open circuit voltage,
resulting in a 0.82 V with a bottom-cell efficiency of 20.3% and applicable for all-

perovskite tandem with an efficiency of 25.0%.%°

2.3.2 Ciritical Issues Facing Lead-Tin Mixed Perovskite Solar Cells

Instability: One of the most significant challenges to deploying perovskite solar
cells for large-scale power generation® and achieving high commercial®® viability
is their limited operational stability. This instability is primarily triggered by

environmental and operational stressors, including moisture, oxygen exposure,
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elevated temperatures, continuous illumination, and ion migration within the
perovskite layer, as shown in Figure 2.10a. PSCs degrade in the presence of
oxygen and moisture, which is a complex problem. The organic components in
PSCs may oxidize if oxygen levels exceed a specific threshold. It was
demonstrated that oxygen in a dark atmosphere has no negative effects on PSC
stability.”> Photo-oxidation occurs more frequently when the oxidation rate
exceeds the electron transfer rate. In a photo-oxidation comparison study of
several PSC topologies, planar structures yielded the most promising results due

to faster electron transfer rates.®
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Figure 2.10: Key challenges contributing to the instability of perovskite solar cells
include intrinsic factors such as electrical bias, heat, and light exposure, and extrinsic
factors such as moisture, oxygen, and encapsulation limitations are reproduced from
reference® (a) and Proposed mitigation strategies to address these issues include
interfacial modification, defect passivation, crystal crosslinking, and dimensional
engineering (b) reproduced from reference® copyright 2018, Royal Society of Chemistry.
As illustrated in Figure 2.10b, mitigation strategies to address these challenges
include interfacial modification, defect passivation, crystal crosslinking, and
dimensional engineering. According to the report by Lanzetta et al., the reverse-
bias stability of tin—lead perovskite solar cells is significantly enhanced by
incorporating a Cr/Cu bilayer at the electron-selective contact, effectively

mitigating iodine-induced degradation and increasing the thermal breakdown
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voltage.”® While interfacial engineering strategies such as Cr/Cu bilayers can
substantially improve device stability, the overall performance of Pb-Sn
perovskite solar cells is also strongly governed by electronic band alignment at
the charge-selective contacts. In this context, energy-band misalignment is

another critical limitation.

Energy band misalignment: A critical factor affecting the performance of lead-
tin mixed perovskite solar cells, particularly in tandem and low-bandgap
applications. These mixed perovskites are attractive due to their tunable bandgap
and potential for eco-friendly alternatives to lead-only perovskites. However,
integrating Sn introduces challenges in energy level alignment, charge transport,
and stability. One major challenge arises from the intrinsic p-type doping caused
by tin vacancies. This leads to a mismatch in band bending between the surface
and bulk of the perovskite film. A recent study by Hu et al. demonstrated that
selective surface polishing can reverse band bending and enhance surface
electron mobility, thereby mitigating this misalignment and improving charge
extraction.’’

Another critical factor is the alignment between the perovskite layer and adjacent
transport layers as presented in Figure 2.11. Simulations by Liu et al. showed
that poor energy-level alignment at the perovskite—transport-layer interfaces
increase interfacial recombination rates. Optimizing these interfaces, especially
by using tailored hole- and electron-transport materials, can significantly reduce

energy losses.?®
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Figure 2.11: Energy level alignment between various common HTMs, ETLs, and
perovskites.” Copyright 2019, Solar RRL.

Oxidation of Tin (Sn): In lead-tin mixed perovskite solar cells, the oxidation of
SnZ* to Sn** is a significant degradation pathway that directly contributes to the
formation of tin vacancies, as shown in Figure 2.12a. These vacancies act as
deep-level traps, promoting non-radiative recombination and reducing carrier
lifetimes. The presence of Sn** destabilizes the perovskite lattice and shifts the
Fermi level, leading to p-type self-doping and increased background current.
According to the study by Kim et al. (2025), Sn** formation increases defect
density and accelerates device degradation, especially under ambient
conditions.*® In tin-based perovskite solar cells, the inverted (p—i—n) structure is
generally more effective at mitigating Sn2* oxidation compared to the
conventional (n—i—p) structure. Since holes are oxidizing, their buildup near the
tin-based perovskite accelerates the oxidation of Sn2* to Sn**, a process that
degrades the material and reduces device stability. As illustrated in Figure 2.12b,
light exposure initiates charge separation, which tends to be more prominent at
the
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As illustrated in Figure 2.12b, light exposure initiates charge separation, which
tends to be more prominent at the FASnI;/ETL interface in the standard device
and at the FASnI;/HTL interface in the inverted configuration. This figure
suggests that in the standard structure, holes are primarily extracted at the
bottom interface, while in the inverted setup, electrons are extracted from the
corresponding top interface. Due to this difference, the typical architecture is
more prone to Sn2* oxidation driven by hole accumulation, making the inverted
structure a more favorable choice for enhancing the stability of tin-based
perovskite solar cells. Zhu et al. demonstrated that incorporating SnF, as an
additive, along with trimethylamine as a co-additive, significantly improved the
stability and performance of planar FASnl;-based perovskite solar cells. Their
results showed that the inverted device architecture achieved a notably higher
power conversion efficiency (PCE) of 7.09%, compared to 4.34% for the
standard structure, reinforcing the advantage of the inverted configuration for tin-
based PSCs.'%

b
Conventional Inverted
structure structure

Figure 2.12: (a) Schematic depiction of tin (Sn) vacancy defect formation in mixed Pb—
Sn perovskites, driven by the presence of Sn**in the precursor solution. In contrast, Sn
vacancy formation is suppressed in tin-reduced formulations due to the absence of Sn*?,
and reproduced with permission from.'*> © 2019 Nature Publishing Group (b) lllustration
of Sn** oxidation in Sn-containing PSCs under illumination, comparing conventional and
inverted device structures.'® Copyright © 2019 American Chemical Society.

Yang et al. introduced sulfaguanidine (SG) as a multifunctional additive to
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enhance the performance and stability of Sn—Pb mixed perovskite solar cells. SG
plays a dual role: it effectively suppresses the oxidation of Sn2* to Sn*" and
simultaneously regulates the crystallization kinetics during film formation. The
molecular structure of SG allows it to coordinate with tin ions, stabilizing their
oxidation state and reducing the formation of defects. Additionally, SG slows the
crystallization process, helping balance the reaction rates between the tin and
lead precursors. This additive leads to more uniform crystal growth, improved film
morphology, and reduced phase segregation. As a result of these synergistic
effects, the modified bottom cell achieved a high and stable power conversion
efficiency of 22.70%, highlighting SG’s potential as a strategic additive for
advancing tin—lead perovskite photovoltaics, and the integrated monolithic
tandem device achieved 28.73% efficiency, with improved operational stability
under AM1.5G illumination.**

Defect: Defects in Pb-Sn mixed perovskites play a pivotal role in determining
device performance, stability, and carrier dynamics. These defects, both intrinsic
(e.g., vacancies, interstitials) and extrinsic (e.g., impurities, grain boundaries),
can act as non-radiative recombination centers, trap states, and pathways for ion
migration, all of which degrade photovoltaic efficiency. A first-principles study by
Liu et al. revealed that intrinsic defects such as tin vacancies and iodine
interstitials are particularly detrimental in mixed Pb-Sn systems. These defects
distort the local lattice and introduce deep-level trap states, accelerating charge-
carrier recombination. Interestingly, the study also showed that Pb incorporation
can mitigate some of the dynamic disorder caused by Sn-related defects,
improving structural stability.**

The distinct chemical properties of lead (Pb) and tin (Sn) contribute to lattice
mismatch in Pb—Sn mixed perovskites, posing challenges to structural uniformity.
Additionally, the oxidation of Sn2* leads to grain contraction and induces residual
strain in the crystal lattice, thereby adversely affecting charge-transport
efficiency. Another critical issue arises from the relatively weaker Sn—I bond, as
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its lower binding energy compared to Pb-I increases the likelihood of bond
breakage. This instability can result in the formation of A-site vacancies, further
compromising the structural and electronic integrity of the perovskite layer.*®®
Defect passivation strategies are essential to counter these effects. Wang et al.
reviewed various passivation approaches, including molecular additives, surface
treatments, and interface engineering. They emphasized that defect passivation
not only improves carrier lifetimes but also enhances long-term operational
stability, especially under illumination and thermal stress.*®” Lin et al. proposed a
strategy involving the incorporation of a small amount of tin(ll) powder into the
precursor solution to mitigate Sn vacancies in low-bandgap Sn—Pb mixed
perovskite films. This approach effectively enhanced film quality and device
performance, yielding a power conversion efficiency (PCE) of 21.1%.%®

Open circuit voltage losses: Despite their promise as low-bandgap absorbers
for tandem architectures, Pb—Sn mixed perovskite solar cells consistently exhibit
Voc losses that limit their practical efficiency. These losses stem from a
combination of intrinsic material properties, defect chemistry, and interfacial
recombination dynamics. Pb—Sn perovskite solar cells exhibit higher Jsc due to
their extended photon absorption range; however, this advantage is offset by a
compromised Voc, which remains a key performance limitation. This is mainly
due to Sn*? oxidation, poor crystallinity, and defects. Voc loss can be expressed
as:

E
VoclOSS == ?g - VOC (214)

Where E, is optical bandgap of perovskite with unit of eV, e is elementary

charge. A central focus in enhancing the performance of Pb—Sn perovskite solar
cells has been the development of strategies to improve their Voc. Reducing Voc
losses not only increases Voc levels but also positively affects other key

performance metrics of the device. In particular, the oxidation of Sn2* to Sn**
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generates tin vacancies, which act as deep-level traps and facilitate non-radiative
recombination, thereby reducing the quasi-Fermi level splitting. This
phenomenon is exacerbated by the narrow bandgap (~1.25-1.3 eV) of Pb—Sn
alloys, which inherently limits the maximum achievable Voc. My recent study,
Temitmie et al., demonstrated that interface engineering is critical to mitigating
these losses.®® By modulating the nucleation dynamics and reducing the density
of recombination-active sites, we achieved improved Voc values and enhanced
device stability. Furthermore, energy-level misalignment at the perovskite—
transport-layer interfaces contribute significantly to interfacial recombination.
Addressing these challenges through additive engineering, surface passivation,
and tailored interface energetics remains essential for approaching the radiative
Voc limit in Pb—Sn mixed perovskite systems.'®'? Adharsh et al. incorporated
DF-C60 into the antisolvent during film formation to create a graded
heterojunction, effectively passivating defects in Pb—Sn mixed perovskite layers

and achieving a notable V¢ of up to 0.89 V.**!

Uncontrolled crystallization: The crystallization of lead—tin mixed perovskites is
a critical process that directly influences film morphology, defect density, and
ultimately the performance and stability of perovskite solar cells. Unlike pure
lead-based perovskites, Pb—Sn alloys exhibit more complex crystallization
dynamics due to the differing ionic radii, oxidation tendencies, and solvation

behaviors of Pb2* and Sn2*.

One of the central challenges is the asynchronous crystallization of Pb and Sn
precursors. As reported by Zhang et al., this mismatch leads to inhomogeneous
nucleation and phase segregation, resulting in poor film uniformity and increased
trap densities. To address this, the authors introduced a noncovalent binding
agent that selectively binds to unsaturated Sn(ll) solvates, thereby synchronizing
the crystallization of Pb and Sn species. This strategy yielded high-quality films
with reduced defects and enabled a certified PCE of 24.13% in single-junction

devices.**?
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In perovskite solar cell fabrication, quenching refers to rapidly supersaturating the
precursor solution to induce controlled crystallization. Traditionally, this is
achieved using antisolvent dripping. Still, for Pb—Sn mixed perovskites, gas
guenching has emerged as a superior alternative due to its enhanced control
over film formation and reduced defect density. Gas quenching involves blowing
dry inert gas (typically N,) across the wet perovskite film during spin coating. This
rapidly removes solvent, triggering uniform nucleation and crystallization. In Pb—
Sn systems, where Sn2* is prone to oxidation and phase segregation, gas

113 and is

guenching offers several advantages: improved film uniformity,
compatible with large-area deposition and printing techniques, making it

attractive for industrial-scale tandem devices.'**

2.3.3 Strategies to Overcome Issues in Pb-Sn Mixed Perovskite Solar
Cells

Lead—-tin mixed perovskite solar cells offer a promising pathway toward low-
bandgap absorbers, but they face several intrinsic challenges that limit their
efficiency and stability. Achieving high-quality Pb—Sn perovskite films remains a
significant challenge. To address these issues, researchers have developed a
range of mitigation strategies, as shown in Figure 2.13. In recent years, extensive
research has focused on enhancing both the perovskite layer and the charge
interface in low-bandgap Pb—Sn mixed perovskite solar cells to improve overall

device performance >0
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Figure 2.13. Schematic summary of five key engineering strategies employed to
address the challenges in lead-tin (Pb—Sn) mixed perovskite solar cells: additive
engineering to suppress Sn** and tin vacancy defects; thermal engineering to optimize
annealing and improve crystallinity; interface engineering to reduce recombination and
enhance charge extraction; compositional engineering to tune bandgap and stabilize the
perovskite phase; and solvent engineering to control film morphology and grain growth.

Additives:

Tin fluoride (SnF,) is widely used in Pb—Sn mixed perovskite formulations to
suppress the oxidation of Snz* to Sn**, which otherwise leads to deep-level trap
formation and severe non-radiative recombination. SnF, acts as a reducing agent
and stabilizer, passivating undercoordinated Sn sites and mitigating the formation
of tin vacancies. According to Pious et al., SnF, tends to accumulate near the
surface, where it plays a key role in surface passivation and crystallization
control.*® Additionally, Chen et al. further demonstrated that SnF, improves the
optoelectronic quality of low-bandgap Pb—Sn films, enabling tandem devices with
high efficiency.***** Furthermore, SnCl, serves as a valuable additive in tin-
containing perovskite formulations, primarily due to its ability to suppress tin

oxidation and reduce defect density.

The chloride ions, with their high electronegativity, interact with neighboring Sn2*

ions in the perovskite lattice, helping to stabilize their oxidation state and prevent
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their conversion to Sn**. This chemical interaction mitigates the formation of tin
vacancies, which are known to act as non-radiative recombination centers.
Moreover, SnCl, can influence the crystallization process by promoting more
uniform nucleation, thereby improving film morphology and enhancing surface
coverage. However, excessive amounts of SnCl, may lead to phase segregation,
with additive-rich domains forming on the surface, which can negatively affect
device performance.'**?%12® The addition of high-purity tin (Sn), particularly in
the form of Snl, with 99.999% purity, facilitates the formation of high-quality
lead—tin (Pb—Sn) mixed perovskite films. This strategy not only improves the
incorporation of Sn into the perovskite lattice but also helps suppress defect
formation, especially tin vacancies, which are detrimental to charge transport, as
shown in Figure 2.12a. As a result, the mixed Pb-Sn perovskite exhibits
markedly improved device performance, achieving a PCE of 6.75%, a substantial

increase over the 2.90% obtained from the control device using SnF, alone.***

Passivation and Interface modification: Passivation of both the top surface
and buried interfaces is crucial to suppress trap-assisted recombination and
improve device longevity. Top-surface passivation often involves chemical
polishing or ligand treatments to modulate stoichiometry and reduce surface
defects. For example, BDA-based polishing has been shown to minimize non-

125 Bottom interface

radiative recombination and improve surface quality.
passivation using 2D materials or SAMs helps stabilize the contact and reduce
interfacial losses. Li et al. demonstrated that halide-rich treatments and molecular

ligands can effectively passivate both bulk and surface defects.*?®

A recent review by Huang et al. emphasized the role of 2D perovskites in
interface passivation for high-performance PSCs.*?’ Yang et al. demonstrated
that a synergistic approach combining compositional, process, and interfacial
engineering significantly enhances perovskite film quality. By employing a B-site
cation ratio of 75% Pb and 25% Sn, along with varying the A-site cation

composition between methylammonium (MA) and formamidinium (FA), they
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achieved improved film morphology. The optimal device performance was
obtained using the composition MA,.5FA,.5Pbg.75SNg.2515, which exhibited a
bandgap of 1.33 eV, a PCE of 14.2%, and commendable dark-shelf stability.?®
Liu et al. introduced a ZnO layer as a cathode buffer layer (CBL) between the
perovskite and PCBM interface to inhibit silver diffusion into the perovskite layer.
This modification effectively minimized the energy level mismatch between the
electron-selective layer (ESL) and the perovskite absorber. As a result, the
device achieved a PCE of up to 18.1% and an enhanced Voc of 0.78 V.1#

Quenching techniques: These methods are used to control the crystallization
kinetics of Pb-Sn perovskite films, which is vital for achieving uniform
morphology and reducing defect formation. Huang et al. first introduced gas
qguenching as a film formation technique for MAPbI; perovskite thin films,
achieving a power conversion efficiency (PCE) of 17.0%. This approach
established gas quenching as a valuable method for enhancing perovskite film

quality and device performance.**®

Gas quenching, using inert gases like N,, offers better control, reduces Sn2*
oxidation, and is scalable for large-area deposition. Vacuum quenching enables
uniform solvent removal and is compatible with roll-to-roll processing. Ternes et
al. developed a modeling framework comparing all three methods, showing that
gas and vacuum guenching outperform antisolvent in terms of film uniformity and
defect suppression.’!

Werner et al. applied a contact engineering strategy to enhance the interface
between the perovskite layer and the hole-transport layers by substituting
conventional PEDOT: PSS with PTAA. This modification, combined with
perovskite film formation via nitrogen (N;) gas quenching, led to improved
thermal stability and enabled the device to achieve a high-power conversion
efficiency of approximately 20%. However, the Voc achieved with this strategy
remained lower than that obtained with the commonly employed PEDOT: PSS as

the hole-selective layer (HTL)."****3 H. et al. fabricated low-bandgap perovskite
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solar cells using a bilayer HTL composed of PEDOT: PSS and PTAA. However,
the study lacked sufficient detail regarding the structural and functional
characteristics of the PEDOT: PSS/PTAA bilayer interface. The study aimed to
enhance the charge carrier diffusion length by introducing a trace amount of
cadmium into the perovskite absorber layer.”** Recent work by Azhar et al.
showed that gas quenching enabled high-quality crystallization due to the
occurrence of wrinkling in wide-bandgap Pb—Sn alloys.**> A study by Werner et
al. demonstrated that gas-quenching-grown Sn—Pb perovskite films exhibited
superior MA-free Sn—Pb perovskite flms morphology and reduced trap-assisted

recombination compared to antisolvent-treated films.**®

2.4 All-Perovskite Tandem Solar Cells

These cells consist of at least two active layers. Tandem solar cells are designed
to overcome the Shockley—Queisser limit of single-junction devices by stacking

multiple absorbers with complementary bandgaps.'®’

In perovskite-based
tandems, the most common configurations include perovskite—silicon, all-
perovskite, and perovskite—CIGS structures. These architectures aim to
maximize light harvesting across the solar spectrum, reduce thermalization
losses, and improve overall PCE. According to Aziz, M.\W. et al., Perovskite-
silicon tandem efficiencies exceed 34%, with growing emphasis on stability,

scalable fabrication, and interface engineering.**

However, all-perovskite
tandem solar cells' efficiencies are still lower than silicon - perovskite tandems as
shown in Figure 2.14. Moreover, it still has challenges when using scalable
fabrication methods, e.g., transferring optimized spin coating (lab scale) to the
blade coating (industry scale) process. The main challenges are the higher
bromide concentrations in wide-bandgap perovskite precursor solutions and the

low solubility, which leads to variable crystallization kinetics.**°
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Figure 2.14: Recent progress in emerging photovoltaic solar cells (PV SCs), highlighting
advancements in perovskite solar cells (PSCs), including record efficiencies in single-
junction and tandem configurations, is reproduced from NREL.**
Perovskite—perovskite tandem solar cells are a promising class of next-
generation photovoltaics that stack two perovskite layers with complementary
band gaps, typically a wide-bandgap (~1.7-1.9 eV) top cell***'** and a narrow-
bandgap (~1.2-1.3 eV) bottom cell.**344

2.4.1 Four-Terminal All-Perovskite Tandem Solar Cells

As shown in Figure 2.15, the four-terminal (4T) tandem architecture is a
mechanically stacked configuration in which two sub-cells, typically a wide-
bandgap top cell and a narrow-bandgap bottom cell, operate independently.
Unlike monolithic 2-terminal (2T) tandems, 4T designs allow for flexible
optimization of each sub-cell without requiring current matching or complex
interconnecting layers. This difference makes them ideal for early-stage research
and prototyping of perovskite—perovskite tandems. However, challenges remain
in terms of optical losses, parasitic absorption, and transparent electrode
design.'* Zhang et al. optimized both wide and narrow-bandgap perovskite
compositions and interconnecting layers, significantly improving charge
recombination dynamics and overall tandem efficiency. They achieved improved

tandem performance with enhanced current matching and reduced

41



recombination losses.#®

Rear electrode
NBG perovskite
Transparent

electrode™
WBG perovskite

Transparent electrode

Incident light

Figure 2.15. Four-terminal all-perovskite tandem solar cell architectures, two
independent perovskite sub-cells, typically a wide-bandgap top cell and a narrow-
bandgap bottom cell, are optically coupled but electrically isolated, are reproduced from
reference.*’

2.4.2 Two-Terminal All-Perovskite Tandem Solar Cells

As shown in Figure 2.16, the structural and operational principles of two-terminal
2T all-perovskite tandem solar cells, where a WBG perovskite top cell is
monolithically stacked over an NBG bottom cell. These sub-cells are electrically
connected in series through a common recombination layer, which plays a critical
role in facilitating efficient charge transfer between the two junctions while
minimizing optical and electrical losses. The device architecture shown in Figure
2.16a presents the vertical integration of the two perovskite absorbers, with
careful bandgap selection—typically ~1.80 eV for the WBG top cell and ~1.25
eV for the NBG bottom cell—to ensure optimal current matching and spectral
utilization. Figure 2.16b schematically presents the working principles of the 2T
tandem configuration, emphasizing the role of the recombination layer in
balancing electron and hole flow between the sub-cells and maintaining high

open-circuit voltage (Voc) across the tandem stack. The main challenges include
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interfacial recombination, Sn2* oxidation in the bottom cell, and phase instability
in Br-rich wide-bandgap top cells.**®
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Figure 2.16: Two--terminal all-perovskite tandem solar cell architectures, the wide-
bandgap as a top cell and narrow-bandgap as a bottom cell are integrated in series,
sharing a common recombination layer that facilitates charge recombination and
minimizes optical losses. Two-terminal all-perovskite tandem devices (a) and working
principles of 2T all-perovskite tandem solar cells (b) are reproduced from reference.**’
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3 EXPERIMENTAL DETAILS

In this chapter, the experimental methodology employed in the development of NBG
perovskite solar cells and all-perovskite tandem architectures is presented. It outlines
the materials used, precursor preparation methods, and fabrication strategies,
including various quenching techniques, anti-solvent quenching, and gas quenching.
The final section presents the characterization methods applied to evaluate both film
quality and device performance.

3.1 Materials and Reagents

ITO-coated glass slides (15 Q/sq) were purchased from Luminescence
Technology Corp (thickness, 2 mm). PEDOT: PSS water dispersion under the
commercial name of Clevios PVPAI 4083 was purchased from Heraeus. Lead (II)
thiocyanate (Pb(SCN),, 99.5%), tin (ll) fluoride (SnF, >99%), and magnesium
fluoride (MgF,, 99.9%) were purchased from Sigma-Aldrich. Methylammonium
iodide (MAI, >99%) and formamidinium iodide (FAI) (>99%) were purchased from
Greatcell Solar. Tin (II) iodide (Snl,, 99.999%) was purchased from Thermo
Scientific. Lead (ll) iodide (Pbl,, 99.99%) was purchased from TCI Chemicals.
Meo-2PACz (>98%), 2PAC; (>98%) purchased from TCI chemicals.
Silver (Ag), lead chloride (PbCl,), cesium iodide (Csl, 99.9%), and lead bromide
(PbBr,, 99.9%) were purchased from Sigma-Aldrich. Poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA, >99%), buckminsterfullerene (Cgo, >98.5%), and
bathocuproine (BCP, 99.0%) were acquired from Ossila. Absolute ethanol was
purchased from VWR. Dimethylformamide (DMF, anhydrous, 99.8%), dimethyl
sulfoxide (DMSO, anhydrous,>99.7%), toluene (anhydrous, 99.8%),
Chlorobenzene (CB, anhydrous, 99.8%), and diethyl ether (anhydrous, 99.8%)

were purchased from Sigma-Aldrich.
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3.2 Preparation of Lead-Tin Mixed Perovskite Precursors

The Sn-Pb perovskite with the composition (FASNI3),6(MAPDI3),4 Was prepared
by mixing FASnl; and MAPbI; solutions in a volume ratio of 0.6:0.4, as described
Figure 3.1. For the FASnhI; solution at 1.15 M, 18 mg of SnF; (10 mol%), 197.8
mg of FAI, and 428.4 mg of Snl, were dissolved in a mixture of 800 uL DMF and

200 puL DMSO, and the mixture was stirred overnight at room temperature.

SN

Filter (0.2um
PTFE)

Mixed
Perov.

Figure 3.1: A general schematic demonstrating the preparation technique for the
perovskite precursor solution used in this thesis.

For the MAPbIs solution with a concentration of 1.15 M, 530 mg of Pbl2, 183 mg
of MAI, and 3.5 mol% Pb (SCN), additive were dissolved in 630 uyL DMF and 70
ML DMSO, and the mixture was stirred for 30 min at 70°C and then stirred
overnight at room temperature. Subsequently, the FASnI3; precursor solution was
filtered through a 0.2 um PTFE filter, and then the two precursors were combined
using a 0.6:0.4 FASnIs:MAPDIs ratio. The resulting Sn-Pb precursor solution was

stirred at room temperature for 30 min before use.

3.3 Fabrication of Lead-Tin Mixed Perovskite Solar Cells
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The ITO substrates were cleaned for 30 min using detergent, deionized water,
acetone, and IPA under ultrasonication in the following order. After being dried by
nitrogen flow, the substrates were treated with UV-Ozone for 20 min. For the
PEDOT: PSS deposition, the purchased dispersion was filtered through a 0.45
um PVDF filter. The dispersion was deposited onto the cleaned ITO substrates
by spin coating at 8000 rpm for 40 s, followed by annealing at 120°C for 15 min.
After the deposition and annealing under ambient air, the substrates were quickly
transferred into the glovebox. For PTAA-only devices, the PTAA solution was
spin-coated onto the cleaned ITO substrates at 8000 rpm for 40 s, followed by
annealing at 100°C for 3 min. For bilayer-based devices, a PTAA thin film was
spin-coated onto PEDOT: PSS (bilayer) at 8000 rpm for 40 s, then annealed at
100°C for 3 min. Before perovskite deposition, the device stacks featuring PTAA
on top (either PTAA-only or bilayer) were treated with O, Plasma for 2.5 s to

mitigate PTAA's poor wettability.

3.3.1 Anti-Solvent Method

As shown in Figure 3.2, the perovskite precursor solution (30 pL) was statically
deposited and spin-coated onto the HTLs at 4000 rpm for 60 s. Diethyl ether (700
ML) was used as the antisolvent and was dripped onto the film 15 s after the start
of the spin-coating process. All perovskite films were then annealed at 100°C for

10 min.

3.3.2 Gas-Quenching Method

After a 30 uL of perovskite precursor solution was statically deposited and spin-
coated onto the hole transport layers (HTLs) at 4000 rpm for 60 s, nitrogen gas
was employed to induce perovskite crystallization as presents in Figure 3.2.
Among the various pressures tested, the optimal results were achieved with a
circular nozzle nitrogen gun with a 1 mm diameter and a regulator pressure of
approximately 5 bar. The nitrogen gun was positioned perpendicularly, 4-5 cm

above the spinning substrate. After 15 s of spinning the precursor solution, the
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substrates were subjected to nitrogen gas blowing for 20 s, followed by an
additional 25 s of spinning. All perovskite films were subsequently annealed at
100°C for 10 min.

o
% Anti-solvent

PTAA
7 PEDOT:PSS \
ITO/glass
PTAA

ITO/glass

Gas quenching

Sn-Pb pvk N,
PEDOT:PSS
ITO/glass

Figure 3.2: Schematic illustration of the half-stack architecture of single-junction
perovskite solar cells, either a single-layer or bilayer hole transport layer (HTL) (a) and
tools for perovskite film crystallization techniques: anti-solvent (AS) treatment and gas
guenching (GQ) (b).

Finally, 25 nm Cgy, 7 nm BCP, and 100 nm Ag were sequentially deposited on
the perovskite films. An optimized 70 nm-thick MgF, layer was thermally
evaporated on the glass side of PSCs (at a rate of 1 A/s) as an anti-reflection

coating (ARC).

3.4 Fabrication of Wide Bandgap Perovskite Solar Cells

The WBG perovskite solution (1M or 0.9 M) was made by mixing the following
precursors in DMF: DMSO (3:1) at around 40°C in a glovebox: PbCl, (0.02 M),
Csl (0.3 M), MAI (0.1 M), FAI (0.6 M), PbBr, (0.45 M), and Pbl, (0.55 M). The
solution was dissolved entirely and used without any filtering. The WBG PSCs
were made on pre-cleaned ITO glass (same as NBG) , and a 0.5 mM equimolar
(50:50) mixture of self-assembled monolayers (MeO-2PAC; and 2PAC;) in
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ethanol was spin-coated on ITO substrates in a glovebox (3000 rpm for 30 s),
followed by annealing at 100°C for 10 min. The perovskite solution (45 pL) was
dropped onto a static-cooled ITO substrate, and perovskite crystallization
proceeded as follows. A N2 flushing gun (pressure around 3.5 bar) was placed 2-
3 cm above the spinning substrate; N, flushing started after 20 s of spinning
(after perovskite dropping perovskite solution), and the substrates stayed under
N2 flushing for 15-20 s, until the films turned shiny and dark brown in color. For
performance improvement, PEAI (1 or 2 mM) in CB: IPA (9:1) was spin-coated
(on spinning substrates) at 5000 rpm for 30 s (no further annealing was carried
out). The device stack was completed by sequentially evaporating 25 nm of Cego
(18 nm for tandem PSCs), 6 nm of BCP, and 100 nm of Ag.

3.5 Fabrication of All-Perovskite Tandem Solar Cells

For tandem PSCs, shown in Figure 3.3a, the device fabrication procedure is the
same as that of WBG PSCs until Cgo deposition (18 nm instead of 25 nm for
single junction WBG PSCs). After the deposition of Cgg, the perovskite films were
transferred to an ALD system (Anric AT-410) to deposit SnO, in ambient
conditions. As a precursor, tetrakis(dimethylamino)tin (IV) (TDMASN) was used
at a temperature of 70°C, while water was used as an oxidant. The chamber
temperature was set to 70°C. During exposure, a purge flow of 10 sccm was
used, while each exposure step was 1 s. One ALD cycle consisted of 3 pulses of
precursor, 12 s N, purge, two pulses of oxidant, and 15 s N, purge. Here, 155
cycles were performed, resulting in thin films with a thickness of 20 nm. The
substrates were transferred to a glovebox to deposit Au (0.5 nm) with an edge-
covered shadow mask (to avoid shunting between top and bottom cells). The
cells were removed to deposit the HTL (PEDOT: PSS) and to build an NBG cell
on top. The same NBG cell fabrication procedure (described above) is followed

to complete tandem devices.
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Figure 3.3: (a) Schematic illustration of a full-stack all-perovskite tandem solar cell
architecture, including a narrow-bandgap perovskite bottom cell and a wide-bandgap
perovskite top cell; (b) chemical structure of HTL, 2PACz, Meo-2PACz, Poly (3,4-
ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT: PSS), and Poly[bis(4-phenyl)
(2,4,6-trimethylphenyl) amine] (PTAA) used in all-perovskite solar cells. Reproduced
from reference® under CC-BY 4.0

3.6 Characterization Techniques

This section outlines the analytical methods used to evaluate the optoelectronic
properties of perovskite films and solar cell devices. A combination of film-level
and device-level characterization techniques was employed to assess material

guality, interface behavior, and photovoltaic performance.

3.6.1 Film-Level Characterization Techniques

Photoluminescence quantum vyield (PLQY) was measured using a LuQY Pro
setup from Quantum Yield Berlin. Scanning electron microscope (SEM) images
were acquired with a Gemini 500 FESEM system from Zeiss equipped with an in-
lens detector. Time-resolved photoluminescence (TRPL) spectroscopy was
performed with a FluoTime 300 setup from PicoQuant. An atomic force
microscope (AFM) was used in an NX10 setup from Park Systems.

Electroluminescence (EL) spectra were measured in a Phelos setup from Fluxim.
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Photoelectron spectroscopy in air (PESA) was conducted on an AC-2 system
(Riken Instruments). Furthermore, in-situ transmission measurements were
performed during spin coating to monitor film formation dynamics under the two

different quenching approaches.

3.6.2 Device-Level Characterization Techniques

The J-V curves of the PSCs were measured under simulated solar illumination at
100 mW cm™2, AM 1.5G equivalent sunlight in a nitrogen-filled glovebox using an
assembly made up of a Keithley 2400 source-meter unit, a LOT 300 W Xenon
solar simulator, calibrated with a KG5-filtered Si reference diode (for WBG cells
measurement) certified by Fraunhofer ISE. Cross-section SEM images were
acquired with a Gemini 500 FESEM system from Zeiss equipped with an in-lens
detector. Space-charge limited current (SCLC) measurements were performed
by measuring dark J-V curves of hole-only devices with a configuration of
(ITO/bilayer/INBG/P3HT/Ag). The external quantum efficiency (EQE) was
measured with a Bentham PVE300 setup, by using Arkeo IPCE with tunable
(300-1800 nm) light source without light bias and equipped with a 300 W Ozone
Free Xe in AC mode having a chopper frequency at 16 Hz. Certified Si
(Hamamatsu S1337) and Ge photodiodes were employed for the calibration of
the monochromatic light intensity. Maximum power point (MPP) tracking and
open-circuit voltage (Voc) rise, and decay analysis were employed to ensure
reliable PSC evaluation. Both light and dark J-V curves of the champion device
under simulated solar illumination at 100 mW cm™, AM 1.5G equivalent sunlight
and dark condition in a nitrogen-filled glovebox using an assembly made up of a
Keithley 2400 source-meter unit, a LOT 300 W Xenon solar simulator. For the
tandem solar cells, the spectra of the two component cells were obtained by
applying filtered bias light: red light to saturate the bottom cell and measure the

top cell, blue light to saturate the top cell and measure the bottom cell.
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4 MITIGATION OF Voc LOSSES IN PB-SN PEROVSKITE
SOLAR CELLS

In this chapter, the focus is on the interface between the mixed lead—tin (Pb—Sn)
perovskite absorber and the commonly used hole-transport layer (HTL),
poly(3,4-ethylenedioxythiophene): polystyrene sulfonate (PEDOT: PSS). To further
enhance interfacial properties, a thin layer of poly(triarylamine) (PTAA) is introduced
as an interfacial modifier. The study investigates how the presence or absence of this
PTAA interlayer influences the open-circuit voltage (Voc) and the overall power
conversion efficiency of Pb—Sn mixed perovskite solar cells. By comparing devices
with and without the interfacial layer, the analysis highlights the critical role of
interface engineering in improving charge extraction and reducing recombination
losses, ultimately leading to enhanced photovoltaic performance. The findings
discussed in this chapter originate from research published in ACS Materials Letters

and are available under the CC-BY 4.0 license.

The results presented in this chapter are derived from the article “Overcoming the
Open-Circuit Voltage Losses in Narrow Bandgap Perovskites for All-Perovskite
Tandem Solar Cells”, published in ACS Materials Letters, for which | served as the
lead author. This work was carried out in collaboration with Azhar Fakharuddin,
Muhammad Irfan Haider, and Daniele T. Cuzzupe, who contributed to data analysis,
data visualization, and the preparation of the original manuscript, along with other co-
authors. As a prominent author, | contributed by performing experimental work,
conducting data analysis, preparing visualizations, and drafting the original
manuscript. All co-authors participated in the revision and proofreading of the

manuscript, ensuring the quality and clarity of the final publication.

Achieving high-quality Pb—Sn mixed low-bandgap perovskite solar cells is
critically hindered by significant open-circuit voltage losses, which pose a central
challenge to device performance. The rapid oxidation of Sn2* to Sn** leads to

increased background carrier concentration and self-doping effects, both of
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which intensify non-radiative recombination and lower Voc beyond what defect
passivation alone can resolve. Moreover, the rapid crystallization typical of low-
bandgap perovskites often results in suboptimal film formation and trap-rich
surfaces, compounding the Voc deficit rather than simply affecting charge
transport. These factors collectively manifest as severe voltage penalties that
directly limit power conversion efficiency, even in otherwise promising device
configurations. Recognizing this, the present work employs interface
engineering to enhance perovskite film quality and effectively suppress surface

defects, aiming to boost overall device efficiency.

4.1 Introduction to Voc Loss in Pb—Sn Mixed Perovskite Solar
Cells

To date, most highly efficient Sn-Pb mixed PSCs rely on the organic HTL
PEDOT: PSS. However, the main problem with relying on PEDOT: PSS as the
HTL in highly efficient Sn—Pb mixed perovskite solar cells is that it induces
substantial interfacial recombination losses, leading to pronounced open-circuit
voltage Voc deficits. PEDOT: PSS has a high intrinsic doping level, which
facilitates non-radiative charge-carrier recombination at the perovskite/HTL
interface and thus directly limits device efficiency. Furthermore, its acidic nature
can compromise the long-term thermal and environmental stability of perovskite
devices by promoting degradation reactions, and it often leads to poor energy-
level alignment with the absorber, impeding efficient hole extraction. Such
limitations can cause compositional segregation within the mixed Pb-Sn
perovskite films, degrade film morphology, and reduce crystallinity, thereby
further exacerbating Voc l0ss.**491%0 yang et al. reported that introducing Br
into the mixed Sn- Pb perovskites can efficiently improve performance and reduce
Voc deficits. Solar cells based on the ideal bandgap perovskite,
MAPbg 5SNng 5(lp.8Bro.2)3, Yielded a PCE of 17.63% with a small V¢ deficit of 0.45

V.**! Using a mixed precursor solution consisting of formamidinium tin iodide
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(FASNnI3) and methylammonium lead iodide (MAPbI3) and a surface passivation
strategy using PEABT, the V¢ of the devices was improved markedly from 0.71
V to 0.78 V, yielding an efficiency of 15.15%.%? Yan and coworkers achieved a
significant enhancement in the PCE of Sn-Pb PSCs by employing PEDOT: PSS

as the HTL, resulting in an impressive PCE of up to 20%.'**

4.2 Role of PTAA Interlayer Between HTL and Pb-Sn Mixed
Perovskite Layer

In this work, we selected poly[bis(4-phenyl) (2,4,6-trimethylphenyl) amine] (PTAA)
as an interlayer between the HTLs and the (FASnI3)os(MAPDI3)o4 perovskite
(henceforth termed as “NBG perovskite”) to overcome the open-circuit voltage
losses typical of these perovskites and in all-perovskite tandem solar cells, as
shown in the next chapter. Hole-transporting layers play a crucial role in
perovskite solar cells (PSCs). The choice of the HTL significantly impacts PSC
efficiency and stability. Figure 3.3b presents the chemical structures of the four
HTLs—2PACz, Meo-2PACz, PTAA, and PEDOT: PSS—used for comparative
performance analysis of PSCs. Those HTLs are critical components of inverted p-
i-n PSCs, where, alongside hole extraction and transport, they play an essential
role in surface passivation, perovskite crystallization, device stability, and cost

management.

For this purpose, we systematically compared three-hole transport layer
configurations in Pb—Sn perovskite solar cells: devices employing PEDOT: PSS-
based, PTAA-based, and bilayer devices incorporating a PTAA interlayer
deposited on top of PEDOT: PSS. For the bilayer HTL architecture, we optimized
the PTAA concentration by evaluating solutions at 0.1, 0.2, 0.5, 1.0, and 1.5
mg/mL. Our results identified 1.0 mg/mL as the optimal PTAA concentration,
yielding the best device performance in terms of open-circuit voltage and overall
efficiency. The enhanced efficiency and Voc of the bilayer-based PSCs are
attributed to the PTAA layer deposited on top of PEDOT: PSS, which improves
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the hole transport properties (compared to PTAA-standalone) and acts as a
barrier layer to prevent electron recombination at the perovskite/transport layer
interface compared to a PEDOT: PSS-standalone layer, leading to improved
charge extraction and reduced recombination losses. The modification of
PEDOT: PSS with PTAA also influences the energy-level alignment in perovskite
solar cells. The findings demonstrate that a bilayer is an effective way to reduce

Voc loss and fabricate efficient PSCs.

4.3 Assessing the Effect of PTAA in Pb-Sn Mixed Perovskite
Solar Cells

Screening hole transport layers for high-efficiency PSCs

Initially, a series of HTLs were screened to identify the most effective HTL
combination for these devices. The selection criteria included energy-level
alignment with the NBG perovskite and consideration of the best-performing
HTLs from their Pb-based counterparts. These HTLs included PEDOT: PSS and
PTAA, chosen for their potential energy-level alignment with the NBG perovskite
and their track record in Pb-PSCs.***!°> The energy level alignment between the
HTL and the perovskite is essential to prevent charge recombination losses. The
HTL's valence-band edge should be higher than the perovskite's valence-band
edge to enable efficient hole transfer. In comparison, its valence-band edge
should be lower than the cathode's conduction-band edge to ensure complete
hole extraction.*®

The ionization energy values of HTLs and NBG perovskite given in Figure S1.2
confirmed a better energy alignment for bilayer and NBG perovskite, assuring a
better charge extraction. The PTAA concentrations considered were 0.1, 0.2, 0.5,
1.0, and 1.5 mg/mL, and the corresponding champion Voc values were 0.81 V,
0.79 Vv, 0.81 V, 0.82 V, and 0.83 V, respectively. While a concentration of 1.5
mg/mL demonstrated the highest Voc among the five concentrations employed in
this work, the optimal concentration for achieving a trade-off between Voc, FF,

and overall PCE was found to be 1.0 mg/mL. Based on the results shown in
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Figure 4.1 (a-d), we chose three HTLs for further investigations, namely PEDOT:
PSS-only, PTAA-only (1 mg/mL), and the bilayer HTL employing the PTAA film
(concentration of 1 mg/mL) atop PEDOT: PSS.
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Figure 4.1: (a-d) Box chart representing Voc, FF, Jsc, and PCE of PSCs employing
various HTLs. The data refers to several devices from at least five different batches
fabricated in this work. The HTL series 0.1-1.5 mg/mL PTAA refers to the concentration
of the HTL precursor solution. The PTAA layers were cast onto PEDOT: PSS to form
bilayers (BLs). The concentration of the PTAA-only case is 1.0 mg/mL. The data labels
in e-h show mean values. Reproduced from reference® under CC-BY 4.0.
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The ionization energy values obtained for the materials investigated in this study
are presented in Figure S1.2. PEDOT: PSS exhibits 5.20 eV, consistent with its
typical range. The bilayer interface has an energy of approximately 5.06 eV,
reflecting the combined properties of both layers. In comparison to other HTLs,
the bilayer seemed to be appropriate for efficient charge extraction, owing to well
energetic alignment with that of Pb-Sn mixed NBG perovskite. By comparing
three HTLs in Figure 4.1(a-d), the bilayer approach yielded the most efficient
device, with a champion PCE of 20.3%, Jsc of 32.2 mA cm™2, Voc of 0.82 V, and
FF of 81.0%. The champion PEDOT-PSS-based device resulted in a PCE of
17.8%, Jsc of 30.6 mA cm™2, Voc of 0.81 V, and FF of 78.0%. The champion
PTAA-only-based device showed an efficiency of 16.0%, a Jsc of 30.0 mA cm™?,
a Vocof 0.79 V, and an FF of 69.9%. Each device was coated with a 70 nm-thick
MgF, antireflective layer, optimized for minimal reflection losses. The role of anti-
reflective coating thickness on device performance was further investigated, with
data presented in Figure S1.4, demonstrating that a 0—100 nm thickness range

maximizes Jsc by reducing reflection losses in narrow bandgap PSCs.

To elucidate the impact of different HTLs on device performance, we
systematically analyzed key photovoltaic parameters in PSCs incorporating
PEDOT: PSS, PTAA, and PTAA/PEDOT: PSS bilayers. The current-voltage (J-
V) characteristics and short-circuit current Jsc metrics of these three
configurations without anti-reflection coatings are shown in Figure S1.3,
confirming the improved photocurrent extraction achieved with bilayer
architectures. The bilayer HTL configuration exhibits significantly reduced
hysteresis, with a hysteresis index of 0.01, compared to 0.08 for the PEDOT:
PSS device and 0.03 for the PTAA-based device. These values, calculated from
open-circuit voltage measurements, indicate that the higher hysteresis indices
observed in the PEDOT: PSS and PTAA counterparts arise from unbalanced

charge extraction and limited charge transport,™’

as illustrated in Figure 4.2a.
PCE obtained from maximum power point tracking (MPPT) (Figure 4.2b) shows

an initial rise in the PCE upon light soaking for PEDOT: PSS or PTAA-HTLs,

56



whereas the bilayer structure shows a stable PCE for 150 s. To further validate
device performance, external quantum efficiency (EQE) measurements were
performed on representative PSCs (Figure 4.2c). In an ideal case, EQE analysis
provides a reliable cross-check of Jsc results and confirms balanced charge
extraction. Quantitatively, the Jsc and EQE values are 29.4, 27.8, and 27.4 mA
cm™? for bilayer, PEDOT: PSS, and PTAA, respectively. These values agree with
the Jsc measured from J-V curves, as EQE and J-V measurements were
performed on devices with and without an antireflection coating, respectively, and
show the same relative increase in current when replacing the single HTL with
the double HTL. The higher EQE across the entire spectral range for devices
with bilayer HTLs indicates improved charge collection compared to their
individual HTL counterparts.

The origin of reduced recombination and, hence, the improved Voc and FF can
be understood by comparing the dark J-V curves in Figure 4.2d, which show a
notable difference in leakage current among the three HTLs. The bilayer-HTL
PSCs exhibited nearly 15 times lower leakage current than devices using
PEDOT: PSS and PTAA as individual HTLs. For bilayer-based PSCs, the
introduction of the PTAA interlayer improves perovskite film coverage and
reduces pinhole formation, as confirmed by SEM surface images (Figure 4.4a-b).
A lower leakage current in the case of bilayer HTL is attributed to complete HTL
coverage over the ITO substrate, which prevents opposite charge carriers from
the perovskite layer from recombining with the holes in the HTL, thereby
contributing to higher Voc and FF. Tabulated photovoltaic parameters of
champion devices (Table S1.1) summarize the performance advantages of the
bilayer HTL approach and correlate well with the optoelectronic insights from PL

decay fitting.
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Figure 4.2: (a) Current-voltage curves, (b) maximum power point tracking, (c) external
guantum efficiency, and (d) dark J-V curves of PSCs employing all three HTLs (with an

anti-reflection coating (ARC, MgF,,70 nm). Reproduced from reference® under CC-BY
4.0.

Interface-driven photophysical phenomena

The photoluminescence quantum yield (PLQY) measurements suggest better
interface quality in the bilayer-HTL/perovskite stack, with PLQY around 3-fold
higher for bilayer HTL than for the other two HTLs (Figure 4.3a-b). This PLQY
measurement also correlates to a higher quasi-Fermi level of splitting (QFLS),
also referred to as implied Voc. '8 We further recorded the rise and drop in the
Voc of the PSCs at 1-sun conditions employing three HTLs (Figure 4.3c). While
the PEDOT: PSS- and PTAA-based HTLs show a slow rise in the Voc over
several seconds, this may be due to capacitive effects in the device.’®® The

bilayer HTL-based PSC quickly reaches its maximum Voc. In an ideal case, the
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device should reach its maximum Voc and show no temporal dependence on
light soaking, a trend clearly more pronounced in the bilayer HTL PSCs, hinting

at improved interfacial properties with Sn—Pb perovskite.

To confirm the improvement in the bilayer HTL PSCs, we recorded their
electroluminescence (EL) spectra. Figure 4.3d and e show EL spectra and EL
yields as a function of injection current densities for all three PSCs. The EL
measurements at a given current density exclude resistive effects that might be
present in the devices due to different energy-level alignments or differences in

charge-transport characteristics of the HTLs.'®®

The EL spectra at a given
current density of 50 mA cm™ show the highest EL for bilayer HTL, followed by
PTAA and PEDOT: PSS. This spectrum provides direct confirmation of enhanced
radiative recombination in bilayer HTL-based PSCs, arising from improved
interfacial properties at the HTL/NBG perovskite interface. The trends in the EL
intensity validate the Voc values in the cells. It further suggests a higher EL in the
low injection current density, indicative of a significantly lower trap density in

these films.'®!

In general, PTAA-based HTLs show a saturation of the EL
intensity at an elevated injection current density. In contrast, the EL of the

PEDOT: PSS-based film shows a drop.
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Figure 4.3: (a) and (b) show the photoluminescence (PL) quantum yield and QFLS of
perovskite films deposited atop three different HTLs. (c) shows the rise and decay of
the Vo of the PSCs employing the three HTLs, measured at 1-sun conditions. (d) EL
curves of three representative PSCs at an injection current density of 50 mA/cm?,
measured in air. (e) EL intensity as a function of injected current density for all three
PSCs and reproduced from reference® under CC-BY 4.0.

Figure 4.4(a-c) confirms the formation of a compact, pinhole-free perovskite film,
a crucial prerequisite for achieving high device performance. To assess surface
morphology and film uniformity, atomic force microscopy (AFM) measurements
were performed, as shown in Figure S1.5. The results reveal that variations in
HTL deposition directly influence the topography of the overlying perovskite films.
Notably, the bilayer-based perovskite exhibited the lowest surface roughness,
with a root mean square (RMS) value of 37.68 nm, compared to 68.32 nm for
PEDOT: PSS-based and 44.36 nm for PTAA-based perovskite films.

The higher quality of perovskite films on PTAA HTLs is confirmed by time-
resolved PL (TRPL) transients (Figure S1.6a,b). The PTAA-only HTL shows the
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highest carrier lifetime, followed by the bilayer HTL. We attribute the lower PCE
of PTAA-based devices, despite their longer carrier lifetimes, to poor charge
extraction, likely due to low conductivity. On the other hand, the rapid PL decay
of the films grown on PEDOT: PSS, combined with the lower efficiency of the

PEDOT: PSS-based devices, hints at increased interfacial trapping.*

To assess whether different HTLs affect ambient/photostability, we monitored
temporal PL in air under continuous laser irradiation for several minutes. TRPL
did not show any notable changes in the bilayer, followed by PTAA, whereas the
PEDOT: PSS HTL-based perovskite film showed the most pronounced changes
(Figure 4.4(d-f)). This higher initial drop in PL intensity for the PEDOT: PSS HTL
might be due to increased trapping at the PEDOT: PSS/perovskite interface,
leading to a shorter TRPL lifetime. Generally, the performance of perovskite-
based devices is attributed to their longer carrier lifetimes, and often, superior-
quality films are coupled with slower PL decays.'®® TRPL lifetime for PTAA-only
based perovskite films revealed a slow PL decay for the initial measurements,
followed by a reasonable drop after 6 min of photoirradiation, hinting that the
continuous light exposure leads to the creation of defect states. The bilayer HTL-
based perovskite films exhibit consistent TRPL under continuous laser
irradiation, even after prolonged exposure, suggesting a high-quality
bilayer/perovskite interface. These results are also consistent with the PLQY and

EL findings and are complemented by the device performance.
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Figure 4.4: (a, b) Surface morphology of the perovskite deposited atop bilayer HTL
(scale bars 1 um and 400 nm, respectively). (c) Cross-sectional SEM image of complete
PSC stack (scale bar 200 nm). PL transients of the ITO/HTLs/perovskite (d) PEDOT:
PSS, (e) PTAA only, and (f) Bilayer, excited from the glass side, measured in air under
continuous laser irradiation (pulsed laser, Aexc 450 nm, repetition rate 200 kHz). The PL

transients were measured every 3 min (t0... t12) and reproduced from reference® under
CC-BY 4.0.
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5 IMPACT OF NARROW BANDGAP CELLS ON ALL-
PEROVSKITE TANDEM ARCHITECTURES

In this chapter, the emphasis is on the application of optimized mixed lead—tin (Pb—
Sn) perovskite absorbers, introduced in Chapter 4, for all-perovskite tandem solar
cells. The Pb—Sn perovskite, with a bandgap of approximately 1.25 eV, functions as
the bottom cell, while a wide-bandgap perovskite with a bandgap of about 1.7 eV
serves as the top cell. This tandem configuration is investigated to assess its impact
on the open-circuit voltage (Voc) and the overall power conversion efficiency. Building
on the previous chapter, this section highlights the importance of bandgap
engineering and tandem architectures in advancing the performance of perovskite
solar cells. The results presented here are based on work published in ACS Materials
Letters, distributed under the CC-BY 4.0 license.

5.1 Introduction to Improved Pb-Sn Mixed Perovskite Solar Cells

Building on the detailed understanding of voltage-loss mechanisms and effective
mitigation strategies explained in the previous chapter (Chapter 4), this section
focuses on the practical application of these advancements in optimized Pb—Sn
mixed PSCs as the foundational subcells in all-perovskite tandem solar
architectures. The significant Voc improvements achieved through interface
engineering and the implementation of optimized hole-transport layers, such as
the bilayer PEDOT: PSS/PTAA configuration, have fundamentally enhanced the
photophysical properties and device stability of narrow-bandgap Pb—-Sn PSCs.
These optimized NBG cells, characterized by reduced non-radiative
recombination and superior charge extraction, serve as critical building blocks for
tandem devices aimed at overcoming the single-junction performance ceiling and
pushing toward higher power conversion efficiencies. Integrating such finely

tuned Pb-Sn perovskite absorbers into tandem architectures alongside
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complementary wide-bandgap subcells offers a promising pathway to maximize
spectral utilization, improve current-voltage matching, and ultimately achieve
superior tandem device performance. This chapter thus explores the design,
fabrication, and performance implications of incorporating these optimized NBG
cells into all-perovskite tandem solar cells, establishing a direct link to

fundamental Voc loss mitigation.

5.2 Effect of Narrow Bandgap Perovskite as A Bottom Cell in All-
Perovskite Tandem Solar Cells

The schematic structure of all-perovskite tandem solar cells (Figure 5.1a) shows
the monolithic integration of WBG and NBG perovskite subcells, separated by a
recombination layer that enables efficient charge-carrier recombination and
transport between cells. This architecture typically uses a two-terminal
configuration, with subcells connected in series, enabling simplified device
fabrication and potentially higher voltage outputs than single-junction cells. The
gains made in the single-junction NBG cells are applied to fabricate an all-
perovskite tandem solar cell (TSCs) that also involves a separately optimized
WBG perovskite (Eg =~1.70 eV, Csp3FA0sMA,.1Pb(lo.7Bro.3)3) as the top cell and
the optimized NBG perovskite (Eg = 1.21 eV) as the bottom cell. Both the WBG
and the NBG perovskite layers were processed in a No-filled glovebox (except for
PEDOT: PSS as the HTL, the recombination layer, and atomic layer deposition of
SnOx). The configuration of all perovskite TSCs shown in Figure 5.1a is as
follows: ITO/SAMsS/\WBG/Cgo/ALD-
SnOx/Au/bilayer(PEDOT:PSS/PTAA)/NBG/Cg/BCP/ Ag.

In Figure 5.1b, the light J-V characteristics show performance differences among
the standalone WBG and NBG devices and the tandem configuration. The
tandem solar cell exhibits a higher Voc than either single junction due to the
additive voltages of the two subcells, alongside improved current densities and fill
factors resulting from optimized layer interfaces and balanced charge extraction.

This enhancement reflects the efficient spectral utilization in the tandem device,
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with the WBG layer absorbing high-energy photons while allowing lower-energy
photons to pass to the NBG subcell, effectively reducing thermalization losses.
Thus, the tandem cell leverages complementary absorption profiles to surpass
the Shockley-Queisser limit of single-junction devices, thereby advancing
photovoltaic efficiency. These results underscore the importance of precise layer
engineering, energy band alignment, and interface optimization to maximize the
electrical output of all-perovskite tandem architectures and highlight the potential
of these devices for next-generation solar energy conversion. The J-V curves of
the best-performing bilayer-based NBG bottom cell and all-perovskite TSCs with
a minimal hysteresis, demonstrating a PCE of 20.3% and 25.1%, Voc of 0.82 and
2.00 V, Jsc of 32.3 mA cm™ and 15.9 mA cm™, and FF of 81.0% and 81.2%,
respectively. The high PCE of tandem devices, with a remarkable Voc of 2.00 V,
is achieved by using the bilayer HTL discussed in the previous sections for the
NBG bottom cell (Figure 4.2a), which, as we have seen, enhances photovoltaic
(PV) parameters. Additionally, this value is enabled by the optimization of the
WBG top cell, where the gas-quenching method was used to promote perovskite

formation.
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Figure 5.1: Schematic structure of all-perovskite tandem solar cells (a) and comparison
of light J-V characteristics for narrow-bandgap, wide-bandgap, and tandem
configurations (b). Reproduced from reference® under CC-BY 4.0.
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The cross-sectional SEM image presented in Figure 5.2a provides a clear
visualization of the whole device stack in the all-perovskite tandem solar cell
architecture. The image confirms the successful formation of uniform, well-
defined layers, including the individual wide-bandgap (top) and narrow-bandgap
(bottom) perovskite sub-cells, as well as the recombination layer that enables
efficient charge transfer between sub-cells. The precise thickness and integrity
of each layer are crucial for minimizing series resistance and facilitating optimal
charge extraction, both of which are essential to achieving high device
efficiency. The clear separation and good adhesion between layers in the SEM
image also indicate practical processing and interface engineering, which are
key to device reproducibility. The improved photovoltaic performance of the
tandem devices can be closely attributed to the fabrication of crack-free,
compact, and high-quality perovskite absorber layers for both the WBG and
NBG subcells, as clearly demonstrated in the cross-sectional SEM image of the
all-perovskite tandem solar cells. To achieve optimal current matching and
reduce Jsc mismatch between the top and bottom subcells, the thicknesses of
the WBG and NBG absorber layers were carefully optimized to approximately

400 nm and 700 nm, respectively.

In Figure 5.2b, the external quantum efficiency (EQE) spectra of the tandem cell
are shown, enabling detailed evaluation of the spectral response and the current
generation by each sub-cell. The distinct EQE features of the wide-bandgap and
narrow-bandgap absorbers demonstrate that both sub-cells contribute efficiently
to the overall photocurrent across a broad wavelength range. The summation of
the two sub-cell contributions matches well with the integrated current density,
verifying effective current matching—a vital requirement for maximizing tandem
device performance. The non-overlapping spectral regions and the high EQE
values for each sub-cell highlight the efficiency of bandgap tuning and the
success of optimizing individual layers. This spectral separation also minimizes

parasitic absorption and recombination losses.
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The EQE spectra of the tandem device show distinct contributions from both the
top WBG and bottom NBG subcells, while the summed EQE confirms their
combined photocurrent. The integrated current densities derived from the EQE
curves are 17.8 and 14.1 mA/cm? for the WBG and NBG subcells, respectively,
which are in excellent agreement with the mean Jsc values obtained from the J—
V characterization. This agreement provides strong evidence that the tandem
device performance is primarily limited by the NBG subcell, highlighting the
critical role of precise thickness control and material quality in tandem
architectures. Consequently, these results confirm that the enhanced tandem
efficiency arises from a combination of optimized absorber thickness and high-
quality perovskite films, which enable effective current matching between the
WBG and NBG subcells.
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Figure 5.2: Cross-sectional SEM image showing the full device stack of the all-
perovskite tandem architecture (a) and external quantum efficiency (EQE) spectra of the
tandem cell, illustrating the spectral contributions of each sub-cell (b). Reproduced from
reference® under CC-BY 4.0.

Figure 5.3 presents a statistical overview of key photovoltaic parameters—short-
circuit current density, power conversion efficiency, open-circuit voltage, and fill
factor for all-perovskite tandem solar cells, based on measurements from
multiple devices. The performance metrics of 28 all-perovskite tandem solar cells
(TSCs) reveal key insights into device reproducibility and optimization. The Jsc
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distribution, with a mean of 14.47 mA/cm2 and a box range of 13.78-14.87
mA/cmz, reflects the sensitivity of tandem architectures to current matching
between sub-cells. In particular, the narrow bandgap bottom cell—typically based
on Sn—Pb perovskites—plays a critical role in harvesting near-infrared photons,
and any deviation in its thickness or bandgap tuning can significantly impact the

overall current output.

Similarly, the Voc distribution, with a mean of 1947 mV and a box range of 1913-
1978 mV, highlights the effectiveness of interfacial engineering in suppressing

non-radiative recombination.

The FF distribution, with a mean of 75.5% and a box range spanning from 74.6%
to 77.92%, reflects the influence of series resistance and charge extraction
efficiency. Devices with suboptimal contact interfaces or interlayer morphology
tend to exhibit lower FF, underscoring the importance of precise layer deposition

and interface passivation.

Finally, the PCE distribution, with a mean of 22.1% and a box range of 21.29-
23.02%, captures the combined influence of Voc, Jsc, and FF optimization. The
spread in efficiency values reflects device-to-device variability in optical
alignment, interfacial quality, and sub-cell balancing, emphasizing the need for

scalable fabrication protocols with tight process control.
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Figure 5.3: Statistical analysis of key photovoltaic parameters for all-perovskite tandem
solar cells: short-circuit current density (Jsc) (a), power conversion efficiency (PCE) (b),
open-circuit voltage (Voc) (c), and fill factor (FF) (d). Each box plot displays the mean,
maximum, and minimum values obtained from all measured devices, reproduced from
reference® under CC-BY 4.0
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6 GAS-QUENCHING MEDIATED CRYSTALLIZATION
OF LEAD-TIN PEROVSKITES

This chapter focuses on using gas quenching as an alternative to the traditional
antisolvent quenching method for fabricating mixed lead—tin (Pb—Sn) perovskite solar
cells. Gas quenching enables slower crystallization, resulting in smoother perovskite
films and improved device efficiency. The study further investigates the influence of
optimal gas pressure on photovoltaic performance, highlighting its role in achieving
efficient Pb—Sn mixed perovskite solar cells.

The results presented in this chapter are based on the article “Gas Quenching
Mediated Crystallization for Optoelectronic-Grade Pb—Sn Perovskite Films”,
published in Solar RRL,2025. | served as the primary author of this work, carried out
in collaboration with Maria Azhar, Muhammad Irfan Haider, Yenal Yalcinkaya, and
others. My contributions included conceptualizing the project, fabricating and
evaluating thin films and perovskite solar cell (PSC) devices, and characterizing thin
films using PLQY, AFM, and SEM. | also conducted the data analysis and wrote the
original manuscript. The co-authors also provided valuable support in
conceptualization, characterization, data analysis, and interpretation. In addition, they

carried out the review and actively participated in its revision, ensuring the quality and

6.1 Quenching Mechanisms in Lead-Tin Mixed Perovskite Film
Formation

Single-junction PSCs with higher efficiencies commonly utilize lead-based
perovskite materials.*®*%>1% However, despite their superior PCEs, PSCs face
significant challenges, particularly concerning lead toxicity. %"
On the other hand, pure tin-based PSCs seem to overcome toxicity issues;
however, their Sn2* ions exhibit high reactivity and are prone to oxidation to Sn**,
which severely compromises device stability. Additionally, pure tin-based

perovskites tend to form defect-rich films with poor morphology and stability due
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to their high Lewis acidity and low activation energy, often leading to uncontrolled

nucleation, increased vacancy defects, and inferior film quality.**%*701"%

An alternative to lead-based PSCs is lead-tin (Pb—Sn) mixed perovskites, which
offer the advantage of reduced toxicity compared to pure lead-based
perovskites.}”? They also mitigate stability issues caused by the oxidation of Sn2*
to Sn*, which are more pronounced in pure Sn-based perovskites.'’®"
Additionally, Pb—Sn mixed perovskites exhibit a narrower bandgap (NBG) of
approximately 1.1-1.3 eV; this narrowing is attributed to the bandgap bending
effect relative to their pure counterparts.'”>'"®'"" Despite these significant
advantages, Pb—Sn mixed NBG PSCs face persistent challenges, such as

reproducibility issues.*’81"

These problems stem from faster crystallization,
higher defect density, and sensitivity to moisture and oxygen.’®® The
crystallization behavior of Sn—Pb mixed perovskite films is crucial for device
performance. To understand this issue, it is essential to consider the underlying
chemistry. Lanthanide contraction, which results in smaller atomic radii, typically
leads to slower oxidation. Tin (Sn) does not experience lanthanide contraction,
making it more prone to oxidation and consequently accelerating the

crystallization of Sn-containing perovskite films.*®!

To address the rapid crystallization issue, various strategies have been explored.
Among them, gas quenching has emerged as a powerful technique for regulating
film-forming dynamics, offering an alternative to conventional antisolvent
dripping. As illustrated in Figure 6.1, the device fabrication process involves
sequential deposition of the perovskite layer, followed by thermal evaporation of
the top electrodes, with particular emphasis on the roles of the antisolvent and
gas-quenching steps in modulating crystallization kinetics, (Full-stack device
shown in Figure 6.2). In addition, for example, Yang et al. demonstrated that the
desorption barrier of dimethyl sulfoxide (DMSO) is significantly higher for Sn-
based complexes than for Pb-based ones, leading to asynchronous
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crystallization. By tailoring the solvent composition, particularly the DMSO
content, they achieved synchronized Sn—Pb crystallization and homogeneous

film formation.'®?

In another study, Cheng Li et al. introduced N-
hydroxythiophene-2-carboximidamide (NHC), a multifunctional additive, to control
crystallization in tin-based PSCs.!®* Omar E. Solis et al. investigated the
incorporation of thiophene-2-ethylammonium halides (TEAX) as additives in tin-
based perovskite formulations, significantly enhancing film quality by effectively
reducing Sn** formation and modulating crystallization dynamics.®* Moreover,
iso-pentylammonium tetrafluoroborate ([PNA]BF,) was employed to selectively
anchor Pb2* ions, effectively modulating the crystallization process and resulting
in a uniform distribution of Sn and Pb within the perovskite film.*®®> While additives
can control crystallization, they may also destabilize the crystal structure and
cause bandgap fluctuations. Therefore, a mechanistic approach is necessary to

control the crystallization rate in Sn-Pb-based perovskites precisely.

In this thesis, to address those issues in Pb-Sn NBG PSCs, the gas quenching
(GQ) method, rather than the traditional antisolvent (AS) technique, proved to be
a productive approach. GQ has emerged as a more environmentally friendly
quenching process.*®#” Moreover, it eliminates the need for harmful chemicals,
offers higher repeatability, and is industrially viable. The GQ method works by
gradually drying the perovskite material by exposing it to an inert gas, such as
nitrogen.'81891% This controlled crystallization of perovskite films is crucial for
producing high-quality films with fewer defects.'®'°? Although researchers have
demonstrated the applicability of gas quenching for perovskite film formation
already, a detailed in-situ transmission measurement to directly track the rate of
crystallization and its effect on grain sizes and how that contributes to the overall
performance of devices is still required. Our work resulted in significant
improvements in device performance, with the PCE increasing from 18.3% for
AS-processed devices to 19.1% for GQ-processed devices. Additionally, GQ

enhances device repeatability by providing a wider parameter window for
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processing. We carefully investigated and compared AS- and GQ-processed
flms and devices wusing photoluminescence quantum vyield (PLQY)
measurements, atomic force microscopy (AFM), and grain size analysis.
Furthermore, in-situ transmittance measurements were used to analyze the
effect of GQ on the rate of crystallization, grain sizes, and ultimately the overall

device performance.
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Figure 6.1: Schematic representation of device fabrication, illustrating the process from
perovskite layer deposition to thermal evaporation of precursors, with emphasis on
antisolvent and gas quenching techniques. Reproduced from reference.'®®

Gas quenching operates by rapidly displacing solvent vapor with an inert or dry
gas stream—typically nitrogen thereby inducing supersaturation and promoting
uniform nucleation across the substrate. This method enables precise control
over solvent evaporation rates and suppresses undesirable phase segregation or
wrinkling, which are common in Sn-rich perovskite systems.'®* Recent studies
have demonstrated that gas quenching not only improves film coverage and

grain uniformity but also enhances optoelectronic properties by reducing trap

73



density and facilitating vertical charge transport.’®* For instance, modeling
frameworks developed by Wang et al. provide quantitative insights into the
interplay between gas flow dynamics, solvent removal, and nucleation behavior,
offering a mechanistic basis for optimizing quenching protocols.*®

The reproducibility of gas quenching makes it particularly attractive for the
fabrication of low-bandgap sub-cells. Understanding the underlying mechanisms,
such as solvent—gas interactions, nucleation thresholds, and nitrogen gas
compatibility, is essential for tailoring film formation to achieve high-performance
devices. This chapter explores the mechanistic aspects of gas quenching in Pb—
Sn mixed perovskites, drawing on recent experimental and theoretical advances
to elucidate its role in shaping film morphology, phase purity, and device

efficiency.

Ag

N,
Pb-Sn perovskite

PEDOT:PSS
SAM
ITO

Figure 6.2: Schematic of the full-stack Pb-Sn mixed perovskite solar cell architecture,
illustrating the layered configuration from substrate to top electrode (ITO/SAM/ PEDOT:
PSS/perovskite/Cso/BCP/Ag using both anti-solvent and gas quenching methods.

6.2 Impacts of Gas Quenching Method on Pb—Sn Mixed PSCs and
Film Quality

Hereafter, AS films/devices refer to those in which perovskite quenching was

74



performed using the AS method, whereas GQ films/devices refer to those in
which perovskite quenching was performed using the GQ method. Figure 6.3
presents a box plot of the photovoltaic performance of AS and GQ devices,
showing open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor
(FF), and overall power conversion efficiency (PCE). The GQ devices exhibit
higher Voc, suggesting reduced defect density, as supported by their higher
PLQY values (see Figure 6.6). The FF results appear comparable; however,
notably, the data for all parameters—including FF, Jsc, Voc, and overall PCE are
consistent, showing only slight deviations from the average values for GQ
devices. The reproducibility of the GQ method is further demonstrated by the
narrow distribution of all photovoltaic parameters in the box plot, which also
indicates relatively higher average values for each parameter, highlighting the

superior performance of the GQ method.
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Figure 6.3: Boxplots of the photovoltaic parameters of Pb-Sn mixed perovskite solar
cells fabricated using AS (left, orange) and GQ (right, green) at a gas pressure of 5 bar.
The parameters shown are current density (Jsc), open circuit voltage (Voc), fill factor
(FF), and power conversion efficiency (PCE) in panels (a-d), respectively. Reproduced
from reference.'®®
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As a result, the gas-quenched device exhibits a higher Voc of 0.79 V, resulting in
a PCE of 19.1%. In comparison, the AS-treated counterpart shows a lower Voc of
0.77 V, resulting in a reduced PCE of 18.3%. A comprehensive comparison of
the photovoltaic parameters for PSCs processed via both AS and GQ methods is
presented in Table S2.1. This table summarizes the average and champion
values for key device metrics, enabling a precise evaluation of the impact of each

processing technique on device performance.

To further investigate the reasons behind the differing performance of AS and
GQ devices, Voc rise and decay measurements were conducted under varying
illumination conditions (light on/off) at intervals ranging from 0 to 70 seconds, in
10-second increments. Figure 6.4a compares the Voc rise and decay behavior of
PSCs prepared using the AS and GQ methods. The Voc response differs notably
between the two methods, particularly in the speed of rise upon illumination and
the rate of decay after the light is turned off. The GQ devices exhibit a more
pronounced and rapid increase in Voc, reaching a maximum of 0.80 V shortly
after illumination begins. In contrast, the AS devices show a slower V¢ rise,
reaching only 0.77 V. During the decay phase, the GQ cells display a sharper
decline, with the voltage dropping to 0 V, indicating rapid carrier recombination
and minimal trap-assisted retention. Conversely, AS-treated films demonstrate a

slower Voc decay, with residual voltage persisting after illumination ceases.
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Figure 6.4: Voc decay and rise measurements of the best-performing cells in both
scenarios (a), MPP tracking of perovskite solar cells for 90 seconds following the initial
measurement inside the glovebox (b), dark (¢) and light (d) J-V curves of devices
fabricated via GQ and AS methods under forward (FS) and backward (BS) scans.
Reproduced from reference.®

The maximum power point (MPP) tracking measurements shown in Figure 6.4b
were conducted inside a nitrogen-filled glovebox without encapsulation, under
continuous illumination for 90 seconds. Devices fabricated via antisolvent
guenching exhibit a faster drop in power output than those processed by gas
guenching, which can be attributed to inherent instabilities that occur even in an
inert glovebox environment, such as residual solvent effects, incomplete

crystallization, or interfacial defects formed during processing.**°

Moreover, the GQ device exhibits a significantly lower dark current compared to
the AS devices, with a current density of 1.98 x 10 mA/cm? at 0.0 V, indicating
reduced leakage. In contrast, the AS device shows a higher dark current density

of 1.96 x 10 mA/cm? as illustrated in Figure 6.4c. These results confirm that
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controlled crystallization via the GQ method leads to improved diode quality and
reduced non-radiative losses in the device. In Figure 6.4d, the light J-V curves for
both GQ and antisolvent AS devices were measured in both forward (0 V to Voc)
and backward (Voc to 0 V) scan directions to assess hysteresis. For the GQ
device, the forward and backward scans nearly perfectly overlap, indicating
minimal hysteresis, with a hysteresis index of 0.0021, compared to 0.0182 for the
AS device; both values were calculated from current density measurements. This
minimal hysteresis suggests that the GQ film has efficient charge transport and
reduced ion migration, all of which contribute to repeatable, improved, and more
stable device performance.’®"**® To confirm that the improved performance is
indeed correlated with enhanced film quality, we performed additional

measurements.
Repeatability of gas-quenched devices

As discussed earlier and shown in Figure 6.5, GQ devices exhibit higher
repeatability than AS devices. The GQ devices exhibit a narrower distribution of
solar cell efficiencies, ranging from 15.4% to 19.1% (A = 3.7%), whereas the AS
method produces a comparatively wider range, from 10.3% to 18.3% (A = 8.0%).
This 4.3% reduction in spread indicates that the GQ method yields devices that
are more consistent and repeatable. This confirmation suggests that GQ is less
sensitive to exact processing parameters. As reported by Samantha C. Kaczaral
et al., the repeatability of perovskite film formation appears to be enhanced with
the GQ method, potentially due to slower, more controlled crystallization
dynamics.*®® The timing of perovskite film formation is crucial to ensure that the
final film is of high quality and reproducible. As shown in Figure 6.7a, in-situ
spectral measurements reveal that the AS method induces rapid nucleation,
resulting in a narrower processing window, increased sensitivity to timing
variations, and, consequently, reduced repeatability. In contrast, as shown in
Figure 6.7b, the GQ method slows and regulates the crystallization process,

leading to more uniform spectral evolution and improved reproducibility across
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devices. This is confirmed by the performance parameters shown in Figure 6.3,
where GQ devices exhibit a higher mean PCE of 17.6% with a standard deviation
of 0.9%, compared to AS devices, which show a lower mean efficiency of 15%

and a higher standard deviation of 2.1%.
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Figure 6.5: A comparative statistical distribution of PCE for AS and GQ devices,
presenting the mean values and standard deviations to illustrate the consistency and
variability of performance across samples. Reproduced from reference.'®®

Lead-Tin mixed perovskite film analysis

An essential tool for assessing perovskite film quality is the photoluminescence
guantum yield (PLQY). Therefore, we conducted a comparative analysis of PLQY
and quasi-Fermi level splitting (QFLS) for perovskite films deposited on
ITO/SAM/PEDOT: PSS substrates using the AS and GQ methods. This analysis
provided valuable insights into film quality and recombination losses in the solar
cells. PLQY measurements were performed under varying illumination
intensities, ranging from 0.1 to 1 sun in increments of 0.2 sun. The GQ films
exhibited a higher PLQY value of 0.28%, with an average of 0.19%, compared to
0.21% and an average of 0.12% for the AS films, as shown in Figure 6.6a. This

indicates more efficient radiative recombination and reduced non-radiative losses
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in the GQ-processed films. Similarly, Figure 6.6b shows the QFLS values, where
the GQ films exhibit a higher QFLS of 0.85 V compared to 0.81 V for the AS
films. A higher QFLS suggests that the GQ method produces better-quality
perovskite films with fewer defect states, thereby lowering the QFLS. Moreover,
since QFLS directly indicates the maximum achievable Voc and reflects the
extent of non-radiative losses, the higher QFLS in GQ-processed films implies
superior electronic quality and a greater capacity to support photovoltage under
illumination. This enhancement likely results from both improved bulk properties
and superior interface quality, as the GQ method may promote better contact
between the perovskite layer and adjacent charge transport layers, further

suppressing interfacial recombination.?*

In addition to PLQY measurements, AFM is an essential characterization
technique for examining nanoscale surface topography and roughness. It offers
valuable insights into the surface properties of perovskite films, as shown in
Figures 6.6¢ (AS) and 6.6d (GQ).
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Figure 6.6: The photoluminescence quantum yield (a) and the quasi-fermi level splitting
(b). Atomic force microscope topography images with root mean square (RMS) surface
roughness of the perovskite film, under AS (c) and GQ (d) methods of the perovskite
films. Reproduced from reference.'®

The film-forming properties of perovskite significantly influence the performance
of PSC devices. The morphologies of perovskite layers prepared by the AS and
GQ methods were examined using AFM. In both cases, topographic AFM images
were obtained for perovskite films deposited on ITO/SAM/PEDOT:. PSS
substrates. The root mean square (RMS) roughness of the perovskite layer
formed via the AS method is 29.6 nm, whereas the GQ-processed film exhibits a
reduced RMS roughness of 21.6 nm. The AS film displays a less uniform surface
compared to the GQ film. In contrast, the GQ perovskite film exhibits a smoother,
more uniform topography, which is advantageous for the deposition of
subsequent layers. Table S2.2 in the supporting information (SI) provides RMS
and peak-to-valley roughness values corresponding to the AFM surface profiles

of perovskite films prepared using the AS and GQ techniques.

In the next step, we investigated the crystallization process in greater detail to
understand its role in film morphology. For this purpose, we employed in situ
transmission measurements (detailed setup provided in the Sl), as shown in
Figures 6.7a and 6.7b. These measurements provide valuable insights into the
crystallization dynamics of perovskite films processed via the AS and GQ
methods, respectively. In the AS method, the antisolvent is dripped onto the
spinning substrate within a fraction of a second. In contrast, in the GQ method,
perovskite films are continuously dried under a directed nitrogen gas flow for 20
seconds. These differences in quenching type and duration affect the overall
guenching rate. To investigate this effect, an in-situ transmittance setup was
used to examine how the quenching rate influences the crystallization of the
perovskite film. In both cases, in-situ transmittance measurements were
conducted for 60 seconds, with the respective treatments applied at 15 seconds.

Before this point, the perovskite precursor film remains in a liquid, transparent
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state, resulting in high transmittance due to minimal light absorption. Upon
dripping the antisolvent after 15 seconds, a rapid and sharp decrease in
transmittance over approximately 5 seconds was observed, indicating a fast
crystallization rate. This is attributed to the rapid extraction of coordinating
solvents (DMF and DMSO) by the antisolvent (diethyl ether, DEE), which induces
fast nucleation and crystallization of the perovskite phase. In contrast, GQ films
show no significant change in transmittance during the first 5 seconds after
guenching. After approximately 10 seconds, an apparent change in the
transmission spectrum occurs, followed by another 10-15 seconds of gradual
transmission shift. After 40 seconds, the transmission spectra of both films are
very similar. These results suggest a comparatively slower crystallization rate for
GQ samples. However, the perovskite films produced using the AS and GQ
methods have ionization potentials of 5.47 eV and 5.44 eV, respectively. Both
processing techniques yield films with relatively similar HOMO values, exhibiting
only a slight shift in energy levels, as indicated by the small difference between
the two values (see Figure S2.4).

)

400

500

600

Wavelength(nm)

° o

- N

m. o .
Normalized Transmittance

0.10
800

0.05

900 0.00

0 10 20 30 40 50 60
Time(s)

82



0.40

0.35
500
1 0.30

@
v
c
£ w00l 2
€ 600 0.25.é
£ 5
S o.zoi
@
2 700 &
2 0 15%
S
=

0.10
800

0.05

0 10 20 30 40 50 60 0.00
Time(s)

Figure 6.7: In-situ transmission spectra of the perovskite film during the spin-coating and
guenching processes for the AS (a) and the GQ method (b). In both cases, quenching
begins at approximately t = 15 s. Reproduced from reference.'®®

Rapid crystallization is often induced by antisolvent quenching, which can lead to
uncontrolled nucleation. This results in smaller grain sizes and increased defect

density, negatively impacting charge transport and recombination.?**

The slower crystallization process results in a range of grain sizes, as revealed
by SEM analysis. Figure 6.8 provides a detailed comparison of the grain
morphology of perovskite films deposited on PEDOT: PSS, which is coated on
SAM-treated ITO substrates, under both AS and GQ processing conditions. The
SEM images in Figures 6.8a (AS) and 6.8d (GQ) were used for grain size
extraction, and Figures 6.8b and 6.8e highlight the identified grains via color
segmentation. The corresponding histograms in Figures 6.8c and 6.8f, depicting
the grain size distribution, reveal a slight difference between the two films: the AS
films exhibit a mean grain size of approximately 0.25 pm, whereas the GQ films

exhibit a larger mean grain size of roughly 0.3 ym. Although the width of the grain
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size distributions is much greater than the difference observed between the GQ
and AS samples, other distinct differences are evident in the histograms. A side
peak appears at smaller grain sizes in the GQ film (Figure 6.8f), corresponding to
smaller structures that form at grain boundaries and appear as light spots in
Figure 6.8d.

The presence of these structures in the histogram shifts the mean and median of
the GQ sample toward lower values. Therefore, the actual difference in grain
sizes between the GQ and AS samples is likely larger than indicated here. This
slight increase in grain size in the GQ method could be attributed to a slower
crystallization rate, which slows film formation and, consequently, results in larger
grains. Larger grains are known to reduce grain boundary density, thereby
enhancing charge transport and reducing non-radiative recombination losses.
This finding demonstrates a clear correlation among the SEM grain size analysis,

PLQY measurements, and AFM topography results presented in this study.

VArea inpm

Figure 6.8: SEM image of perovskite film at 10,000x magnification under AS (a) and GQ
methods (d). The color scheme grain identified perovskite for the two techniques are
illustrated in (b) and (e). Histogram of grain distribution of perovskite films induced by AS
(c) and GQ (f). Reproduced from reference.'®
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7 CONCLUSION AND OUTLOOK

7.1 Conclusion

This thesis focuses explicitly on the mixed tin—lead perovskite composition
(FASNI3)o.6(MAPDI3)o.4 and the wide-bandgap Cso3FA0.sMAg 1Pb(lp.7Bro.3)s, which
were investigated as absorber layers in both single-junction Pb—Sn mixed PSCs
and all-perovskite TSC architectures. These materials were selected for their
complementary optoelectronic properties, enabling efficient photon harvesting
across the solar spectrum and facilitating current matching in tandem

configurations.

In the first project, we investigated the incorporation of an ultrathin PTAA layer
atop the conventional HTL, PEDOT: PSS, to enhance charge transport across
the HTL/perovskite interface. The resulting bilayer HTL configuration—PEDOT:
PSS/PTAA—demonstrated significant improvements in device performance, as
evidenced by J-V measurements. These improvements were reflected in the
photovoltaic metrics of the fabricated PSCs, with a champion PCE of 20.3%, an
improved Jsc of 32.3 mA/cm?, a high FF of ~81%, and a high Voc of 0.82 V. The
Voc achieved with the bilayer HTL ranks among the highest reported for Pb—Sn
mixed narrow-bandgap PSCs, underscoring the effectiveness of this interfacial
strategy. Further analysis revealed that the ionization-energy alignment between
the HTLs and the narrow-bandgap perovskite was more favorable in the bilayer
configuration, thereby facilitating improved charge extraction.
Photoluminescence quantum yield (PLQY) measurements indicated superior
interface quality in the PEDOT: PSS/PTAA/perovskite stack compared to single-
layer HTLs. Additionally, electroluminescence (EL) measurements confirmed
enhanced radiative recombination in bilayer HTL-based PSCs, attributed to the

improved interfacial properties at the HTL/perovskite junction.
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The second project focused on the structure of all-perovskite tandem solar
cells. An optimized PTAA concentration (1.0 mg/mL) in bilayer HTL
architectures significantly mitigates Voc losses in Pb—Sn PSCs compared to
devices with PEDOT: PSS or PTAA. This improvement results in enhanced
photovoltaic parameters, including Voc, Jsc, and FF, ultimately increasing
overall solar cell efficiency and facilitating integration into high-performance all-
perovskite tandem devices. The incorporation of optimized NBG Pb-Sn
perovskite subcells, which exhibit reduced Voc losses, into all-perovskite TSC
architectures led to a marked enhancement in tandem device performance. The
single-junction Voc improvements successfully translated into the tandem
configuration, achieving a high overall open-circuit voltage of 2.00 V and a
power conversion efficiency exceeding 25%, ranking among the state of the art
in the field. This chapter highlights the importance of synergistic optimization at
both the material and device levels to achieve complementary subcell
performance and voltage matching in tandem cells. The successful
demonstration of high-Voc NBG subcells within tandem stacks underscores their
efficient photovoltaic performance. It lays the groundwork for future efforts
toward commercialization and broader adoption of all-perovskite tandem

technologies.

In the third project, we conducted a step-by-step comparison of AS and GQ
devices for our Sn-Pb-based NBG perovskite. Devices fabricated using GQ
exhibited minimal hysteresis (0.002) in light J-V scans and superior diode
characteristics in dark J-V analysis, indicating reduced defect-mediated
recombination. In contrast, AS films showed a pronounced hysteresis index of
0.018. Furthermore, GQ devices demonstrated a higher champion of 19.1%,
compared to 18.3% for AS devices. Additionally, we observed a slower
crystallization rate in perovskites processed with GQ, as evidenced by in-situ
measurements. SEM grain analysis revealed that, due to the slower
crystallization rate in GQ films, the perovskite grain size was comparatively larger
than in AS films. PLQY measurements indicated a higher PLQY for GQ films,
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suggesting a lower defect density. AFM analysis showed that GQ films were
smoother than AS films. These results underscore the effectiveness of the gas
guenching method as a strategy for producing high-performance perovskite solar
cells. Gas quenching, in particular, has demonstrated promise in enhancing
repeatability and device performance in Pb-Sn mixed perovskites. This factor is
very important in the industrial production of such cells. Additionally, GQ offers a
more sustainable processing method that does not use solvents. Although this
study focuses on Sn-Pb-based films, other results from our group demonstrate
that the performance of GQ-processed films also improves for other perovskite
compositions. Therefore, GQ is generally preferred over AS treatment because it
offers not only a more sustainable, less toxic preparation process, but also a
slower crystallization rate, improved film quality, enhanced repeatability, more

stable device performance, and superior photovoltaic efficiency.
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7.2 Outlook

Building on the findings of this dissertation, future research aimed at reducing
open-circuit voltage (Voc) losses in lead—tin (Pb—Sn) mixed perovskite solar cells
should prioritize a deeper understanding of non-radiative recombination
mechanisms and defect chemistry. This method includes exploring novel additive
engineering strategies—such as multifunctional antioxidants with tailored
functional groups—to suppress Sn2* oxidation and passivate both bulk and
interfacial trap states. A promising strategy involves compositional tuning, in
which researchers precisely control the Sn:Pb ratio to optimize the bandgap
without sacrificing film stability. Additionally, advanced characterization
techniques such as time-resolved photoluminescence (TRPL), Kelvin probe force
microscopy (KPFM), and in situ X-ray photoelectron spectroscopy (XPS) can
provide critical insights into charge carrier dynamics and interfacial energetics.
Investigating the synergistic effects of multiple additives and their influence on
long-term stability and device lifetime will also be essential for translating lab-

scale improvements into scalable technologies.

To enhance the Voc and power conversion efficiency (PCE) of all-perovskite
tandem solar cells, future research should prioritize harmonizing bandgap tuning
and interfacial charge extraction across subcells. These methods involve
developing new wide-bandgap perovskite compositions with improved phase
stability and minimized halide segregation, as well as optimizing narrow-bandgap
absorbers through controlled tin (Sn) incorporation and defect passivation.
Interface engineering remains crucial; therefore, designing novel interlayers—
such as self-assembled monolayers (SAMs), doped organic semiconductors, or
two-dimensional (2D) perovskite interphases—can enhance energy-level

alignment and suppress interfacial recombination. Additionally, scalable, low-
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temperature processing techniques compatible with flexible substrates, such as
blade coating or inkjet printing, should be refined to maintain an optimal balance

among optical transparency, conductivity, and mechanical robustness.

Finally, the gas-quenching method for perovskite film formation offers a scalable,
reproducible approach to fabricating high-quality Pb—Sn mixed perovskite layers.
Future research should focus on optimizing gas-flow parameters—including flow
rate, direction, and temperature—to control solvent evaporation kinetics and
crystallization behavior precisely. Combining gas quenching with additive
engineering, such as incorporating passivating agents like phenethyl ammonium
iodide (PEAI) or thiol-functionalized molecules, can further reduce defect
densities and improve film uniformity. Investigating the compatibility of gas
guenching with industrial-scale deposition techniques, such as slot-die coating or
roll-to-roll processing, will be crucial for commercial applications. Moreover,
understanding how gas-quenching influences interfacial contact with transport
layers and its impact on charge extraction and recombination will help refine
device architectures. Long-term stability studies under thermal, light, and
environmental stress, alongside comprehensive  morphological and
optoelectronic characterization (e.g., GIWAXS, SEM, and transient absorption
spectroscopy), will be essential to validate the robustness of this method.
Ultimately, integrating gas quenching with comprehensive device-engineering
strategies could set new performance benchmarks for Pb—Sn perovskite solar

cells.
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SUPPORTING INFORMATION

Appendix 1 Graphics, abstract, and supporting information for Chapter 4
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Figure S1.1: Conceptual overview illustrating the core methodology and objectives of
Project One in this thesis. Reproduced from the reference® under CC-BY 4.0.
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Figure S1.2: lonization energy values of HTLs and NBG perovskite obtained by

Photoelectron Spectroscopy in Air (PESA) and energy level alignment. Reproduced from
the reference® under CC-BY 4.0.

28 27.2 b)
3262 M -, *
24 - Rl
5 « ] ‘.A
g S . e
< < 20 4 ——197
E =
9 == PEDOT: PSS o
=10 ~a— Bilayer 2 164
] et PTAA
5
] 12 4 $
0 T T T T T T T
-0.2 0.0 02 0.4 0.6 0.8 PEDOT: PSS Blayer PTAA
Voltage (V)

Figure S1.3. (a) J-V curves and (b) short circuit current of the three selected HTLs

based PSCs without anti-reflection coating. Reproduced from the reference® under CC-
BY 4.0.
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Figure S1.4: Influence of antireflective coating thicknesses (0 nm, 50 nm, 60 nm, 70 nm,
and 100 nm) on Jsc of NBG PSCs. Reproduced from the reference® under CC-BY 4.0.

The presence of an anti-reflection coating (ARC), such as MgF,, enhances the
current density in Sn-Pb PSCs by minimizing reflection and allowing more light to
reach the absorber layer, thereby improving electron-hole pair generation and,
consequently, PSC performance. In Figure S1.4, the 70 nm-thick MgF, appears
to balance the reduction in reflection and the interference effects. At an optimized
thickness (70 nm), the ARC reduces reflection over a wide range of wavelengths.
When the ARC is too thick (100 nm), interference consequences emerge.
Interference can cause destructive interference at specific wavelengths, which

reduces overall light absorption.
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Figure S1.5: (a-c) AFM images of the three HTLs deposited on ITO (a) ITO/PEDOT:
PSS, (b) ITO/PEDOT: PSS/PTAA, and (c) ITO/PTAA. (d-f) AFM images of the
corresponding Sn-Pb perovskite film deposited on the respective HTLs. (g-i)3-D graphs
of respective Sn-Pb perovskite film on representative HTLs. Reproduced from the
reference® under CC-BY 4.0.

The AFM images in Figure S1.5 represent the surface topography of the
respective. Materials, with height variations measured at the nanoscale. From
Figure S1.5 (a-c), the highest value (117.6 nm) implies significant roughness,
while the subsequent HTLs (bilayer and PTAA only) values decrease, indicating
smoother surfaces. The RMS roughness values for the perovskite layer, shown
in Figure S1.5 (d-f) (68.32 nm, 37.68 nm, and 44.36 nm), provide insights into its
surface quality; the lower RMS values suggest smoother surfaces with fewer
irregularities. The three-dimensional AFM images of the three HTL-based

perovskites are illustrated in Figure S1.5 (g-i).
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Table S1.1: Photovoltaic parameters of PEDOT: PSS only, PEDOT: PSS /PTAA (bilayer),
and PTAA only based single junction NBG-perovskite champion PSCs. Reproduced from
reference® under CC-BY 4.0.

HTLs Scan directions | Jsc (mA/cm?) | Ve (V) FF (%) PCE (%)
Forward 30.2 0.73 71.2 15.7
PEDOT:PSS
Reverse 303 0.80 73.5 17.8
. Forward 322 0.81 77.0 19.8
Bilayer
Reverse 321 0.82 81.0 20.3
Forward 304 0.75 60.0 15.7
PTAA only
Reverse 30.0 0.77 69.6 16.0

Appendix 2 Graphics, abstract, and supporting information for Chapter 6
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Performance Improvement
Repeatability Enhancement
Slow Rate of Crystallization

Deposition: Antisolvent (AS) vs. Gas Quenching (GQ) Output

Figure S2.1: Schematic comparison of antisolvent dripping and gas quenching
techniques for perovskite film formation, highlighting their influence on crystallization
dynamics, repeatability, and resulting device performance. Reproduced from the
reference.'®®
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Figure S2.2: (a) Deposition of self-assembled monolayer (SAM); (b) Thermal annealing
of SAM at 100 °C for 10 minutes; (c) Deposition of PEDOT:PSS layer over the SAM; (d)
Annealing of the PEDOT:PSS film at 120°C for 20 minutes. Reproduced from
reference.'®?
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Figure S2.3: Box plots comparing the photovoltaic performance of devices fabricated via
gas quenching at (a) 2 bar and (b) 3 bar pressures. Each plot represents the distribution
of key performance metrics across multiple devices. Reproduced from reference'®®

Figure S2.3 compares the photovoltaic performance of devices fabricated under
different gas quenching pressures, using box plots to visualize the distribution of
key metrics. Devices quenched at 2 bar and 3 bar pressures exhibit distinct
performance characteristics. The box plots reflect variations in all photovoltaic

parameters, such as, power conversion efficiency (PCE), open-circuit voltage
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(Voc), short-circuit current density (Jsc), and fill factor (FF), offering insights into

the reproducibility and optimization of the fabrication process.
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Figure S2.4: Work function analysis of perovskite films grown on SAM/PEDOT:PSS
layers using photoelectron spectroscopy in air (PESA), comparing samples prepared via
anti solvent (AS) and gas quenching (GQ) methods. Reproduced from reference.'*®

Figure S2.4 shows the work function of perovskite films deposited on
SAM/PEDOT:PSS layers, comparing results obtained under ambient conditions
using antisolvent (AS) and gas-quenching (GQ) techniques. The work function is
a critical that

parameter

influences energy level These

alignment.
measurements, typically obtained through techniques such as photoelectron
spectroscopy (PESA), underscore the importance of processing conditions in

tuning interfacial energetics.
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Table S2.1: A comprehensive summary of the average and champion values of the
photovoltaic parameters for perovskite solar cells. These cells were subjected both AS
methods and GQ techniques. Parameters include power conversion efficiency (PCE), open-
circuit voltage (Voc), short-circuit current density (Jsc), and fill factor (FF). Reproduced from
reference.'®®

0.75 72.8 15

Average 28.1

Champion 29 0.77 80.9 18.3
Average 29.7 0.78 74.5 17.6
Champion 31 0.79 78 19.1

Table S2.2: Quantitative analysis of surface roughness parameters. Reproduced from
reference.'®

Parameters Antisolvent (AS) Gas quenching (GQ)
RMS roughness (Sq) 29.66 nm 21.65 nm

RMS (grain: wise) 29.66 nm 21.65 nm

Mean roughness (Sa) 23.68 nm 17.42 nm

Skew (Ssk) -0.4447 -0.2064
Excess Kurtosis 0.4756 0.1153
Maximum peak height (Sp) 87.3 nm 59.9 nm
Maximum pit depth (Sv) 190.3 nm 94.9nm
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