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Abstract

Global energy demand has grown extensively in recent decades, and it has continued to rely on fossil
fuels that are accompanied with environmental concerns. This has intensified the research for
renewable energy alternatives with solar power standing out as a leading candidate due to its
abundance, scalability and rapidly declining costs. As photovoltaic (PV) technologies have evolved
significantly, their widespread adoption continues to face barriers in efficiency, stability and

manufacturing costs.

While inorganic semiconductors such as crystalline silicon remain dominant due to their favorable
band gap and long-term stability, hybrid solar cells such as organic—inorganic heterojunction solar
cells have gained increasing attention for their ability to combine the tunability and ease of processing
of organics with the superior charge transport and stability of inorganics. In this work, we have
investigated the stabilization of planar heterojunction solar cells through the incorporation of
dimethyl sulfoxide (DMSO) into PEDOT:PSS-based hole transport layers (HTLs). The acidic and
hygroscopic nature of PEDOT:PSS is a well-known source of device instability, leading to
accelerated degradation under ambient conditions. By employing DMSO as a cosolvent alongside
ethylene glycol and methanol, this work demonstrates that optimized modification enhances electrical
conductivity, reduces recombination, and markedly improves stability. Devices incorporating DMSO-
treated PEDOT:PSS films retain nearly 89.4% of their initial efficiency after 72 hours of ambient
storage, in contrast to the sharp decline seen in control devices without DMSO. Atomic force
microscopy (AFM) and X-ray photoelectron spectroscopy (XPS) confirm improved surface
morphology and a favorable redistribution of conductive domains. The findings establish DMSO
modification as a practical, cost-effective strategy for producing more inherently resilient

heterojunction solar cells.

Following these insights, we introduce dimethyl sulfone (DMSO:>) as a solid-state additive for
PEDOT:PSS films. Unlike liquid cosolvents, DMSO: crystallizes upon drying, inducing a unique
reorganization of polymer microstructures that enhances phase separation and alignment of
conductive PEDOT chains. The resulting films exhibit superior conductivity, improved charge
transport, and greater stability against moisture induced degradation. Devices fabricated with

DMSO:-doped PEDOT:PSS achieve efficiencies up to 15.5% (EMD?2) and an average Tso of ~913 h

of ambient storage (ED2), a substantial improvement over conventional treatment. Through a

combination of external quantum efficiency (EQE), AFM, and conductivity analyses, this work
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highlights the ability of DMSO: to simultaneously enhance efficiency and extend ambient storage
longevity, offering an environmentally benign and scalable pathway for advancing PEDOT:PSS-

based solar technologies.'”

We also address the challenge of electrode optimization by introducing a rapid and low-cost
method of shadow mask fabrication by desktop 3D printing. While electrode geometry is critical to
current collection efficiency, series resistance reduction, and overall photovoltaic performance,
traditional fabrication techniques are expensive, time-consuming, and inflexible. By employing
polyethylene terephthalate glycol-modified (PETG) filaments for 3D printing, this study demonstrates
a streamlined approach to fabricating custom shadow masks for top electrode manufacturing in hours
rather than weeks. Comparative testing of three geometries (comb-like busbar, central busbar, and
crossed busbar) shows that the central busbar design achieves superior efficiency enhancement by
21.62% and improves the fill factor by reducing resistive losses and balancing optical transparency.
This work illustrates how low-cost additive manufacturing can democratize device prototyping,
accelerate design iterations, and lower research and production costs without compromising

performance.

In summary, this dissertation presents a cohesive exploration of strategies to improve efficiency,
stability, and fabrication simplicity of planar heterojunction solar cells. Through targeted material
modifications and innovative fabrication methods, the studies collectively highlight pathways to
bridge laboratory innovation with commercial feasibility. Together, these contributions underscore
the critical role of polymer modification and accessible fabrication in the evolution of next-generation
solar cells, with the ultimate goal of advancing the prospects of clean, scalable, and sustainable

energy technologies.
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Chapter 1

Introduction

1.1 Global energy demand and environmental challenges

Driven by population growth and development, global energy demand continues to rise each year,
and it is still met largely by fossil fuels. In 2024, fossil fuels accounted for roughly 86% of the
world’s primary energy mix.’ This heavy reliance has led to significant greenhouse gas emissions and
climate change concerns, underscoring an urgent need for cleaner, sustainable energy sources.
Renewable energy technologies including solar, wind, and hydro power have experienced rapid
growth and they now contribute a substantial share of new power capacity.* However, despite
renewables providing about one-third of global electricity in 2024, they still supplied only ~8% of
total global energy demand.’ Scaling up renewable energy is thus essential to meet future demand and
climate goals. Predictions indicate that the renewable energy contribution to the electricity sector will
increase from 30% in 2023 to 46% by 2030, with the vast majority of this expansion coming from
solar and wind power.” Among the green options, solar energy stands out for its abundance and
scalability as the sunlight striking the Earth each hour could theoretically power humanity’s annual
energy needs. As solar costs have plummeted over the past decade, photovoltaic (PV) installations
have surged, making solar power one of the fastest growing electricity sources worldwide. Solar
energy delivers emission-free electricity and enhances energy security by reducing dependence on
fossil fuels. As renewables do not require ongoing fuel purchases, their long-term costs tend to be
lower and they are predicted to fall further as technology advances.®” In this context, research into
advanced and affordable solar cell technologies is of paramount importance to improve efficiency,
reduce costs and enable vast involvement of solar panels to meet global energy demand with clean

power.

1.2 Working principles: Basic photovoltaic effect

The PV effect is the process by which light, or photons, striking a semiconductor material creates a
number of electron-hole pairs. Internal electric fields at the semiconductor junctions or selective
contacts cause separation of the electron—hole pairs and drive the charge carriers to their respective
electrodes, where they are collected to generate voltage and current.® Electron—hole pair dissociation
differs between inorganic and organic semiconductors. When photons with energy equal to or greater
than the bandgap of the inorganic semiconductor are absorbed, electrons are excited from the valence
band into the conduction band, generating the charge carriers. In these semiconductors, dissociation

can thermally occur at ambient temperature as the exciton has relatively low binding energy and



higher screening effect (Figure 1.1). On the other hand, organic semiconductors have lower screening
effect and higher exciton binding energy, which does not allow for thermal dissociation under
ambient conditions after photon illumination. Following a different path, the created exciton gets in
contact with another material and diffuses to the interface of the second material, which leads to

offset energy levels (Figure 1.2).

Inorganic crystalline semiconductors typically have high dielectric constants and delocalized
electronic states and the binding energy of the created exciton is very small (often just a few meV).”
However, organic solar cells suffer from lower efficiencies caused by the inherently low dielectric
constant of most organic semiconductors (&; < 6). Low relative permittivity keeps excitons tightly
bound (on the order of several hundred meV) and promotes unwanted charge carrier recombination.’
'3 By comparison, typical inorganic semiconductors and lead-halide perovskites possess larger
dielectric constants (& > 10), which lead to low exciton binding energy of roughly 10 meV and

practically reduce recombination losses."*
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Figure 1.1: (a) A semiconductor absorbs a photon. (b) This promotes an electron from the valence
band to the conduction band, creating a hole in the valence band. (c) The resulting electron and hole

are transported to the electrodes for collection driven by an appropriate electric field.
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Figure 1.2: (a) A photon excites an electron in a semiconductor material with a low dielectric
constant, generating an exciton (dashed green oval). (b) The exciton diffuses to the interface with a
second material that has an offset in energy levels. (c) At the interface, the exciton dissociates into
free charge carriers, which transfer into the second material. (d) The separated charges are then

collected by the electrodes.

A p—n junction is formed between a p-type and an n-type semiconductor regions that are obtained
by introduction of appropriate dopants. When the junction is formed, electrons diffuse from n to p
region and holes from p to n region, leaving behind fixed ionized donors and acceptors. This creates a
depletion region with an internal electric field and a built-in potential that opposes further diffusion.
At thermal equilibrium the drift and diffusion currents cancel each other, so no net external current
flows. Voltage and external current appear only when the junction is biased or illuminated. The
connection of p-type and n-type semiconductor regions produces the built-in potential of this p-n
junction. The original study by Shockley and Queisser in 1961 under 6000 K black body spectrum
predicted a maximum theoretical efficiency of about 30% for a crystalline silicon solar cell with 1.1
eV bandgap. This semi-empirical analysis showed that the peak efficiency occurs at a band gap of
roughly 1.1 eV, which is essentially the optical band gap of crystalline silicon.'” Researchers then
refined the Shockley and Queisser model by considering wafer thickness, absorption by free charge

carriers, Auger recombination losses, and the light-trapping benefits of surface texturing. These



additions yield the modern Shockley and Queisser limit: roughly 33% for crystalline silicon and 28%
for amorphous silicon under AM1.5G illumination. Therefore, the modern Shockley and Queisser
limit defines the maximum theoretical conversion efficiency of a single-junction solar cell at
approximately 33% under standard illumination conditions, bounded by fundamental losses in photon
utilization and recombination.'® In summary, the PV effect involves three fundamental processes: (1)
the generation of charge carriers through photon absorption within the junction materials; (2) the
separation of these photogenerated charge carriers at the junction interface; and (3) the collection of

these carriers at the appropriate terminals of the junction.'’?

1.3 Fundamentals of solar cells

Critical performance metrics of a solar cell can be obtained from a current density vs voltage (J-V)
plot shown in Figure 1.3, and they include the short-circuit current density (Jsc), the open-circuit
voltage (Voc), and the fill factor (FF), which together define the power-conversion efficiency (PCE).
Specifically, PCE is determined by the relationship:

Output power (electric) Voc X Jsc X FF

PCE = Equation 1.1

Input power (light) P;

where FF is:

_Jup X Vyp

= Equation 1.2
Jsc X Voc
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Figure 1.3: J-V curve of a solar cell. PDwmayx is the maximum output power density (also known as
maximum power point), given by the product of current density at maximum power (Jmp) and voltage

at maximum power (Vwmp). Jsc is the short-circuit current density and Voc is the open-circuit voltage.

Jsc represents the maximum current density achievable when the solar cell is operated with no
external voltage applied (i.e., under short-circuit condition). It directly correlates to the number of
photogenerated charge carriers collected. Voc is the maximum voltage that the cell can deliver when
no external current is drawn (i.e. under open-circuit condition), and it is governed by the energy
difference between the electron and hole quasi-Fermi levels. FF is the ratio of the maximum power
density from the solar cell (Ve % Jump) to the upper-bound reference power density given by Voc x
Jsc. FF indicates how effectively the cell converts photogenerated carriers into electrical power, thus

reflecting the overall quality and efficiency of charge extraction within the device.

FF is affected by two types of resistance existing in the device: series resistance (Rs) and shunt

resistance (Rgy):!®



1V, Equation 1.
FF = FF, (1 — Ry és_c> (1 _ R_ﬂ) quation 1.3
oc sn Isc

where FFy is the ideal fill factor with no losses arising from parasitic resistance rooting from Rs and
charge recombination at the interfaces. FF becomes smaller when the conductivity of electrode
material is low and a defective electrode interface is created due to the poor deposition method." In a
solar cell, contact resistance refers to the resistance at the interface where a metal contact is connected
to the semiconductor. If this contact is poor, it restricts current flow right at the entry/exit point.

Series resistance is the total resistance that the current experiences along its intended path through the
cell, including contact resistance, the metal fingers/busbars, and the transport/semiconductor layers. A
high series resistance wastes power and lowers the fill factor. On the other hand, shunt resistance
represents unwanted low-resistance paths that allow the current to leak sideways across the cell and
bypass the external circuit. Shunt resistance is typically caused by defects or contamination, and a low
shunt resistance reduces voltage and efficiency. For optimal performance, solar cells need low contact

and series resistances, and high shunt resistance.

A p-n junction can be classified based on its structural and energetic characteristics. A traditional
p-n junction solar cell employs a single semiconductor material with controlled doping variations,
resulting in continuous and smooth energy band bending. In contrast, a heterojunction solar cell
consists of two distinct semiconductor materials interfaced together, each with different electronic
properties. This arrangement creates abrupt energy-level steps at the interface, effectively aiding in
selective charge carrier extraction. For a Schottky junction that forms at a metal-semiconductor
interface, energy bands inside the semiconductor bend significantly close to the interface due to the
alignment of the Fermi level of the semiconductor with that of the metal. The extent and shape of this
band bending depend on the specific metal-semiconductor combination. The PV performance of a
Schottky junction solar cell is limited primarily by the Schottky barrier height determined by the
difference between the metal work function and the relevant band edge of the semiconductor
(conduction band for n-type, valence band for p-type). This barrier determines how effectively

electrons or holes can be transported across the metal-semiconductor interface and be extracted.

Organic—inorganic heterojunction solar cells (HSCs) have emerged as a particularly intriguing
class of photovoltaic devices, by taking the advantages of both organic and inorganic semiconductors.

While versatile and processable via cost-effective solution methods, organic semiconductors possess



inherently low dielectric constants (g; < 6, where &; is also known as the relative permittivity). This
low dielectric constant results in tightly bound excitons (with exciton binding energies often
exceeding 300 meV), limiting free charge carrier generation and enhancing recombination. On the
other hand, inorganic semiconductors, including silicon, metal oxides, and hybrid perovskites,
typically exhibit significantly higher dielectric constants (& > 10), which lead to reduced exciton
binding energies (of typically a few to tens of meV) and efficient generation of free charge carriers.
At the interface of an organic—inorganic HSC, the stark difference in dielectric properties creates
beneficial energetic offsets and interfacial electric fields. This interfacial energetics facilitates rapid
exciton dissociation at the interface into free electrons and holes. The inorganic layer commonly
serves as an efficient electron-hole generation and dissociation medium, while the organic
semiconductor contributes to the charge transport, absorption tunability, ease of processing, and
morphological control. Thus, by carefully selecting and engineering materials and the interface
chemistry, an organic—inorganic HSC synergistically integrates the corresponding strengths of
organic and inorganic components. For example, employing an n-type silicon substrate coated with a
p-type organic polymer can significantly enhance the device performance. In this heterojunction
structure, the conduction band of n-type silicon must be aligned energetically with the lowest
unoccupied molecular orbital (LUMO) of the p-type polymer, creating a favorable offset that
effectively blocks electron transfer into the organic layer, thus reducing recombination losses.
Meanwhile, the valence band of silicon should be aligned closely with the highest occupied molecular
orbital (HOMO) of the organic layer, facilitating efficient hole extraction. The addition of cosolvents
or additives can improve the conductivity and morphology of the organic polymers, further
optimizing interfacial energetics and charge transport properties that ultimately enhance the overall
device performance.”’' The chemistry underlying the synthesis, interface functionalization, and
morphological optimization of these hybrid structures remains central to ongoing efforts aimed at

increasing their photovoltaic performance and operational stability.

1.4 Evolution of solar cells

Solar cells can be primarily classified into three generations.*” The first generation consists of bulk
silicon solar cells, including single-crystalline and polycrystalline cells. The second generation
encompasses thin-film solar cells such as cadmium telluride (CdTe), copper indium gallium selenide
(CIGS), gallium arsenide (GaAs), copper indium selenide (CulnSe;) and amorphous silicon cells. The
third generation, which is the category to be discussed in more detail, includes organic solar cells,

organic—inorganic heterojunction solar cells, perovskite solar cells, dye-sensitized solar cells and



quantum dot-sensitized solar cells.3>*? Figure 1.4 shows the evolution of different categories of solar

cells, as reported by the National Renewable Energy Laboratory (NREL).
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Figure 1.4: National Renewable Energy Laboratory chart tracking the highest confirmed conversion
efficiencies for various photovoltaic technologies. This plot is courtesy of the National Renewable

Energy Laboratory, Golden, CO.*

1.4.1 First generation of solar cells: Monocrystalline and polycrystalline silicon solar
cells

Monocrystalline silicon solar cell is the very first cell that was introduced in 1954.%° The defectless
and continuous single-crystal lattice is typically grown using the Czochralski crystal pulling
process.*® Czochralski growth melts silicon near its melting point (1414 °C) in a quartz crucible,
which makes crystal pulling and wafering capital-intensive with high energy consumption.’’” As the
absence of grain boundaries enhances charge carrier mobility and lowers the recombination,***
monocrystalline Si cells achieve very high efficiencies even in low-light conditions when compared
to polycrystalline ones. However, the complex and energy-intensive manufacturing process of
monocrystals is very energy demanding.* In recent years, mass production of raw silicon has made

these cells price-competitive with thin-film alternatives.*** The current highest efficiency for a

single junction monocrystalline solar cell is 26.81%.*



Polycrystalline (multicrystalline) silicon solar cells are made by melting silicon feedstock and
casting it into square crucibles, where the melt undergoes directional solidification to form an ingot
with multiple crystal grains.*>*® This directional solidification process is much less complex and less
expensive compared to that of monocrystalline solar cells, which initially led to the widespread
adoption of polycrystalline solar cells in large-scale commercial applications.*’>' However, the
grainy texture of polycrystalline cells causes lower efficiency due to increased recombination losses
at the grain boundaries.**** Since the cost gap between polycrystalline and monocrystalline Si solar
cells has narrowed over the past decade, monocrystalline solar cells now make up 84% of the market,
while polycrystalline cells account for 11%.>* The first polycrystalline silicon solar cell was

introduced in 1981, and its efficiency has reached 24.4% since then.’**

To date, conventional first generation of solar cells, particularly silicon PV, dominate 98% of
current market.’® Crystalline silicon cells have achieved power conversion efficiencies exceeding
26% in the laboratory and ~23% in mass production of passivated emitter rear cell (or PERC)
technology, with long-term stability over 25 years.***’>? They form the backbone of today’s solar
industry due to their high efficiency and reliability. Recent industry announcements, such as Longi
Green Energy's achievement of 27.81% efficiency for a hybrid interdigitated back contact cell,
reported by PV-magazine,* demonstrate this progress.®' This efficiency was certified by the Institute

for Solar Energy Research in Hamelin, Germany indicating its credibility.

1.4.2 Second generation of solar cells: Thin film solar cells

Inorganic thin-film PV technologies or second generation of solar cells (including amorphous silicon,
CdTe, CIGS, GaAs solar cells) have also reached notable efficiencies since their first fabrication.
These ultrathin films can be deposited on glass, metal foils and flexible polymers for making
lightweight and bendable devices. The reduction of active material contributes to lowering the cost
significantly. However, the large scale fabrication of these cells are complex and their production was
limited by the necessity of having control over the entire process until 2006.°%%* At that time, the
increase of the silicon price shifted the attention toward these devices and the number of published
papers showed an exponential growth.®®* One of the widely manufactured solar cells in this category is
the amorphous silicon cells, which were much cheaper to make than the first generation solar cells
that were first developed in 1965. Lower efficiencies (9.5-12.24% as reported by producers and 8%
advertised for commercial uses) and stability were, however, expected because much thinner layers
were involved. Other thin film cells such as CIGS/CIS and CdTe showed more competitive results to

crystalline solar cells with less energy demanding productions.®® For example, a record efficiency of
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27.6% has been reported for a single junction GaAs thin film solar cell under 1 sun illumination at 25
°C.%* Material scarcity,* high cost of CdTe* and environmental concerns®’ are the major drawbacks

of their manufacturing process.

1.4.3 Third generation of solar cells: The promising technology
The third generation of solar cells are more diverse. The utilization of different materials reduces the
cost of solar energy significantly while providing high efficiencies.®®*”" These solar cells were first
introduced in 2001 by Martin Green.” Today, the highest certified power-conversion efficiency for a
single-junction perovskite solar cell is 26.7%." Four main types of third-generation devices are

organic solar cells, perovskites solar cells, dye sensitized solar cells and quantum dot solar cells.

Organic solar cells use carbon-based molecular or polymer semiconductors and they offer
advantages in terms of light weight, flexibility, potential for low-cost roll-to-roll manufacturing,
solution processibility at low temperatures by implementing green solvents.”*”” Over the past decade,
improvements in organic donor and acceptor materials as well as device architectures have boosted
the efficiency of single junction organic solar cells from 1% (under AM2 illumination) to nearly
20.8% (under AM1.5G at 1000 W/m?).”®” In another example, a single junction organic solar cell
with an asymmetric non-fullerene acceptor (Z8) has achieved 20.2% efficiency.” Despite this
progress, organic solar cells still trail inorganic cells in efficiency and they tend to suffer from
stability issues (such as photo-degradation, and oxygen/moisture sensitivity) that have so far limited

their commercial adoption.®**

Organic—inorganic heterojunction solar cells are typically formed by combining a crystalline
silicon substrate (most often n-type c-Si) with a solution processable organic semiconductor layer (of
polymer or small molecules) that serves as a charge-selective contact.***® The purpose is to take
advantage of the strengths of both types of materials, with silicon providing a high-quality
photovoltaic absorber and transport medium, while the organics offering chemically tunable charge
selective layers that are solution processible and can be deposited and baked under low-temperature
condition (typically room temperature to below 200 °C).****% The electronic properties of polymers
such as their energy levels (LUMO/HOMO) and band gap can be tuned simply by addition of
cosolvents or additives. Thanks to their versatile mechanical properties, organic layers can be used in
flexible devices as well.***° Conductive polymers (e.g., PEDOT:PSS) or small molecules can
function as dopant-free hole/electron-selective partners to silicon, forming a heterojunction structure

without any need for conventionally expensive, complex and energy demanding emitter diffusion or
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ion implantation preparation.’’ Simply coating a p-type polymer such as PEDOT:PSS onto an n-type
silicon wafer yields a functional solar cell, thereby avoiding the thermal budgets of diffused p—n
junctions. Electrons and holes are then separated, transported, and collected by electrodes. In recent
studies on PEDOT:PSS/Si heterojunction solar cells, the shared strategy is to engineer interfaces and
tune the work function of PEDOT:PSS to strengthen the built-in electric field, improve charge
separation, and suppress recombination.”>** The present work will focus on this particular type of

solar cells, with details of the cell structure given in the next section.

Perovskite solar cells have attracted a lot of recent attention. Metal-halide perovskites (ABX3) are
used as the light absorber and their performances have risen rapidly from their first photovoltaic
demonstration in 2009.” These materials exhibit high absorption coefficients (2.5 x10* cm™ to
8.7x10* cm™')’® and long carrier-diffusion lengths (>1 um in some polycrystalline films *” and >175
um in single crystals’), which allows the photons to become mobile charges. They have the least
defective electronic structures with tunable band gaps (~1.2 to > 2.3 eV), which make them
particularly attractive for single-junction and tandem cells. Perovskite solar cells can be fabricated by
low temperature and solution-based processes, while flexible substrates and multiple slot-die/printing
routes have been demonstrated for a scalable coating.”'°' Typically, these cells have a five layer
structure. The ABX; layer with a tunable band gap absorbing most photons in the visible region even
with thickness < 1 um.'*! Below the ABX; layer lies the electron transport layer (ETL), for which
SnO; or TiO; is usually used. The conduction band of the ETL must align with that of ABX; to
extract the electrons, block the holes, and reduce the recombination losses.'*'?> The layer in charge
of receiving the holes is called the hole transport layer (HTL). Unlike the ETL, the HTL such as
doped 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (or spiro-OMeTAD),
poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (or PTAA) or NiOy could block electrons and
facilitate the creation of internal electric field that drives the charge transport.'® Finally, the electrons
and hole carriers are transferred to the appropriate electrodes, which could be Fluorine-doped Tin
Oxide (FTO) or Indium-doped Tin Oxide (ITO) in the front and a carbon or metal based electrode in
the rear side. Even though the commercialization of perovskite solar cells has already been achieved

107

in 2021 by Saule Technologies, " it faces significant obstacles such as the stability issue. Solar cells
are supposed to be capable of withstanding harsh environmental conditions in terms of temperature,
humidity and exposure to the full solar spectrum, but high relative humidity has been found to

significantly reduce the device life. The highest PCE record of 26.7% for a single junction perovskite
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solar cell was made by University of New South Wales and Soochow University and confirmed by

NREL.”

A dye sensitized solar cell has four main components: (1) photoanode, (2) dye sensitizer (or light
harvester), (3) electrolyte, and (4) counter electrode.'”®'” The photoanode is a nanostructured
semiconductor (particles, rods, tubes, cones, wires and leaves) that is coated on a transparent
conductive oxide (TCO) glass substrate such as ITO and FTO. The most common photoanode is TiO,
due to its low cost, abundance and lack of toxicity.''* However, ZnO is believed to outperform
TiO,.""" After photoanode deposition and sintering, the coated glass is soaked in a dye solution, such
as Di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-dicarboxylato)ruthenium(II)
(or N719), cis-Bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-dicarboxylato)ruthenium(Il) (or N3), cis-
Bis(isothiocyanato)(2,2'-bipyridyl-4,4'-dicarboxylato)(4,4'-bis(5-hexylthiophen-2-yl)-2,2'-
bipyridyl)ruthenium(II) (or C101) and cis-Bis(isothiocyanato)(2,2"-bipyridyl-4,4'-dicarboxylato)(4,4'-
di-nonyl-2'-bipyridyl)ruthenium(II) (or Z907), so the dye can chemically bind to the TiO,. The
important component that absorbs the photon and converts it to energy is the dye, so it should be able
to absorb the most amount of photons in the visible range.''? The process begins when a photon
strikes a dye molecule that is adsorbed onto the surface of a porous TiO; layer. The energy of the
photon excites an electron in the dye, promoting it from the ground state (HOMO) into the excited
state (LUMO). The excited electron in LUMO has enough energy to transfer into the conduction band
of the TiO.. This transfer is extremely fast (typically occurring within 100 fs — 100 ps)'"* and the
electron hops from the dye into the photoanode. From there, the electron migrates through the
interconnected TiO, network, moves into FTO/ITO, and then flows into the external circuit.''’ From
the stable and low resistant counter electrode, the electrons are then transported to the electrolyte to
facilitate the redox reaction.''* In order to avoid charge recombination and the reductions in Voc and
Jsc, different additives such as pyridine and its derivatives, 4-tert-butyl pyridine, and N-methyl
benzimidazole are added to the electrolyte.'" Electrolytes can be solid, liquid or quasi-solid.
Typically, solvents with higher dielectric constants and moderate viscosity are used as the organic
solvents in the liquid electrolytes.”! Redox couple is also added as a reduction/oxidation agent to the
electrolytes to enhance the performance.''® The highest PCE reported so far is 15.2% under AM1.5G,
which has used pre-adsorbed hydroxamic-acid monolayers to optimize co-sensitized TiO»
photoanodes.'"” Plastic substrates restrict the thermal processing of a dye sensitized solar cell to

below 150 °C. Under those mild conditions, binder-free TiO, films tend to crack, adhere weakly,

admit moisture and oxygen, and develop high electrical resistance, all of which shorten the device
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life. Achieving competitive performance will require low-temperature encapsulation and redesigned
pastes or interlayers that bond the semiconductor firmly to plastic without high-heat sintering, thereby

boosting both efficiency and stability.”"

In quantum dot (QD) solar cells, the absorbing material is a continuous, nanoscale solid film (or
layer) of colloidal QDs (such as PbS, CdS and CdSe) sandwiched between an ETL and a metal back
contact. Like a thin-film semiconductor junction, the generated electrons and holes percolate through
the QD network toward the opposite electrodes. Therefore the implementation of electrolyte is not
necessary for the charge transfer, especially in the solid-state designs.''® The QD sensitized solar cell
is slightly different from QD solar cells, as it makes use of a monolayer or a few layers of QD
sensitizers as coating on a mesoporous film of photoanode (such as TiO) and the remaining pores are
filled with a liquid or solid redox electrolyte. In this QD sensitized solar cell, the excited electrons are
injected into the TiO; film while the holes are transported through the electrolyte to the counter
electrode. As isolated QDs do not transfer the charges laterally, TiO; and the electrolyte provide the
main charge transfer media. The numerous outstanding features of QDs, such as size-tunable band
gap, broad absorption spectrum, discrete energy levels, excellent transport and optical properties,

19121 The necessity of having electrolyte

have generated a lot of interest about these cells.
(specifically liquid ones) in the QD sensitized solar cell structure represents their major stability and
corrosion issues.'*''** The highest PCEs reported for a solid state QD solar cell (based on

perovskites) and a QD sensitized solar cell are 18.1% and 19.1%, respectively.**'**

1.5 Structure of organic—-inorganic heterojunction solar cell

A typical organic—inorganic heterojunction solar cell is composed of five key components: the n-type
silicon wafer, a SiO; interfacial layer, the p-type organic layer (PEDOT:PSS), the bottom and top
electrodes (aluminum and silver, respectively). Each component plays a distinct role in light
absorption, charge separation, and carrier transport, collectively determining the device’s efficiency,
stability, and manufacturability. When n-type silicon comes in contact with PEDOT:PSS with a high
work function, band bending forms in Si, creating a built-in electric field that separates
photogenerated carriers. Electrons are driven through the n-Si and collected at the aluminum bottom
electrode, while holes are selectively transferred from the Si valence band into the HOMO of
PEDOT:PSS and extracted at the silver top electrode. The LUMO of PEDOT:PSS lies high in energy,
helping to block electrons and reduce interfacial recombination (Figure S1-1). Figure 1.5 shows a
typical device structure of a heterojunction solar cell. The following sections describe the structure,

function, and material properties of these components in more detail.
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Figure 1.5: [llustration of a typical device structure of a heterojunction solar cell.

1.5.1 n-type silicon wafer
A phosphorus-doped n-type silicon wafer provides electrons as the majority carriers and holes the

minority carriers in the material.'*

As light-induced degradation would cause loss of stability in a
boron-doped p-type wafer but not in an n-type wafer, the latter exhibits superior stability under solar
exposure. The lack of boron in these phosphorus-doped Si wafers also eliminates the possibility of
oxygen-boron defect formation. In addition, n-type Si wafers demonstrate longer minority-carrier
(holes) diffusion lengths and higher tolerance to impurities such as iron and copper that are
responsible for recombination losses. All of these factors contribute to the enhancement of PCE of
corresponding solar cells.'?® The integration of an n-type Si wafer with a p-type component make n-

type Si a suitable substrate for heterojunction solar cells.

1.5.2 SiOx interfacial layer

In planar PEDOT:PSS/Si heterojunction solar cells, an ultrathin uniform interfacial SiOy layer
between PEDOT:PSS and Si primarily serves to passivate interface defects and to improve carrier
selectivity.'?” The native or thermally grown SiOx saturates dangling bonds at the Si surface and
thereby suppresses Shockley—Read—Hall recombination at the organic—inorganic junction, which
directly supports higher Voc and FF compared with an unpassivated contact.'?®'* At the same time,
when the SiOx is kept in the tunneling regime (typically < 1-2 nm), holes can tunnel from the Si
valence band into the high work function PEDOT:PSS, while electrons encounter a larger barrier.
This asymmetry makes the contact more hole selective and reduces interfacial recombination losses
under forward bias.'*® The SiOx also helps the Si surface to experience more favorable band bending
consistent with the PEDOT:PSS work function, making a stronger built-in field, which is essential in

devices where the bottom electrode is at the rear of the Si wafer and the top electrode sits on
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PEDOT:PSS."” Collectively, these effects allow the cell to achieve the good optical and solution
processability properties of PEDOT:PSS while controlling the Si/organic interface.

1.5.3 PEDOT:PSS polymer

Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (or PEDOT:PSS) is composed of the
positively charged PEDOT backbone and the negatively charged PSS polyanion (Figure S1-2)."3"!32
The PEDOT component is a n-conjugated polymer that is a derivative of polythiophene and is
synthesized from the 3,4-Ethylene-dioxy-thiophene (or EDOT) monomer. PEDOT is characterized by
high electrical conductivity up to 300 S/cm, excellent stability in its oxidized state, and high
transparency when prepared as a thin film.'**!** Doping the PEDOT with a counter ion is a crucial
step to make it soluble and stable in water. One of the most common counter ions is the water-soluble
PSS. It acts as a p-type doping agent, balancing charges during polymerization, enhancing hole
mobility along the PEDOT backbone, and improving dispersion in polar solvents such as water.'*
There are three major interactions in PEDOT:PSS systems: (1) electrostatic attraction between
PEDOT" and PSS chains, (2) n-m noncovalent interactions among adjacent chains of PEDOT, and (3)
interchain entanglements between the long PSS chains.'*® Depending on the ratio of PEDOT to PSS,
PEDOT:PSS can be used as a p-type component or electrode because the ratio affects the
conductivity properties of the polymer."*” The mechanism by which the conductivity of PEDOT:PSS
can be increased by over 100 times has been studied and confirmed with various characterization
techniques. Ouyang et al.'*® first reported that the increase in interchain interaction between PEDOT
chains promotes the change of polymer morphology from coil or benzoid form to an extended fibril
or quinoid structure. The change in morphology promotes a better phase separation and a smoother
charge hopping by reduction of energy barrier.'** The addition of high boiling point organic solvents
or inorganic compounds, such as ethylene glycol (EG), dimethyl sulfoxide (DMSO), methanol, ionic
liquids, surfactants, salts, sulfuric acid, methanesulfonic acid, maleic acid and nitric acid, before or

after treatment can contribute to conductivity and performance enhancement,%!3%144

PEDOT:PSS has been widely used as a p-type organic semiconductor in heterojunction solar cells
with an n-type silicon substrate. The popularity of this polymer in different applications can be
attributed to its environmental friendliness, processibility in solution, solubility in water or at low
temperature, cost-effectiveness, tunable conductivity, and transparency to visible light.'**"'*” Spin
coating is one of the simplest methods for forming reproducible and uniform films of PEDOT:PSS on

a substrate with controlled thickness obtained by adjusting the speed of rotation.'**'*
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Although PEDOT:PSS is widely used for its high conductivity, transparency, and solution-
processability, its electrical and structural integrity can deteriorate significantly when the film is
exposed to sustained high relative humidity (RH) or ultraviolet (UV) radiation."**!*! As the sulfonic
acid groups in PSS are acidic, they narrow the choice of compatible materials that could come in
contact with it. For example, the PEDOT:PSS/ITO interface is very sensitive to the environmental
factors such as humidity, oxygen and pH, and the ITO electrode could corrode and lose its stability if
it gets in contact with a PEDOT:PSS layer.'*” The hygroscopic nature of PSS makes it quite
vulnerable to moisture uptake from the environment, which increases its sheet resistance and
accelerates device degradation.'®! Approaches to improve the stability mainly seek to neutralize the
acidity through reduction/removal of PSS component and promote phase separation of the conductive
PEDOT and insulating PSS. These strategies include addition of base/buffer to raise the pH,
introduction of cross-linkers to increase hydrophobicity, and addition of polar solvents and ionic

152,153

liquids.

1.5.4 Electrodes

Silver (Ag) makes an excellent top electrode in an organic—inorganic heterojunction solar cell because
of its high conductivity, reflectivity, smooth surface and low cost (relative to gold or platinum),
leading to minimal resistive losses (compared to a gold film) and minimal reduction of FF and
PCE."* The work function of pristine Ag is ~4.3 eV, which makes it well aligned with a commonly
used HTL such as a PEDOT:PSS film with a work function of 4.7 — 5.4 eV."5>'*® This alignment
minimizes charge accumulation at the interface and reduces recombination, which improves charge
collection and ultimately the performance of the hybrid solar cell device. Furthermore, silver is
compatible with scalable deposition techniques (such as sputtering and thermal evaporation), which
enable precise control over film morphology and thickness that are critical for achieving a high
quality, uniform electrode without damaging the underlying organic layer during fabrication.
Together, these properties make silver a cost-effective benchmark electrode material for high
efficiency heterojunction solar cells. Aluminum (Al), on the other hand, could be used as a very
conductive, low cost and opaque back electrode in a heterojunction solar cell. The well matched work
function of 4.1 — 4.3 eV makes this metal in good alignment with the conduction band of the n-type
silicon substrate to facilitate efficient electron collection.'”’” Similar to Ag, Al is compatible with
scalable deposition techniques such as thermal evaporation and sputtering, enabling its easy industrial
adoption.'*® Furthermore, its abundance and recyclability support sustainable large-scale solar cell

manufacturing.'>

16



In silicon-organic heterojunction solar cells, such as those utilizing an n-type crystalline silicon
substrate and a PEDOT:PSS film as the HTL, the choice of metal electrode and its deposition
technique play a pivotal role in determining device performance and manufacturability. In vacuum
thermal evaporation, an important type of physical vapor deposition, the metal is annealed resistively
or with an electron beam in high vacuum until the metal vaporises, producing atomically clean Ag or
Al films that condense gently on the polymer without mechanical stress or solvent exposure.'%°-'%*
Thermal evaporation allows for the gentle deposition of high-purity metal films with precise thickness
control, low sheet resistance and excellent interface quality, making it ideal for top contacts over
sensitive organic layers such as PEDOT:PSS without causing thermal or physical damage. However,
the method is not easily scalable due to the energy demand and need for high-vacuum systems, which

163

drive up cost.”* A more scalable alternative is DC or RF magnetron sputtering, where a plasma of an

inert gas (usually Argon) is used to dislodge atoms from a target material onto the substrate.'®*
Sputtering offers strong adhesion, conformal coverage, and compatibility with industrial-scale
fabrication, especially for the top electrode (such as Ag, and Au) and bottom electrode (such as Al).'*
Care must be taken to limit ion damage to PEDOT:PSS, which could be achieved typically by

lowering the power or adding an ultrathin buffer layer.'®*

In both sputtering and evaporation, shadow masks are widely used for electrode patterning. A
shadow mask is a reusable stencil commonly made from laser cut stainless steel or nickel, which
defines where metal is to be deposited. It allows for physical patterning without photolithography,
making it highly compatible with organic layers and laboratory-scale solar cell fabrication. While
shadow masks avoid wet processing that can degrade PEDOT:PSS, they suffer from resolution limits
and edge blurring, particularly in high-aspect-ratio features. In spite of this challenge, for research and
small-area device fabrication, shadow masks remain a cost-effective and non-destructive method of
electrode patterning, particularly in conjunction with magnetron sputtering.'*-'®® Once the electrode

pattern is defined, reliable electrical contact must be established with the patterned regions.

In this context, other techniques such as screen printing are also used in crystalline silicon
photovoltaics due to their low cost, simplicity and scalability. Among these contact-forming
approaches, Ag pastes are widely used due to their high conductivity and well-established processing
methods. Conventional Ag pastes require curing usually by a fast 750-850 °C belt fire that would
destroy organic polymers, but newer low-temperature Ag paste formulations allowing curing at 150—
163,169

200 °C in 10-20 min or flash-sintering in seconds could preserve the integrity of the polymer.

Emerging methods like inkjet and spray coating do not need high vacuum chamber to proceed and
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they offer low temperature, ambient condition deposition of metal nanoparticle inks, but their lack of
long-range uniformity and industrial throughput compared to physical vapour deposition methods

remain notable barriers to adoption in high-efficiency hybrid solar cells.!70-172

1.6 Characterization methods

1.6.1 X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS), also commonly known as Electron Spectroscopy for
Chemical Analysis (ESCA), is a highly surface sensitive analytical technique widely used in materials
science to investigate the chemical composition, electronic states, and empirical formula of materials
at their surface region.'” Fundamentally, XPS operates by irradiating the surface of the material of
interest with X-rays, from typically Al Ko or Mg Ka sources, resulting in the emission of
photoelectrons. The kinetic energy of these emitted electrons (Ex) is measured by a spectrometer, and
it allows determination of the binding energy (Eg) characteristic of the elements present in specific

chemical states by using the Einstein equation:

Ex=hv—Ezg—¢ Equation 1.4

where Ex is the kinetic energy of the emitted electron, hv is the energy of the incoming photon, Eg is
the binding energy of the electron in the atom or solid, and ¢ is the work function of the

spectrometer.

The binding energies serve as unique fingerprints of the chemical states, enabling the
identification and quantification of surface chemical species.'” One of the primary strengths of XPS
is its surface sensitivity, which arises due to the short inelastic mean free path of photoelectrons in
solids, typically limiting analytical depth to 1-10 nm. This makes XPS uniquely suited for probing
surfaces and, when coupled with careful sputtering with argon monomer or cluster ions, interfaces in
thin films, composites, and coated materials can be analyzed as functions of sputtering depth to reveal
the interfacial chemistry that critically influences properties such as adhesion, catalytic activity,
corrosion resistance, and electrical conductivity. XPS is particularly valuable for studying conductive
polymer blends, such as PEDOT:PSS, which are extensively employed in organic electronics due to
their tunable conductivity and ease of processing. The conductivity of PEDOT:PSS can be greatly
influenced by modifications involving solvents and additives, and other post-processing treatments.
XPS provides a robust method to quantify these changes by accurately measuring the ratio between
the conductive PEDOT and insulating PSS components at the surface and in the near-surface region.

Alterations in the PEDOT-to-PSS ratio significantly correlate with variations in conductivity, as
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increased PEDOT presence generally corresponds to enhanced electrical transport due to improved
charge mobility and reduced insulating barriers.*”-'”>!7® Furthermore, XPS can reveal subtle shifts in
binding energies, reflecting changes in the chemical environment around specific atoms. This
sensitivity to chemical shifts allows researchers to infer mechanisms responsible for improved
conductivity, such as reduced coulombic interactions or better chain alignment within the
PEDOT:PSS matrix. Additionally, by examining the sulfur peaks in XPS spectra, the differentiation
between the sulfonate groups of PSS and the thiophene sulfur in PEDOT is straightforward, making it
easy to track compositional changes upon solvent treatment. XPS therefore provides critical insights
into both the chemical composition and electronic structure at the material surfaces, and it is
particularly suited for investigating conductive polymer systems like PEDOT:PSS. Its ability to
quantify the PEDOT-to-PSS ratio and to detect subtle chemical shifts makes XPS indispensable for
evaluating how solvent modifications impact the conductivity and overall performance of polymeric
materials in electronic applications. In the present work, the instruments used for the XPS studies are
Thermo VG Scientific ESCALab 250 microprobe (Figure 1.6) and Thermo Scientific Nexsa G2 XPS
system (Figure 1.7).
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Figure 1.6: Photograph of a Thermo-VG Scientific ESCALab 250 microprobe XPS system.
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Figure 1.7: Photograph of a Thermo Scientific Nexsa G2 XPS system.

1.6.2 Time-of-flight secondary ion mass spectrometry

Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) is a highly sensitive surface analysis
technique that provides detailed chemical information from the outermost atomic layers of a material
(Figure 1.8). The method relies on bombarding the surface with a focused beam of primary ions,
which causes the ejection of atoms, molecular fragments, and intact molecular ions from the top one
to two nanometers. Known as secondary ions, these ejected species are accelerated into a time-of-
flight mass spectrometer, where their mass-to-charge ratios are measured. Because lighter ions reach
the detector more quickly than the heavier ones, this allows the generation of high-resolution mass
spectra across a wide mass range with excellent sensitivity. A key strength of TOF-SIMS lies in its
extreme surface sensitivity, making it particularly well suited for analysing thin films and coatings,
where subtle variations in composition at the surface often control functional properties. Another
important feature is its ability to generate chemical images by rastering the ion beam, allowing
spatially resolved maps of the distribution of elements and chemical species across the surface, with
lateral resolution down to the sub-micron scale. By rastering, the beam is deflected in a controlled
grid-like pattern over a chosen surface area, so that spectra are collected at many different positions.
These individual measurements can then be combined to reconstruct a two-dimensional chemical map

of the sample surface.'”’

The applications of TOF-SIMS are broad, spanning materials science, semiconductors, catalysis,

and polymer research. With the advent of cluster ion sputtering sources to remove soft materials
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cleanly with considerably less interlayer mixing, it has become a particularly important tool for
polymers because it not only detects trace levels of additives, dopants, or contaminants, but also
provides molecular information that helps to explain how these chemical modifications influence
macroscopic properties. In the case of polymer films such as PEDOT:PSS, TOF-SIMS can reveal
how cosolvents or additives alter the chemical composition at the film surface, which in turn
influences conductivity and charge transport. This ability to correlate nanoscale chemistry with bulk
properties makes TOF-SIMS especially relevant for understanding the performance of conducting

polymer films.

When compared with XPS, TOF-SIMS offers complementary information and insights. XPS
probes deeper into the surface, typically the top 5-10 nanometers and provides reliable quantitative
information on chemical state composition. It is especially powerful for identifying oxidation states
and stoichiometry. However, its spatial resolution is limited, and it lacks the ability to distinguish
complex molecular fragments. TOF-SIMS, on the other hand, is less quantitative but it provides depth
profiles with much higher surface sensitivity, superior trace chemical detection, and the capability to
detect and map organic fragments with sub-micron spatial resolution. In practice, the two methods are
often used together, with XPS to quantify chemical states and TOF-SIMS to reveal molecular

distributions and surface heterogeneity.

TOF-SIMS, as implemented in instruments such as ION-TOF SIMS 5, is primarily a static SIMS
technique that operates at low primary ion doses to analyse the outermost 1-2 nm of a surface with
exceptional molecular specificity and high mass resolution. While the SIMS method is inherently
surface sensitive, its capability can be extended to probe buried interfaces through the depth profiling
approach. By combining repeated static analyses with gradual and gentle sputtering cycles (e.g., ion
beams with low near-surface damage from the argon gas cluster ion source), it is possible to obtain
three-dimensional chemical profiles of polymer films. This makes TOF-SIMS a valuable technique
for studying polymer—substrate interfaces or multilayer structures, since it can be used to reveal
whether additives or cosolvents remain uniformly distributed, segregate to the surface, or migrate to
the polymer—substrate interface. Such interfacial information is critical in systems such as organic—
inorganic heterojunction solar cells with such organic films as PEDOT:PSS, where the efficiency of
the device depends not only on the bulk composition of HTL but also on the arrangement of phases
and additives near the interfaces. In summary, TOF-SIMS combines extreme surface sensitivity,

molecular specificity, and high-resolution imaging with the ability to probe buried interfaces through
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depth profiling. These features make it a uniquely powerful tool for investigating the chemistry of

conducting polymer films.
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Figure 1.8: Photograph of an ION-TOF 5 (IONTOF GmbH) time of flight secondary ion
spectrometer with a 2 m reflectron TOF analyzer in negative ion mode, using a 30 kV Bis" analysis

beam and a 5 kV Arxo~ cluster ion sputter source.

1.6.3 Atomic force microscopy

Atomic Force Microscopy (AFM) is one of the most fundamental scanning probe microscopy
techniques used extensively for investigating the surface topography, morphology, and roughness of
especially nonconducting materials at nanoscale resolution (Figure 1.9). In tapping mode, a sharp
probe (typically silicon or silicon nitride) mounted on a cantilever is driven to oscillate near its
mechanical resonance while approaching the sample. The tip intermittently touches the surface at the
bottom of each oscillation cycle. Changes in the oscillation amplitude and phase arising from tip—
sample interactions are detected by a laser reflected from the cantilever onto a photodiode. Feedback

electronics maintain a constant setpoint (a fraction of the free oscillation amplitude) by adjusting the
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z-position as the probe scans across the x-y surface of the material, thereby recording the sample

178,179

topography.

One critical advantage of AFM in tapping mode is the substantial reduction of lateral (shear)
forces compared to continuous contact (as in contact mode), which helps to preserve delicate or soft
surfaces while still producing detailed three-dimensional images. The vertical (z) resolution of AFM
routinely reaches sub-nanometer levels, while lateral (x—y) resolution is limited by the tip radius
(typically ~10 nm) and by the chosen oscillation amplitude. Owing to this balance of gentleness and
resolution, tapping-mode AFM is widely used across materials science, polymer chemistry, biological

sciences, and microelectronics.'”'*

In the context of polymer research, tapping mode is particularly valuable for studying the
morphology and surface characteristics of conductive polymer blends such as PEDOT:PSS. Beyond
height (topography), the simultaneously acquired phase (or energy-dissipation) channel provides
qualitative contrast related to variations in viscoelasticity, adhesion, and composition. This enables
visualization of how PEDOT-rich and PSS-rich domains distribute on the film surface, offering
insight into phase separation and aggregation phenomena that strongly influence electrical
performance and functional properties.'®""'*> Moreover, AFM in tapping mode enables precise
quantification of surface roughness parameters. Surface roughness critically influences properties
such as electrical conductivity, adhesion, optical transparency, and mechanical stability of polymer
films. By accurately measuring the roughness parameters, including root-mean-square (RMS)
roughness and peak-to-valley distances, AFM helps to correlate morphological characteristics with
the observed device performance, facilitating optimization of fabrication processes and material

treatments.'®3

While tapping mode greatly mitigates sample damage, improper settings can still introduce
artifacts. Excessively driven amplitude or too-low amplitude setpoints can cause hard tapping, local
indentation, or tip/surface wear, while environmental factors (e.g., humidity and capillary layers) can
affect the phase contrast. Careful selection of cantilever stiffness, resonance frequency, free
amplitude, setpoint ratio, and feedback gains is therefore essential, especially for softer polymer
surfaces, to obtain reliable morphology and phase data without altering the sample. In summary,
tapping-mode AFM is a powerful and gentle method for characterizing the nanoscale surface
structure of polymer films such as PEDOT:PSS. By combining high-resolution topography with
phase/dissipation contrast and robust roughness quantification, taping-mode AFM links microscopic

structural features to macroscopic functional performance in advanced polymeric materials.
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Figure 1.9: Photograph of an Asylum Research Cypher ES AFM with enclosed scanner.

1.6.4 Conductivity

The four-probe van der Pauw method is a widely recognized and reliable electrical characterization
technique extensively employed to determine the sheet resistance and conductivity of thin films and
coatings. Originally developed by Leo J. van der Pauw in 1958, this technique remains fundamental
in materials research due to its accuracy, simplicity, and versatility.'® At its core, the van der Pauw
method involves applying current through two contacts on a thin sample and measuring the resultant
voltage between two other contacts. By strategically placing four small and symmetrical electrical
contacts on the periphery of a thin-film sample, it is possible to accurately determine the sheet
resistance and thus the electrical conductivity, independent of the shape of the support on which the
sample is mounted, provided that the sample is uniform in thickness, isotropic, and free of holes

(Figure 1.10).

The central advantage of the four-probe van der Pauw method is its capability to minimize errors
stemming from contact resistance. Unlike the two-probe technique, which incorporates significant
contact resistance in its measurement, the four-probe method effectively excludes these effects by
separating current-carrying electrodes from voltage-sensing electrodes. Consequently, it provides a
more precise and accurate measurement of the intrinsic electrical properties of the material under

investigation.
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The process of determining the sheet resistance involves passing a known current between two
adjacent contacts while simultaneously measuring the resulting voltage drop between the other two
contacts. Repeating this measurement by rotating the arrangement of contacts ensures improved
accuracy and reproducibility of the results. The sheet resistance (Rs) derived from these
measurements can subsequently be converted into conductivity by taking into account the film
thickness. Accurate thickness measurements are therefore essential when calculating conductivity

values.'®

The van der Pauw technique has extensive applications in materials science, semiconductor
research, photovoltaics, and polymer electronics. In polymer thin-film research, this method is
especially valuable for assessing changes in electrical conductivity resulting from processing
modifications, such as the introduction of cosolvents or additives. For example, conductive polymer
films such as PEDOT:PSS frequently exhibit significant enhancements in conductivity upon solvent
modification due to improved phase separation, crystallinity, and network formation within the
polymer matrix."®® Employing the van der Pauw four-probe method enables clear, quantitative
analysis of these improvements, facilitating the direct correlation between fabrication conditions,

structural modifications, and the resulting electronic performance.

In summary, the van der Pauw four-probe conductivity and sheet resistance test stands out as an
essential measurement for quantitatively evaluating the electrical properties of thin-film polymeric
materials. Its simplicity, accuracy, and capability to exclude contact resistance make it particularly
suitable for studying subtle yet impactful changes in conductivity associated with processing
techniques, additives, and cosolvents. Understanding these correlations is fundamental for optimizing

polymer electronic materials for advanced technological applications.
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Figure 1.10: Photograph of an Ecopia HMS-5300 Hall effect measurement system for semiconductor

carrier mobility and concentration. A four-point probe sample mount is shown in the right panel.

1.6.5 Solar cell performance measurement

Accurate measurement of solar cell performance is critical in photovoltaic research, particularly in
guiding improvements in material selection and device architecture, and in overall efficiency
optimization. One of the fundamental tools employed to determine the efficiency of photovoltaic
devices is current-voltage (I-V) or current density vs voltage (J-V) characterization. This
measurement provides detailed insights into essential parameters such as Jsc, Voc, FF, and PCE
(Figure 1.3). Typically, these measurements are performed by using specialized commercial solar cell
characterization systems, such as the PV Measurements [V5 system, known for their reliability and

accuracy.

The PV Measurements [V5 system integrates precision electronics to measure the current response
of a photovoltaic cell or module under an applied voltage sweep (Figure 1.11). During an [-V
measurement, the solar cell is illuminated by an artificial solar simulator replicating the spectral
distribution and intensity of sunlight, typically standardized to the AM1.5G (Air Mass 1.5 Global)
spectrum that corresponds to the terrestrial solar conditions at the surface of the Earth. The
illumination intensity unit commonly used is 100 mW c¢m 2 (equivalent to 1 Sun), enabling

comparability across various studies and technologies.

To ensure accurate and reproducible measurements, a standardized calibration procedure is used.
Before performing an [-V measurement, the solar simulator intensity is calibrated using a well-
defined reference cell. In this context, a silicon reference cell such as the PVM782 with a BK7
window is widely employed. With a known and stable response, the reference cell ensures that the

output of the simulator precisely matches the standard illumination intensity. Calibration reduces
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uncertainties and facilitates meaningful comparisons between results obtained from different

photovoltaic devices and those reported by other research groups.'®’

The solar simulator employed for the IV5 measurement setup typically falls into different
performance categories, including class ABA, indicating high standards of spectral match (class A),
spatial uniformity (class B), and temporal stability (class A). Such classification ensures minimal
variability in measurements and enhances data reliability, critical for scientific reporting and device
optimization. In this system, spatial uniformity is graded as Class B, which according to the
international electrotechnical commission or IEC 60904-9 allows up to 5% variation in irradiance
across the illuminated area. This means that the simulator delivers >95% uniform irradiance. Spectral
matching to AM1.5G assures that the light incident upon the cell accurately simulates real-world
sunlight conditions, thereby making the measured performance indicative of practical outdoor

performance.'®®

The measured [-V curves reveal fundamental device characteristics, directly correlating to internal
processes such as charge generation, transport, recombination, and extraction. Analysis of these
curves provides not only the baseline efficiency metrics but also diagnostic information enabling
identification of loss mechanisms. Parameters derived from the [-V measurements such as the fill
factor and open-circuit voltage provide insights into interface quality, active layer properties, and
carrier recombination dynamics. Consequently, these metrics become essential tools for researchers
aiming to understand, optimize, and develop improved photovoltaic materials and structures. In
summary, [-V measurements by using precision systems such as the PV Measurements [V5 under
calibrated conditions provide an essential foundation for photovoltaic research. Accurate calibration
using a Si reference cell and employing a standardized solar simulator under AM1.5G conditions
ensures reliable performance metrics, which guide both fundamental understanding and practical

improvement of solar cell technologies.'®
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Figure 1.11: Photograph of a PV Measurements [V5 -V analyzer with probe station for solar cell

testing.

External Quantum Efficiency (EQE) measurement is another fundamental characterization
technique widely used in photovoltaic research to quantify the efficiency with which a solar cell
converts incident photons into charge carriers (electrons or holes) collected at the electrodes. Also
known as incident photon-to-electron conversion efficiency (IPCE), EQE is defined as the ratio of the
number of electrons collected by the external circuit to the number of photons incident upon the solar
cell at a specific wavelength. Consequently, the EQE spectrum provides valuable wavelength-
dependent information regarding the effectiveness of photon absorption, charge generation, and
collection efficiency within the photovoltaic device."® In practice, an EQE measurement involves
illuminating the solar cell with monochromatic light of varying wavelengths while simultaneously

measuring the photocurrent produced.

Figure 1.12 shows the optical measurement chamber of the PV Measurements QEX10 quantum
efficiency system, which measures how efficiently a solar cell converts light into electrical current as
a function of wavelength. Typically, a calibrated photodiode is employed to determine the precise
photon flux incident on the device at each wavelength. The monochromatic probe beam, generated by
a xenon arc lamp and filtered through a dual-grating monochromator, enters the chamber through the
reflective optical path and is focused onto the test cell mounted on the sample stage. The mirrors and

focusing optics ensure that the beam size remains uniform across all wavelengths, minimizing
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chromatic aberration. Electrical contacts connect the device to the measurement electronics, which
detect the photocurrent response synchronized to the modulated monochromatic beam. The system
compares this response to a National Institute of Standards and Technology (NIST) traceable
reference photodiode reading to calculate the EQE, generating a spectral map of how effectively the
cell converts photons of each wavelength into current.'” The EQE spectrum so obtained therefore
enables detailed analysis of spectral response characteristics, which are crucial for understanding

device limitations, identifying loss mechanisms, and informing strategies for optimization.'®

EQE is particularly valuable when examining the impact of modifications in device architecture,
such as variations in the top electrode geometry. For instance, changing the design of the shadow
mask used for deposition of the top electrode influences the active area geometry, current density
distribution, and ultimately charge collection efficiency. By comparing the EQE spectra obtained
from different electrode designs, it becomes possible to precisely evaluate how geometry changes
affect charge extraction pathways, charge carrier recombination losses, and overall device
performance. Improved electrode designs can enhance charge collection efficiency, manifested as
increased current density and enhanced EQE values at particular wavelengths that are indicative of

more effective charge extraction and reduced recombination losses.'”'™'**

EQE measurement therefore serves as a powerful diagnostic tool in photovoltaic research, linking
device architecture directly to electrical performance. Unlike standard IV measurement, which only
provides integrated device parameters under broad illumination, EQE reveals how efficiently photons
of different wavelengths are converted into current. This spectral resolution allows researchers to
pinpoint which layers or interfaces limit performance. Because different layers in a solar cell absorb
light in different spectral regions, the shape of the EQE spectrum reveals where losses occur. EQE
essentially acts like a spectral fingerprint of the device that is systematically driven by the relationship
between cell architecture including the top electrode geometry, current density improvement, and
spectral response enhancement. Ultimately, EQE provides critical insights necessary to optimize

photovoltaic device configurations for enhanced performance and reliability.
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Figure 1.12: Photograph of a PV Measurements QEX10 EQE analyzer with light-tight enclosure and

adjustable sample stage for photovoltaic device testing.

1.7 Scope of thesis

In the remaining of this thesis, three separate studies on PEDOT:PSS/Si heterojunction solar cells
(HSCs) are presented. In Chapter 2, we seek to address the critical issue of long-term stability and
performance degradation in PEDOT:PSS based HSCs. Despite their attractive combination of low
cost, flexibility, and high efficiency, HSCs commonly suffer from instability due to environmental
degradation of their HTLs. As a widely used HTL, PEDOT:PSS deteriorates rapidly due to its
intrinsic acidic and hygroscopic nature, which negatively impacts the overall solar cell performance.
To tackle this challenge, DMSO is strategically introduced as a cosolvent into PEDOT:PSS, in
combination with other cosolvents (ethylene glycol and methanol) reported in the literature. As
DMSO facilitates phase separation between the conductive PEDOT and insulating PSS components,
the resulting treated PEDOT:PSS film is expected to have significantly improved electrical
conductivity, charge carrier mobility, and ambient stability. This study demonstrates that DMSO
addition at an optimized concentration (3 wt%) is found to enhance remarkably both the conductivity
and stability. Solar cells incorporating DMSO-modified PEDOT:PSS maintain approximately 89.4%
of their initial PCE after 72 hours of ambient storage, compared to the control cell that experiences

severe degradation within the same period. This improvement is attributed primarily to better PEDOT
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domain connectivity and minimized charge recombination, as a result of favorable interaction
between DMSO and the PEDOT:PSS polymer blend. Detailed surface analyses including AFM and
XPS confirm morphological improvements, with more PEDOT-rich domains and fewer insulating
PSS-rich surface regions. More importantly, the addition of DMSO has reduced the need for
additional protective encapsulation, thus simplifying the fabrication process while significantly
enhancing intrinsic device stability. Overall, this work establishes the efficacy of DMSO as a cost-
effective and practical solution for developing highly stable and efficient HSCs, opening a new

avenue toward the commercial viability of solution-processed photovoltaic technologies.

Building upon the insights obtained from the first study, we seek, in Chapter 3, to further enhance
the performance and ambient stability of HSCs by using an alternative cosolvent additive, dimethyl
sulfone (DMSO,), for PEDOT:PSS, along with ethylene glycol and methanol. Unlike the liquid
cosolvent DMSO, solid-state DMSO crystallizes upon drying, which causes unique reorganization of
PEDOT:PSS microstructures and alignment of the conductive PEDOT chains. These changes are
expected to significantly improve the film morphology, conductivity, and device efficiency. The core
objective is to evaluate the comparative advantages of DMSO, doping, with the focus on the effects
on film morphology and long-term stability. Due to the strong hydrogen-bonding capability of
DMSO:; with sulfonic acid groups of PSS, the addition of DMSO; could lead to a superior phase
separation and better-defined conductive pathways within the polymer films. Through EQE, AFM,
and conductivity measurements, DMSO; is found to effectively reorganize PEDOT chains into a
more ordered network, enhancing both lateral and vertical conductivity. Solar cells employing
PEDOT:PSS films doped with ethylene glycol, methanol, and DMSO; are also found to achieve
remarkable efficiencies up to 15.5%. Furthermore, devices employing ethylene glycol and DMSO,
exhibit substantial stability improvements, with an average Tso of ~913 hours of ambient storage. This
impressive stability performance is attributed to the unique ability of DMSO; in mitigating the
degradation mechanisms by reducing free hygroscopic PSS on the film surface, thus lowering
susceptibility to environmental moisture-related degradation processes. This work therefore validates
DMSO; as a powerful additive, demonstrating its dual role in significantly boosting photovoltaic
performance and intrinsic device longevity. These findings not only represent an important
advancement over conventional cosolvent strategies but also offer a viable and eco-friendly method to

increase both efficiency and durability of PEDOT:PSS-based solar cells.

In Chapter 4, we focus on optimization of electrode design through an innovative, low-cost, and

rapid prototyping technique involving desktop 3D printing of shadow masks. The deposition of the
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top electrode in a solar cell is a crucial step in photovoltaic device fabrication, which could directly
impact the device efficiency, current collection, and series resistance. Traditional shadow mask
fabrication methods involving laser machining and photolithography are generally costly, time-
consuming, and restrictive, limiting rapid iterations and innovation in electrode designs. This study
seeks to demonstrate the practicality and effectiveness of polyethylene terephthalate glycol-modified
(PETG) filament-based 3D printed shadow masks for electrode patterning in silicon heterojunction
solar cells. PETG masks with three distinct electrode geometries (comb-like busbar, central busbar,
and crossed busbar) have been designed and are used to evaluate their impact on solar cell
performance metrics (Voc, Jsc, FF, and PCE). The results indicate that 3D-printed masks provide
significant advantages in terms of prototyping speed, cost reduction, and geometrical flexibility.
Specifically, the central busbar design substantially improves the PCE (up to 21.6%) and fill factor
(up to 16.4%) compared to those obtained with conventional comb-like busbar electrodes. These
improvements are attributed to optimized current transport pathways, reduced resistive losses, and
balanced optical transparency. More importantly, the rapid fabrication process reduces the
prototyping cycles from weeks (using the traditional methods) to mere hours, therefore significantly
accelerating the optimization process. This approach addresses the need for accessible, affordable,
and quick-turnaround methods to build solar cells with optimized photovoltaic performance. Despite
the slightly lower resolution compared to conventional masks, the PETG 3D-printed masks have
proven to be more than adequate for typical laboratory-scale applications, providing an ideal balance

between performance, ease-of-use, and cost efficiency.

Together, these three studies provide a cohesive and comprehensive exploration into improving
the efficiency, stability, and fabrication simplicity of planar heterojunction solar cells, contributing
meaningfully toward their future commercial viability and advancement in sustainable energy
technologies. Finally, we present, in Chapter 5, concluding remarks and some thoughts on potential

directions for future work.
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Chapter 2
Stabilization of Planar Heterojunction Solar Cells using a

Dimethyl Sulfoxide Treated Hole Transport Layer

2.1 Introduction

Heterojunction solar cells (HSCs) have the benefit of combining the advantages of both organic and
inorganic groups of materials.* The low cost and flexibility of the fabrication process, easy
processibility using simple solutions with high degree of tunability, and great potential for achieving
high efficiencies have made HSCs promising devices for green energy generation.'® The
incorporation of highly conductive and transparent organic polymers by spin-coating makes the
treatment of hole transport layer (HTL) of a HSC much simpler.'*® One of the most popular p-type
organic polymers that has been used extensively as the HTL in solution-processed solar cells is
poly(3,4ethylenedioxythiophene)-poly(styrenesulfonate) or PEDOT:PSS. Not only is a thin film of
PEDOT:PSS highly transparent in the visible light (400-800 nm) region, its high electrical
conductivity of 10-2 to 103 S/cm achievable by simply adding cosolvents also makes a PEDOT:PSS
film highly desirable in advanced electronic devices including solar cells.'*’” The existing ionic
interaction between the positively charged conjugated PEDOT and the water-soluble PSS with a
negative charge results in a homogenous and conductive polymer blend."”” The conductivity of the
film formed by spin-coating a PEDOT:PSS aqueous solution has been found to strongly depend on
the amount of PEDOT in the core relative to that of PSS in the shell.'”® Therefore, the majority of the
treatment methods, including doping, solution post-processing, and bilayer treatment, have focused

on increasing the ratio of the conductive PEDOT core to the insulating hydrophilic PSS shell.'”

The addition of cosolvents to PEDOT:PSS before the coating step or through post-treatment
methods has been found to enhance the conductivity of the polymer. These treatments generally cause
a reduction of the coulombic interaction between PEDOT and PSS that transforms the spherical
morphology of the grains to a more ellipsoidal shape to facilitate a better charge transfer while
removing the insulating hygroscopic PSS from the surface.'*'"1#*22% The solution processability of
PEDOT:PSS with different cosolvents such as dimethylsulfoxide (DMSO), ethylene glycol (EG), and
methanol has been found to enhance the electrical conductivity through reconstruction of the PEDOT
domains in the PSS matrix."!3>13%204207 Thege methods mainly affect the quality of the as-formed
films in terms of morphology and crystallinity, aggregation and film adhesion, surface passivation,

charge carrier mobility, and light absorption.'”® Despite its many advantages, PEDOT:PSS is prone to
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degradation upon prolonged exposure to ambient conditions because of its acidic and hygroscopic
nature, which has led to a decrease in the overall performance and stability of the solar cells.***
DMSO has been reported to facilitate better dispersion of PSS, resulting in a more homogeneous film
and thereby leading to an increased charge carrier mobility and reduced charge recombination.?'® The
addition of mixed cosolvents of methanol and EG has also been found to improve the performance of
solar cells that were made with modified PEDOT:PSS."* Here, we investigate the impact of adding
DMSO to the PEDOT:PSS solution containing methanol and EG on the longevity of the HSCs. The
stability of HSCs after fabrication is an under-explored area that could offer new perspectives on
developing more durable solar cells. Most stability studies have focused on introducing techniques
involving encapsulation of already fabricated solar cells rather than making more stable solar cells
without further modification. There is therefore an acute need to develop intrinsically stable solar
cells to lower the cost of production and to further reduce the complexity of the process. We show
that HSCs fabricated with our DMSO added, cosolvents-modified PEDOT:PSS solutions require no
additional post-fabrication step in markedly reducing degradation while being kept under ambient

conditions over an extended duration.
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2.2 Experimental Details

Highly conducting grade PEDOT:PSS (PH1000) was purchased from Clevios and filtered by using a
0.45 um polyvinylidene fluoride syringe filter to remove any fine particles prior to use. All the other
chemicals were obtained from commercial sources and were used as purchased. The control cosolvent
solution of PEDOT:PSS (denoted here as EM) contained 8 wt% ethylene glycol (EG) and 8 wt%
methanol, with PEDOT:PSS making up the remaining solution. Three cosolvent solutions containing
DMSO as an additional cosolvent were prepared with selected DMSO concentrations of 1 wt%
(designated here as EMD1), 3 wt% (EMD?3) and 5 wt% (EMDS) added to the control cosolvent
solution of PEDOT:PSS (EM). A 0.25 wt% FS-300 surfactant has been premixed in the EM and

EMD cosolvent solutions prior to the spin-coating process.

Single-side polished, phosphorus-doped n-type silicon (100) wafers (Virginia Semiconductor Inc.)
with thickness of 280 + 25 um and resistivity of 0.04-0.07 Q-cm were cut into 10x10 mm? chips.
These Si chips were ultrasonicated in acetone and then in isopropyl alcohol (IPA) for 10 min each,
and they were also rinsed by ultrapure water (with resistivity of 18.2 MQ cm at 21.6 °C) after each
round of sonication. The Si chips were then immersed in 5% HF for 2 min to remove the native
oxides from the surface followed by rinsing with ultrapure water and drying with a nitrogen stream. A
dual target magnetron sputtering system (EMS 575X) was used to deposit a 200 nm thick film of
aluminum on the unpolished side of a Si chip to serve as the bottom electrode. The Si chip was then
allowed to grow a layer of silicon oxide on the surface of its polished side for 20 min in ambient
conditions. Optimization of the thickness of the as-grown oxide layer has been discussed in our
previous work.* PEDOT:PSS solutions prepared with different cosolvents (EM, EMD1, EMD3 and
EMDS5) were spin-coated on the Si substrates at a rate of 4000 rpm for 1 min. The resulting
PEDOT:PSS coated Si substrates were then baked for 10 min on a hotplate at 110 °C in air, before
depositing by magnetron sputtering a 50 nm thick Ag film through a comb-like busbar shadow mask
to serve as the top electrode of the solar cell. A schematic structure of a typical HSC is shown in

Figure 2.1.
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Figure 2.1: [llustration of the device structure of a heterojunction solar cell.

To prepare the films for sheet resistance and conductivity measurement, 1x1 cm? glass substrates
were sonicated in ultrapure water containing Alconox detergent for 10 min, followed by 10 min
sonication each in ultrapure water, acetone and [PA. EM and EMD films were then spin-coated onto
these substrates and baked under the same conditions used for the polymer coating in the solar cell
process. The sheet resistance and conductivity of the EM and EMD films were measured in a van der
Pauw configuration by using a Hall effect measurement system (Ecopia HMS-5300). A UV-vis-NIR
spectrophotometer (PerkinElmer Lambda 1050) was used to collect the reflectance spectra of the film
samples. X-ray photoelectron spectroscopy (XPS) studies were conducted in a Thermo Scientific
Nexsa G2 system, employing a monochromatic Al K, source (1486.8 eV photon energy). CasaXPS
software was used for peak fitting of characteristic photopeak features with appropriate subtraction of
the Shirley background. The topography and surface roughness were examined by using tapping-
mode atomic force microscopy (AFM) in an Asylum Cypher system. Samples for both XPS and AFM
were prepared on silicon substrates, using the same fabrication procedure employed in solar cell

fabrication.

The solar cell performance was characterized by using current density vs voltage (J-V) and
external quantum efficiency (EQE) measurements in a PV Measurements IV5 and a QEX10 systems,
respectively. The J-V characteristics were obtained under an illumination intensity of 100 mW/cm? (1
Sun), using a class ABA solar simulator equipped with an AM1.5G filter. In order to calibrate the
intensity of the light source, a Si reference cell (PVM782 with a BK7 window) was used before
performing any measurements and during the J-V measurements, an illuminated device area of

8.4x8.4 mm? was defined. The EQE measurements were carried out under monochromatic light,
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obtained by using a dual-grating monochromator with a xenon arc lamp, along with a germanium

photodiode detector. Typical area illuminated for EQE measurements was approximately 1x3.5 mm?.

2.3 Results and Discussion

To investigate the effect of DMSO on the performance of HSCs, EM solutions containing additional
selected amounts of DMSO were used to fabricate solar cells. After fabrication, the devices were
stored in small boxes (to keep them dust-free) under laboratory ambient conditions; specifically, at 1
atm, 20 — 23 °C, and 30 — 50% relative humidity. No glove-box processing, vacuum storage or
encapsulation was used. The solar cell performance data of HSCs fabricated using EM solution (i.e.,
without DMSO) is also collected for reference. Figure 2.2a shows the current density vs voltage (J-V)
curves of the as-fabricated EM, EMD1, EMD3 and EMDS cells. Evidently, there is significant
improvement in the J-V curve for the EMD3 cell relative to the EM cell, while the J-V curve for
EMDI is similar to EM and that for EMDS5 appears considerably worse than both EM and EMDI1.
The solar cell performance parameters of EMD1, EMD3, EMDS, and EM cells are compared in Table
S2-1 (Appendix). The EMD3 cell is found to exhibit the best result, with short-circuit current density
(Jsc) of 30.1 mA/cm?, open-circuit voltage (Voc) of 642.4 mV, fill factor (FF) of 69.4% and power
conversion efficiency (PCE) of 13.4%. Figure 2.2b compares the J-V curves of the EMD3 cell as-
fabricated (i.e., with 0 h of ambient storage) and over an extended period of ambient storage time, up
to 216 h, and of EM cells as-fabricated and after 48 h and 72 h of ambient storage. Figure 2.2¢
presents the storage stability trends of solar cell performance metrics of the EMD3 and EM devices
obtained from their respective J-V curves (Figure 2.2b). These solar cell performance data are also
summarized in Table S2-2 (Appendix). While EMD3 maintains relatively stable Jsc, Voc, FF, and
PCE over time, EM shows considerable decline in all except Jsc parameters, indicating poor stability.
For example, the PCE for EMD?3 (13.4%) is found to be remarkably stable, with a reduction of 10.6%
(to 12.0%) after 72 h and 27.9% (to 9.7%) after 216 h of ambient storage. In contrast, the EM cell has
a significant 34.4% decrease in PCE from 11.4% to 7.4% in just 24 h (Figure 2.2¢). Figure 2.2d
compares the EQE spectra of the EMD3 and EM as-fabricated cells. While the two EQE spectra are
found to be nearly the same, the discernibly small difference indicates that the EMD?3 cell is slightly
higher in light absorption and carrier collection efficiency than the EM cell over the 400 - 900 nm
region. Furthermore, no discernible differences are found in the EQE profiles of EMD3 and EM after
72 h of ambient storage time (not shown), suggesting that EQE data are not very sensitive to

degradation changes.
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In Table S2-3 (Appendix), we show the excellent reproducibility in the similar and consistently
high solar cell performance metrics obtained for additional EMD3 cells (that we prepared separately).
All the EMD3 cells are also found to remain stable for at least 72 h post-fabrication, and they follow
the same degradation trends as shown in Figure 2.2c. It should be noted that there is also excellent
reproducibility in our fabrication of the reported solar cells. Table S2-4 (Appendix) shows the solar
cell performance data for six EMD3 cells separately fabricated on different dates. Three of these cells
are used to obtain their degradation trends discussed above and are depicted in Table S2-3. The spans
between the minimum and maximum values are 3.4%, 3.3%, 6.6% and 8.1% of the average values for
Jsc, Voc, FF and PCE, respectively (Table S2-4). Furthermore, the reproducibility of making the same
measurement at different times for the same cells is illustrated for EMD3 and EM cells in Table S2-5
(Appendix). These data are within 0.3%, 0.1%, 0.1% and 0.9% of the average values for Jsc, Voc, FF
and PCE, respectively.
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Figure 2.2: (a) Current density-voltage (J-V) curves for as-fabricated EM, EMD1, EMD3, and EMD5
solar cell samples, (b) J-V curves of EMD3 after 0 h, 48 h,72 h, 144 h, 168 h and 216 h of ambient
storage and of EM after O h, 24 h, and 72 h of ambient storage. (c) Solar cell performance
parameters (Jsc, Voc, FF, and PCE) as functions of ambient storage time for EMD3 and EM
cells. (d) Corresponding EQE spectra of as-fabricated EM and EMD3 solar cells.

Figure 2.3 and Table S2-3 compare the degradation of solar cell performance parameters,

including Jsc, Voc, FF and PCE, after 72 h of ambient storage for the EM and three EMD3 cells.
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Evidently, the EM cell undergoes significant degradation as its Jsc, Voc, FF, and PCE drop by 1.4%,
18.3%, 37.9% and 50.1% from their respective as-fabricated values after 72 h of ambient storage. On
the other hand, the EMD3 cells exhibit, on average, a reduction of 0.8% in Jsc, 1.4% in Voc, 12.0% in
FF and 13.9% in PCE after 72 h of ambient storage. The three best-performing EMD3 devices (#1,
#2, and #3 in Table S2-4) are found to remain highly consistent with one another after 72 hours of
ambient storage, with all key performance values staying within the experimental variation. These
small variations among the devices highlight the strong reproducibility of the DMSO-modified
design. In contrast, the reference solar cell (EM) shows clear degradation over the same period, which
confirms the improved stability of the EMD3 cells. These results demonstrate that high efficiency and
good reproducibility can potentially be achieved without any post-fabrication treatment (such as

encapsulation).

DMSO facilitates the separation of PEDOT from PSS, increasing the connectivity of PEDOT
domains and formation of a more robust conductive network.?'" In our study, the addition of DMSO
at an optimized wt% to PEDOT:PSS plays a crucial role in the creation of a high-quality film with
improved ionic conductivity, charge transport, and mechanical/thermal stability, while preventing
rapid degradation due to environmental factors. The partial removal of the insulating and hygroscopic
PSS from the surface is another contributing factor that allows DMSO to simultaneously enhance

conductivity and make the cell more resilient to degradation over time.?'
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Figure 2.3: Solar cell performance parameters (a) Jsc, (b) Voc, (¢) FF, and (d) PCE of EM and three
EMD3 cells as fabricated (black bars) and after 72 h of ambient storage (red bars).

The sheet resistance (Rs) and conductivity of EM, EMD1, EMD3 and EMDS films used for
fabricating the aforementioned solar cells are measured and they are shown in Figure 2.4 to compare
the changes in conducting properties and stability before and after 72 h of ambient storage. Among
the as-deposited film samples (black bars), EMD1 has a lower Rs (Figure 2.4a) and, correspondingly,
a slightly higher conductivity than EM (Figure 2.4b). The as-deposited EMD3 film has the lowest Rs
and the highest conductivity while the as-deposited EMDS5 film has the highest Rs and the lowest
conductivity, which shows that addition of too much or not enough DMSO can be
counterproductive.’”*?'3*'* After 72 h of ambient storage (red bars), the Rs value of the EM film
appears more than double and there is a correspondingly large decrease in the conductivity, which
confirms that the EM film is more vulnerable to environmental factors and the degradation process.

For the EMDI1 film, the changes in Rs and conductivity after 72 h of ambient storage are,
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respectively, somewhat lower and higher than EM but both Rs and conductivity remain considerable,
suggesting that the addition of 1 wt% DMSO only has a small impact. For the EMD3 and EMD5
films both with large enough DMSO wt%, there are considerably smaller increases in Rs and
corresponding decreases in conductivity (red bars) relative to their respective as-deposited values
(black bars), confirming the positive effect of DMSO on reducing the degradation effect on

performance upon ambient storage.
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Figure 2.4: (a) Sheet resistance and (b) conductivity of EM, EMD1, EMD3 and EMDS films as-
deposited on glass substrates (black) and after 72 h of ambient storage (red).

Figure 2.5a compares the XPS spectra of the S 2p region for the as-deposited EMD3 and EM films
(on silicon substrates). The relative composition ratio of PEDOT to PSS components in the samples
can be obtained by comparing the intensities (or peak areas) of their respective characteristic S 2p
peaks. Evidently, in EMD3 (Figure 2.5al) the S 2ps» (2p12) peak of PEDOT at 163.7 eV (164.9 eV)
binding energy is found to be weaker than that of PSS at 168.1 eV (169.2 eV)."**2" There is a notable
increase in the ratio of PEDOT to PSS in EMD3 (0.452, Figure 2.5al) compared to EM (0.419,
Figure 2.5a2), which is consistent with the decrease in Rs and the corresponding increase in
conductivity of the EMD3 film (arising from the presence of DMSO in PEDOT:PSS), relative to the
EM film.

Figures 2.5b-2.5¢ show the corresponding AFM topography and phase images of the EMD3 and
EM films, both of which exhibit very similar morphology with ellipsoidal grains. Cosolvents in both
samples appear to facilitate elongation of the PEDOT chains and thus close packing of grains, which
contributes to a smoother charge carrier transfer.'***'® The root mean square (RMS) roughness of

EMD?3 is found to be 2.5 nm (Figure 2.5b1) while that for EM is 2.3 nm (Figure 2.5b2). The slightly
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rougher surface of the sample with added DMSO (EMD3) shows that enlarged fibrillary structures
with aggregated PSS and closely packed PEDOT have a more oriented morphology.?'® While a
smoother surface might be preferred for providing better interfacial contacts, a moderate level of
roughness could increase light absorption, which may account for the observed EQE enhancement
across the 400-900 nm range. ***!" The reflectance spectra of the silicon substrate and the EM,
EMDI1, EMD3, and EMDS5 films (deposited on silicon substrates) are shown in Figure S2-1
(Appendix). With the exception of the Si substrate, the reflectance spectra of all the polymer films
appear very similar to one another, which is in accord with that the reflectance properties of these
polymer films appear not to account for the differences in the performance data of the solar cells
obtained from these films. However, the marginal 0.2 nm difference in RMS roughness is consistent
with the slightly more reflective EMD3 film than EM with the difference within the margin of

experimental errors.
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Figure 2.5: (al, a2) XPS spectra of the S 2p region (left) and AFM images of (bl, b2) topography
(center) and (c1, c2) phase (right) of EMD3 (al, b1, c1) and EM films deposited on silicon substrates
(a2, b2, c2).

The use of this simple one-step modification is found to greatly improve the longevity of the
HSCs. One of the key features of DMSO in PEDOT:PSS solution that is distinctive from EG is the
stronger interaction of DMSO with protonated PSS™.'® Specifically, the vacuum interaction energy of
the DMSO-PSSH complex (—1.22 eV) is more negative than that for the EG-PSSH complex (-1.01
eV). This indicates that the interactions are energetically more favorable for DMSO-PSSH, with a
more negative value corresponding to a stronger interaction that leads to a more stable complex. As
the primary type of interaction is hydrogen bonding, the oxygen atom in DMSO facilitates unusually
strong hydrogen bonding with the -S—O—H moiety in the sulfonic acid group of PSSH (with the
hydrogen bond length between PSSH and DMSO of 1.05 A).*" Furthermore, as the methyl
hydrogens in DMSO interact with the two sulfonate oxygen atoms in PSSH (Figure 2.6), this has led
to complete coverage of PSSH and reduction in the interactions of the —SOs;H groups in PSSH with
other PSS and PEDOT chains. As a result, the excess insulating PSSH shells can be separated from
the PSS™ modified PEDOT" >'%2!%21
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Figure 2.6: Schemes of proton sharing between (a) PSS™ and EG and (b) PSSH and DMSO.

DMSO can also cause PSS to aggregate and create pathways for charge movement,'?%2!%220-22!

This makes the implementation of DMSO as a cosolvent a promising approach to conductivity
enhancement. On the other hand, because EG can only provide two strong hydrogen bonds with PSS™,
incorporation of these two cosolvents with different mechanisms together can improve the electrical
conductivity of PEDOT:PSS solution. The bonding formation of PSSH to DMSO causes
rearrangement of the PEDOT chain and improves the phase separation of the PSSH matrix while
stabilizing the PSSH matrix. The removal of the insulating PSSH shells that cover the conductive
PEDOT moiety enhances the electrical conductivity. Furthermore, it has been reported that methanol
has the same phase separation effect and it can also be used to improve the wettability of
PEDOT:PSS.*??? In the standard form of PEDOT:PSS in electronic applications, PEDOT is the
cationic part of the polymer while PSS is negatively charged. Different pH conditions and local
chemical environments during or post fabrication could therefore shift the equilibrium toward more
PSSH.?** Due to the phase separation, PSSH and PEDOT complexes coexist in the solution, '#¢-21%224
DMSO is an excellent candidate for enhancing the conductivity and stability of PEDOT:PSS due to
its strong interaction with the insulating PSSH component. This interaction between DMSO and the
sulfonic acid group of PSSH (polystyrene sulfonic acid) is stronger than the interaction between PSS
and PSS and that between PEDOT and PSS. This therefore allows DMSO to more effectively remove
the insulating PSS shell surrounding the conductive PEDOT chains, enabling the PEDOT chains to
aggregate and form a more conductive pathway. The removal or reduction of the PSS shell is a

primary route for increasing the electrical conductivity of PEDOT:PSS. The effectiveness of DMSO
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in removing the PSSH shell can pave the way for a second solvent such as EG, with a different
interaction mechanism, to target the remaining PSS chains. This combined approach results in a
significant improvement in conductivity compared to employing just DMSO. As the acidity of
PEDOT:PSS that leads to its fast degradation is caused by PSS, removal of PSS also protects the
electrodes from corrosion and leads to longer stability.?*>** It should be noted that too high
concentration of cosolvents could counteract the desired effects by acting as insulating materials

themselves or introducing cracks to the film 2042321

In addition, DMSO can enhance the mechanical stability of PEDOT:PSS films, largely due to the
structural and morphological changes that DMSO induces within the polymer network. As a
secondary dopant that reorganizes the PEDOT structure, DMSO facilitates more effective ordering of
PEDOT chains. This organized structure improves crystallinity and results in a denser, more uniform
film, which contributes to better mechanical stability along with enhanced electrical conductivity. The
most important way that DMSO strengthens mechanical stability is by reducing the amount of PSS,
an insulating and relatively brittle component, that covers the PEDOT chains. This reduction
decreases the hydrophilic nature of the PEDOT layer, making it less prone to swelling and
degradation in humid conditions, which would otherwise reduce the structural integrity of the film.
By facilitating PEDOT alignment and its phase separation from PSS, DMSO-treated films can
improve flexibility and resistance to crack propagation and to environmental factors, such as humidity

and moisture, which are common challenges for PEDOT in electronic applications.?'***78

To date, the highest reported efficiencies for simple planar heterojunction solar cell structures have
typically been less than 16%,%"#89%93229-232 achieved without the implementation of elaborate
techniques such as micro/nano-texturing of the substrate, addition of anti-reflection coatings or
passivation layers, and fabrication of the more complex perovskite solar cells. Most if not all of these
processes are generally not cost effective, because they involve the use of more complex procedures
and advanced equipment.”****® Furthermore, the stability of this type of solar cells in the following

days after fabrication is unclear as it is often not reported in the literature.

The most common approach to enhancing the stability of solar cells is encapsulation. This process
involves adding a protective layer to shield the cells from environmental factors such as moisture,
oxygen, UV exposure and mechanical damage. Techniques used for encapsulation include spin
coating, atomic layer deposition (ALD), plasma-enhanced chemical vapor deposition (PECVD), roll-
to-roll printing, screen printing, and lamination.”>****** However, any additional step could

introduce complication into the process and increase the cost of fabrication. Techniques such as ALD
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and PECVD that produce high quality and conformal coatings are expensive and time consuming,
especially for large scale production. Additionally, some encapsulation materials may have limited
compatibility with specific types of solar cells, particularly organic or organic—inorganic solar cells,
where chemical reactions between the encapsulant and active materials could negatively impact
performance. Here, we have demonstrated the fabrication of solar cells that are intrinsically more
stable by avoiding extra costly steps. In the present work, the sample cells are stored under ambient
conditions with no further protection or modification. DMSO incorporated to EM-added PEDOT:PSS

is found to have a remarkably positive effect on the stability of these planar heterojunction solar cells.

2.4 Conclusion

In this study, the effects of adding DMSO to EM-added PEDOT:PSS solutions used in HSCs have
been investigated. Our experiments demonstrate that DMSO can enhance both the electrical
conductivity and the longevity of these solar cells. The addition of DMSO to methanol and EG
cosolvents facilitates the deposition of a more homogeneous PEDOT:PSS film, improving charge
carrier mobility and phase separation of PEDOT and PSS, as DMSO effectively removes the PSS
shells and thus improves conductivity and stability. Indeed, the interaction of DMSO with PSSH,
which complements that of EG with PSS, is particularly beneficial in increasing the PEDOT-to-PSS
ratio while maintaining the integrity of the film interfaces. The most notable results are obtained with
our EMD3 sample, which exhibits minimal efficiency loss (10.6% of its as-fabrication value) 72 h
after fabrication, highlighting the potential for achieving more stable solar cells. In contrast, the
control sample (EM), with no DMSO added, shows rapid degradation. It is noteworthy that no special
care or protection has been applied to these cells while they are being stored under ambient
conditions. This suggests that the simple addition of DMSO to the existing EG and methanol
cosolvents could be the key to improving the stability and performance of PEDOT:PSS-based solar
cells potentially without any need for encapsulation. These findings suggest that the DMSO-EM-
PEDOT:PSS approach can be broadly extended to other PEDOT:PSS-based applications, offering a
simple strategy for enhancing conductivity and long-term stability across various organic and

optoelectronic devices.
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Chapter 3
Enhancing Performance and Stability of PEDOT:PSS-based
Organic—Inorganic Planar Heterojunction Solar Cells through

Dimethyl Sulfone Doping

3.1 Introduction

Heterojunction solar cells (HSCs), including organic—inorganic photovoltaics, often employ a thin
film of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) as the hole-transport
layer (HTL) or anode buffer due to its transparency, solution processability, and considerable
conductivity. However, pristine PEDOT:PSS films have an intrinsically low electrical conductivity
(typically 0.1-1 S/cm) and they suffer from poor environmental stability because of the insulating,
hygroscopic, and acidic nature of the PSS component.***** These drawbacks lead to increased series
resistance and gradual device performance degradation under ambient conditions. Improving the
conductivity and stability of PEDOT:PSS films is therefore crucial for advancing reliable HSC
performance.

A well-established strategy to enhance the conductivity of PEDOT:PSS films is to use polar
cosolvents or dopants, including dimethyl sulfoxide (DMSO), ethylene glycol (EG), and methanol.
These cosolvents can be added as a premixed solution or applied sequentially to PEDOT:PSS. Such
solvent treatments can increase the conductivity of the film by several orders of magnitude through
morphological and structural rearrangements in the PEDOT:PSS matrix.'*#226:246-248 Without proper
modification, solar cells made with pristine PEDOT:PSS on planar silicon yield only ~2.4% power
conversion efficiency (PCE) because the unmodified film has low conductivity and poor interfacial
wetting that raises the series resistance and recombination losses."*’ Introducing a methanol-ethylene
glycol cosolvent blend has been shown to enhance the electrical conductivity of PEDOT:PSS and
boost the PCE performance of the resulting polymer/Si solar cells significantly to 14.6%. In
addition, adding 5% v/v DMSO to PEDOT:PSS has also been reported to lower the film resistivity by
1-2 orders of magnitude and raise the conductivity up to almost 1230 S/cm and the PCE to 11%.%*
This dramatic improvement is attributed to the formation of well-organized PEDOT-rich domains,
thereby improving the interface contact. As a polar molecule, DMSO interacts with the hydrophilic
PSS chains, weakening the coulombic PEDOT to PSS coupling and driving a phase separation
between the conductive PEDOT and the insulating PSS.'*%%¢ X-ray photoelectron spectroscopy
(XPS) analyses have confirmed that cosolvent-treated PEDOT:PSS films have an increased PEDOT
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to PSS ratio (near the film surface) as a result of the partial removal and/or redistribution of the
insulating PSS moiety.?-13%13:143.199.203249 Concyrrently, strong van der Waals interactions between
DMSO and the polymer chains induce a conformational change of PEDOT from a coil-like, benzoid
structure to a more extended, planar quinoid form, '38204207:219-20-253 Thiq combination of PSS phase
segregation and polymer backbone planarization results in a more continuous and effective charge-
transport network. Recent reports indicate that DMSO treatment enhances organization in
PEDOT:PSS, leading to higher mobility and a transport regime that is less “hopping” limited and

more “band-like” >+

There is a continued strong interest in new additives for further improving the PEDOT:PSS film
morphology, conductivity, and especially long-term stability."*'?* One promising candidate is
dimethyl sulfone (DMSO: or D2 for short). Also known as methylsulfonylmethane (or MSM), D2 is a
small sulfonyl-containing molecule that has been explored as a “green” cosolvent for PEDOT:PSS.*'®
In contrast to liquid DMSO, DMSO: is a solid at room temperature (with a melting point of 109 °C)
and it crystallizes out upon drying the PEDOT:PSS film. This unique behavior effectively reorganizes
the polymer microstructure. The in-situ crystallization of DMSO: molecules induces organization and
self-alignment of neighboring PEDOT chains.*'***® Specifically, as fibrous DMSO. microcrystals
form, they trigger the long PSS chains to reorient along their length, which leads to the alignment of
the attached PEDOT chains into an extended linear conformation. The ordered PEDOT chains

257,258

enhance the in-plane conductivity (for lateral transport to contacts) and through-plane

conductivity **°(for vertical transport to the Si substrate).

It has been observed by using field-emission scanning electron microscopy that DMSO:-doped
PEDOT:PSS films develop embedded needle-like crystallites and a fibrillar polymer texture,
indicative of an aligned morphology not achievable with conventional liquid additives such as
DMSO.2" Such structural reorganization leads to a more homogeneous and interconnected conductive
network with enhanced charge transport. It has also been reported that a very high conductivity of
1080 S/cm can be obtained for PEDOT:PSS films by using a premixed PEDOT:PSS+DMSO2
solution followed by post treatment with solvents such as water, methanol and ethanol.?'® As DMSO.
is chemically inert (with fully oxidized sulfur atom) and non-hygroscopic, it can therefore make
PEDOT:PSS more stable under ambient conditions. Indeed, DMSO:-doped PEDOT:PSS films have
been found to retain almost 90% of their initial conductivity even after 60 days of exposure to humid
air, whereas films processed with liquid dopants often degrade faster due to moisture uptake and/or

oxidation."”' While solvent additives generally boost performance, addressing the degradation issues
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requires specific strategies such as implementing non-acidic additives, crystallizers, or encapsulants.
This improved stability is attributed not only to establishment of an aligned morphology by DMSO,
crystallites discussed above, but also to the reduction of free PSS, which is hygroscopic and acidic
and is primarily responsible for degradation. Given these advantages, DMSO; has emerged as an
attractive green cosolvent to replace or to supplement DMSO in enhancing the PEDOT:PSS film used

for heterojunction solar cells.

HSCs involving PEDOT:PSS and silicon are prone to performance degradation when exposed to
ambient moisture and oxygen.”®® Encapsulation methods, such as solution-processed spin-coated
polymer barriers, ultrathin oxide layers grown by atomic layer deposition (ALD), moisture blocking
SiOy shells deposited by plasma enhanced chemical vapour deposition (PECVD), multilayer barrier
foils patterned by roll-to-roll slot-die or flexographic printing, UV curable edge seals or encapsulant
pastes applied by screen printing, and conventional glass/glass lamination with ethylene-vinyl acetate
or related interlayers, have proven to be among the most effective to tackle these stability
issues, 22>-239-243-261-266 By a4 qding a protective barrier layer (e.g. a thin Al.Os coating by ALD),
researchers have observed markedly improved device lifetimes, as the encapsulant blocks the ingress
of oxygen and water that would otherwise deteriorate the active layers.*****’ Despite being the most
successful type of encapsulation method for organic and flexible electronics, the ALD technique is
chemistry-specific and expensive.?**?* It is noteworthy that even with encapsulation, acidic or
hygroscopic layers could still initiate slow burn-in losses. There is, therefore, an acute need for

improving the intrinsic stability of these solar cells.?”

In our recent work (Chapter 2), we have explored the use of DMSO as an additional cosolvent to
EG and methanol cosolvent-treated PEDOT:PSS in order to improve the long-term performance and
stability of the resulting HSCs. In the present work, we examine the use of DMSO: to improve the
performance and longevity of HSCs through a comparative study of PEDOT:PSS-based HTLs
formulated with selected cosolvents: ethylene glycol + methanol (EM), ethylene glycol + DMSO:
(ED2), and ethylene glycol + methanol + DMSO. (EMD?2), along with a small percentage of
surfactant. Incorporating EG, DMSO., and surfactant into the HTL improves electrical conductivity,
film morphology, uniformity, and ambient stability, establishes a high-quality interface, and increases
open circuit voltage (Voc), short circuit current density (Jsc), fill factor (FF), and PCE in planar
silicon HSCs. Among the tested formulations, DMSO: provides superior improvements in

conductivity, morphology, and ambient stability, and the resulting higher charge-carrier mobility and
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more uniform microstructure (relative to untreated films) enhance both device performance and

longevity.

3.2 Experimental Details

PEDOT:PSS (PH1000, Clevios) was filtered through a 0.45 um polyvinylidene fluoride syringe filter
and used without further treatment. All other reagents were obtained commercially and used as
received. Three PEDOT:PSS solutions were prepared with the following compositions: EM: 8 wt%
EG and 8 wt% methanol; ED2: 8 wt% EG and 3 wt% DMSO-; and EMD2: 8 wt% EG, 8 wt%
methanol, and 3 wt% DMSO., all with 0.25 wt% FS-300 and PEDOT:PSS making up the balance.
The surfactant FS-300 (purchased from Fluka Analytical) was mixed into each cosolvent-added

solution just before spin-coating the solution onto the Si substrate.

Phosphorus-doped n-type Si(100) wafers (single-side polished, 280 + 25 pm thick, 100 + 0.3 mm
in diameter and 0.04—0.07 Q cm resistivity; Virginia Semiconductor Inc.) were cut into 10x10 mm?
chips. The chips were sonicated for 10 min each in acetone and isopropanol, rinsed with ultrapure
water, dipped in 5% HF for 2 min to remove the native oxide, then rinsed again and dried under
nitrogen. A 200-nm thick Al layer was sputter-coated onto the back (unpolished) side of the Si
substrate to form the bottom electrode. The front (polished) side was left in air for 20 min to grow a
thin SiO: layer (less than 2 nm thick), following the optimized procedure used in chapter 2.* Each
PEDOT:PSS solution was spin-coated at 4000 rpm for 60 s onto the Si substrate, giving a uniform
film. The film was baked at 110 °C on a hotplate for 10 min in air. To complete the HSC device, a

50-nm thick Ag layer was sputter-coated through a shadow mask to form the top electrode.

Sheet resistance and conductivity of the polymer film were measured in the van der Pauw
geometry by using an Ecopia HMS-5300 Hall effect measurement system. For these measurements,
10x10 mm? glass substrates were sonicated for 10 min each in ultrapure water with Alconox,
ultrapure water, acetone and isopropanol. EM, ED2 and EMD?2 films were then spin-coated onto
these glass substrates and baked under the same conditions as those used in the solar cell fabrication
process. Surface topography was recorded by tapping-mode atomic force microscopy (AFM) in an

Asylum Cypher microscope.

X-ray photoelectron spectroscopy (XPS) was performed in a Thermo Nexsa G2 Microprobe using
a monochromatic X-ray beam (Al Ka). XPS depth profiling measurements were conducted by using a
4 kV Ario cluster ion beam for sample sputtering. The films were deposited on silicon substrates

using the same spin coating and baking conditions as those used for the solar cell fabrication. The
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XPS spectra were fitted by using the CasaXPS software to extract composition information about

individual chemical states after appropriate removal of the Shirley background.

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) experiments were carried out in an
ION-TOF SIMS 5 instrument equipped with an extended dynamic range analyser running in a
negative polarity mode. Films were deposited on silicon using the same spin coating and baking
conditions as the solar cell fabrication process. Secondary ions were probed with a 30 kV Bi;" ion
beam, while material removal for depth profiling was achieved by using a 5 kV Arxo~ cluster ion
source. Profiles were recorded in non-interlaced spectrometry mode with a 200 pus cycle time,
employing a 150%150 pm? analysis area inside a 400x400 pm? sputter crater. Spectra were mass-

calibrated against the characteristic Cx~ fragments.

Solar-cell performance was evaluated with current density vs voltage (J-V) and external quantum-
efficiency (EQE) measurements in an IV5 and a QEX10 systems from PV Measurements,
respectively. J-V curves were taken under AM 1.5 G illumination at 100 mW cm™2 (1 Sun) calibrated
with a PVM782 Si reference cell. The typical illuminated device area was 7.7x7.7 mm”. EQE spectra
were recorded with monochromatic light from a xenon lamp and with a germanium photodiode over

an illuminated area of 1x3.5 mm?.

3.3 Results and Discussion

The conductivity and sheet resistance measurements were obtained by using the van der Pauw four-
probe method for the EM, ED2 and EMD?2 films (Figure 3.1). Evidently, both EM and EMD2 films
exhibit higher sheet resistance (Rs) than the ED2 film. The EMD2 film is found to deliver the highest
electrical conductivity (1076.6 S/cm), outperforming ED2 (1021.1 S/cm) and EM (987.6 S/cm).
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Figure 3.1: (a) Sheet resistance and (b) conductivity of EM, ED2 and EMD?2 films spin-coated on

glass substrates.

AFM analysis of the EM, ED2 and EMD?2 films shown in Figure 3.2 indicates that EMD?2 has the
highest surface concentration of conductive PEDOT domains. Its topography image (Figure 3.2c1)
reveals the dense surface region of bright protrusions and the largest RMS roughness (2.24 nm,
Figure 3.2¢3), both of which are signatures of abundant, long PEDOT-rich grains. The high RMS
value arises from a transition from random granular domains to oriented, enlarged fibrillary
structures, in which PEDOT:PSS appear to be strongly segregated into PSS aggregates and PEDOT
aggregates. 2*7-27 These large, tightly packed PEDOT domains give EMD?2 the largest bulk
conductivity. In contrast, the ED2 film (Figure 3.2b3) shows the smallest RMS roughness (1.74 nm).
Its topography image (Figure 3.2b1) contains fewer but more closely packed PEDOT aggregates than
EM (Figure 3.2al), forming a more linear network with shorten percolation paths. High packing
density enlarges the inter-grain contact area and compresses the PSS shells between adjacent PEDOT
chains, thus lowering the junction resistance that contributes to lower Rs. These results highlight the
morphological alignment advantages afforded by the combined EG and DMSO; cosolvent treatment.
The lowest RMS of ED2 suggests that the smoother surface of ED2 with the lowest Rs minimizes the
amounts of pinholes and gaps, suppressing shunt paths and reducing series resistance at the metal
contact to film interface despite having fewer large domains overall. Finally, the AFM image of the
EM film (Figure 3.2al) shows more isolated and sharper PEDOT protrusions, which result in an
intermediate RMS roughness (1.86 nm). These protrusions also show less connection with one

another than those of ED2 and EMD?2.
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Figure 3.2: AFM images of surface topography (left column) and phase retrace (center column) and
3D perspective views of surface topography (right column) of (al, a2, a3) EM, (b1, b2, b3) ED2 and

(cl, c2, c3) EMD?2 films spin-coated on silicon substrates.

XPS is used to determine the chemical-state compositions for PEDOT and PSS moieties before
and after modification at the top surface (Figure 3.3a). The ratio of PEDOT to PSS components in the
samples can be obtained by using the fitted peak areas of their respective S 2p photopeaks. For the
EM film, the S 2ps» (S 2p1r2) peak of PEDOT at 163.6 €V (164.8 €V) is found to be lower in binding
energy than the S 2ps» (S 2p1r) peak of PEDOT" at 164.6 eV (165.8 eV)."***'5 The S 2ps12 (S 2p12)
peaks at 168.0 eV (169.1 eV) and at 168.1 eV (169.3 eV) correspond to PSS~ and PSSH, respectively.
The ratios of PSS/PSSH in EM, ED2, and EMD?2 are determined from the appropriate peak areas in
the XPS spectra. EMD2 exhibits the lowest PSSH content, with a PSS/PSSH ratio of 10, whereas the
ratios in EM and ED2 are 6 and 5, respectively. On the other hand, the ratios of PEDOT /PEDOT in
EM (0.8), ED2 (0.6), and EMD?2 (0.7) are found to be quite similar to one another.
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Using an argon cluster ion (4 kV Arigo0’) source, we collect depth-profiling XPS spectra of the
polymer films as a function of the sputtering time (Figure S3-1). Figure 3.3b shows the fitted intensity
ratio of the PEDOT to PSS component as a function of the sputtering time. Evidently, EMD2
maintains the highest overall PEDOT/PSS ratio throughout the sputtering depth region, which is
indicative of a uniform and consistent conductive network throughout the near surface region of the
film (estimated to be top 20 nm). The ratios for ED2 and EM are found to follow nearly the same
trend, and both are lower than EMD?2 throughout the sputtering depth, which demonstrates the

constructive effect of proper solvent engineering with all three cosolvents in the EMD2 film.
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Figure 3.3: (a) XPS spectra of the S 2p regions for (top) EM, (middle) ED2 and (bottom) EMD?2
films deposited on silicon. (b) the PEDOT/PSS ratio measured by the corresponding XPS depth
profiling spectra of the EM, ED2 and EMD?2 films (top 20 nm). (c) TOF-SIMS depth profiles of
CsH7SOs™ (characteristic of PEDOT), F~, SiO, and Si~ fragments obtained with a 5 keV Arao0"

sputtering beam and a 30 keV Bi;" analysis beam.

The role of the interface in solar cell performance is examined by using TOF-SIMS depth
profiling. The sample is sputtered with a 5 keV Ar cluster ion (Arxeo') beam, gentle enough to limit
damage to the near surface region of the polymer film, while secondary ions are analyzed using a 30
kV Bis" ion beam. Figure 3.3¢ shows the depth profiles of CsH-SOs~ fragment that is characteristic of
PEDOT, SiOx from the interface, Si from the substrate, and F~ from the surfactant. Evidently, the
characteristic PEDOT fragment in EMD2 is found to be removed after a discernibly shorter sputtering
time than EM and ED2, with ED2 taking the longest sputtering time. These profiles are therefore
consistent with the trend of the film thickness: EMD2 < EM < ED2. The F~ profile is largely uniform

across the film thickness-
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There are substantial differences in the interactions between DMSO» and the other previously
studied cosolvent molecules such as EG and DMSO, which contribute to the observed differences in
the properties. Each PSS chain contains sulfonic acid groups (—SOsH) and is often denoted as PSSH
when protonated. Polar cosolvents and additives have a strong screening effect, which contributes to
the conductivity improvement.?* DMSO: is a small polar molecule with a sulfonyl (O=S=0) group,
allowing it to form multiple hydrogen bonds with PSS. First-principle calculations have shown that
the oxygen atoms in DMSQO: create hydrogen bonds with the —S—OH groups of PSSH, while the
hydrogen atoms of its methyl groups interact with the other sulfonate oxygens (Figure 3.4).*'8
Uniquely, a bifunctional 2***"* DMSO, molecule can simultaneously bind with two separate PSSH
units (one on each of the two sulfonyl oxygen atoms) and create a “bridging effect”. On the other
hand, DMSO has a single sulfoxide group (S=0) and can form only one strong hydrogen bond with —
S—OH at a time while the hydrogen atoms of the two methyl groups of DMSO are interacting with
other sulfonate oxygens. For consistency, the following interactions are compared based on the
coordination with two PSSH monomers. This bridging effect of DMSO: leads to a notably strong
total interaction energy. The reported calculated interaction energies of DMSO: with two PSSH
chains is on the order of —1.89 eV in vacuum and —1.12 eV with water solvation, which are more
negative than those of common additives such as EG (with interaction energies with two PSSH of —
1.41 eV in vacuum and —1.02 eV with water solvation) or DMSO (-1.69 eV in vacuum and —1.22 eV
with water solvation) forming hydrogen bonding with one PSS™."® The dual hydrogen-bond
capability of DMSO, with two PSSH units therefore gives it a potent ability to bind and screen the

sulfonic acid sites on PSS more effectively.?'#256
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Figure 3.4: [llustrations of interactions of (al) ethylene glycol (EG) with two PSSH (with interaction
energy of —1.41 eV) and proton sharing of (a2) dimethyl sulfoxide (DMSO) with two PSSH (-1.69
eV) and (a3) dimethyl sulfone (DMSO2) with two PSSH (-1.89 eV), along with illustrations of
interactions of (b1) EG with one PSS™ (-1.20 eV) and proton sharing of (b2) DMSO with one PSSH
(-1.22 eV) and (b3) DMSO; with one PSSH (-0.96 eV).?*°

The consequences of this strong DMSO:—PSS interaction are significant for the PEDOT:PSS
microstructure reorganization. After the DMSO: molecules are attached to PSS, the prospect of PSS

monomers interacting with other PSS or PEDOT chains is diminished. In effect, DMSO: saturates the
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sulfonate sites, breaking up the “insulating” PSS-rich shell that normally surrounds the PEDOT
matrix. Simulation studies have reported that polar solvents such as DMSO. or DMSO preferentially
bind to PSS over PEDOT (because PEDOT lacks the polar groups required for H-bonding),

thereby pulling the PSS chains apart and reducing the PSS—PSS cohesion while weakening the
coulombic PEDOT-PSS association simultaneously.?"® This leads to a phase separation where excess
PSS is disentangled from the PEDOT-rich domains. Therefore, a PEDOT:PSS film doped with
DMSO: could achieve higher conductivity than an undoped film, caused by the in-situ crystallization
of DMSO..

Ethylene glycol (EQ) is a high boiling point, polar additive well-known for enhancing the
conductivity of PEDOT:PSS. As a high boiling point cosolvent, EG undergoes slow evaporation,
which allows for better molecular rearrangement of PEDOT:PSS (during drying) that leads to
improved film morphology, uniformity, and electrical conductivity.?”” The thermal stability of the
high boiling point cosolvent enables processing at elevated temperatures without instant evaporation,
which provides a better control over the baking condition. The presence of EG alongside DMSO: also
produces a synergistic effect. In a PEDOT:PSS dispersion, some sulfonic groups exist as sulfonate
anions (PSS") that are balanced by the positively charged PEDOT". DMSO: primarily target
the protonated PSS™ (PSSH) via strong H-bonds, while EG could bind strongly to the deprotonated
PSS~ (by forming strong H-bonds through the two —OH groups). Any remaining PSS moiety is
largely isolated to distinct regions or is in a swollen state that does not impede charge transport.*'®
This can promote a transition of PEDOT segments from a coiled “benzoid” conformation toward a
more planar “quinoid” conformation that is associated with enhanced conjugation length and

conductivity. Hence, PEDOT and PSS segregate efficiently in the EMD2 formulation, thanks to the
synergistic action of EG and DMSO..

The effect of increased ratio of PSS/PSSH observed above suggests that more PSS~ on the surface
could potentially contribute to increases in surface dipole and work function, with PSSH remaining
neutral and insulating.'’>***#7°-?"7 PEDOT and PSS phase separation occurs similarly in ED2 and
EMD2, but the methanol present in EMD2 could help to remove the neutral, segregated PSSH during
spin coating.® In contrast, although EM contains methanol (which could help to remove PSSH), its
initial phase segregation is less efficient than when DMSO: is present. As a result, EM cannot achieve
the same improvement as EMD?2, likely because insufficient PSSH is segregated in the first place for
methanol to effectively remove it. In this system, EG is the only cosolvent that effectively promotes

phase segregation. The PSSH removal could account for the trend in the thickness of the EM, ED2
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and EMD? films. In particular, EMD2 is the thinnest film (44 nm) as most of the insulating
components have left the film, while ED2 is the thickest one (52 nm) and EM is the intermediate (48

nm).

To investigate the effect of DMSO: on the performance and stability of solar cells, three
cosolvent-treated PEDOT:PSS solutions (EM, ED2, and EMD2) were pre-mixed and spin-coated
onto silicon substrates. Figure 3.5 shows the schematic architecture of a typical heterojunction solar
cell fabricated using one such film as the hole transport layer and the silicon substrate as the electron
transport layer. To assure the reproducibility of our preparation, multiple solar cells employing these
cosolvent-treated PEDOT:PSS have also been prepared. The J-V curves of all solar cell samples are
shown in Figure S3-2. Table 3.1 summarizes their corresponding solar cell performance data, which
show good consistency among solar cells fabricated separately with, e.g., the reproducibility error in
PCE generally less than 6.5%. J-V profiles and EQE spectra of the EM, ED2 and EMD?2 solar cell
samples with the best performance are shown in Figure 3.6. Evidently, EMD2 exhibits the highest
PCE of 15.5% and outperforms ED2 with a PCE of 14.5% and EM with a PCE of 13.4%.

Ag electrode

PEDOT:PSS
SiO,

——n-type Silicon
Al electrode

Figure 3.5: [llustration of the architecture of a heterojunction solar cell based on a cosolvent-treated

PEDOT:PSS film on a silicon substrate.
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Figure 3.6: (a) Current density-voltage (J-V) profiles and (b) external quantum efficiency (EQE)
spectra for as-fabricated EM, ED2 and EMD?2 solar cell samples with the best performance.

60



Table 3.1: Solar cell performance metrics including Voc, Jsc, FF and PCE for as-fabricated EM, ED2
and EMD?2 solar cell samples. The solar cell sample number is indicated after the hyphen. Samples
marked with asterisks represent the respective EM, ED2, and EMD?2 solar cell samples with the best

performance and their J-V and EQE data are shown in Figure 3.6.

Samples Voc Jsc FF PCE
(mV) (mA/cm?) (o) (Vo)
EM-1* 632.3 30.5 69.7 13.4
EM-2 633.3 28.0 71.4 12.7
EM-3 625.1 30.0 66.7 12.5
Average 630.2+4.5 295+1.3 69.3+24 129+0.5
ED2-1%* 645.1 31.6 71.1 14.5
ED2-2 636.6 29.4 70.7 13.2
ED2-3 632.3 28.7 70.6 12.8
ED2-4 629.4 30.6 73 14.1
ED2-5 634.5 29.0 70.7 13.0
Average 635.6+6 298+1.2 71.2+1 13.5+0.7
EMD2-1 643.2 29.5 74.7 14.2
EMD2-2* 642.8 31.6 76.5 15.5
EMD2-3 636.4 28.6 73.4 13.4
EMD2-4 646.3 313 73.5 14.9
EMD2-5 639.0 29.6 71.2 13.4
Average 641.5+3.9 30.1+£1.3 73.8+2 143+0.9

Solar cells have been stored in air under ambient conditions with relative humidity (RH) < 30% at
room temperature and their performance data are remeasured in the following days post-fabrication to
assess their stability. Figure 3.7 shows the degradation trends in Voc, Jsc, FF, and PCE as functions of
ambient storage time after fabrication for three typical samples of EM, ED2, and EMD?2 solar cells.
Figure S3-3 shows the corresponding trends with the solar cell performance parameters normalized to
their respective as-fabricated values to better reflect percentage changes. We have used the consensus
stability assessment to estimate the amount of time post-fabrication when PCE drops to 80% of its
initial (as-fabricated) value (commonly denoted as Tgo). The temporal stabilities of all three solar cells
EM, ED2, and EMD2 have been quantitatively assessed according to ISOS protocol described by

Khenkin et al.”’® This approach ensures methodological reproducibility and facilitates comparison
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with other reported stability studies. In accord with the ISOS guidelines, the Tso value is determined
by linear interpolation between the two measurement points that bracket the 80% value of the PCE of
the as-fabricated cell. The stability data for each solar cell sample (Tso) are averaged and summarized
in Table S3-1. Evidently, there are discernible differences in the degradation rates of the performance
metrics among the solar cell samples over ambient storage time. While ED2 exhibits generally the
least degradation (reflecting higher stability) with Tso of 913.1 + 132.9 h, greater performance
degradation proceeds faster for EMD2 (Tgo of 261.0 & 39.9 h) and EM (Tso of 166.4 + 69.9 h) over

significantly shorter average ambient storage times.

The EM devices displayed the most rapid efficiency decay. The Tso among the three EM cells are
found to be between 86 and 208 h, indicating pronounced instability under ambient storage. The
degradation trajectory is dominated by an early decline in FF and a modest loss in Voc, characteristic
of interfacial degradation and increased series resistance at the organic—inorganic junctions. By
contrast, the ED2 series exhibits markedly superior stability. Their Tso values are in the range of 823
— 1066 h, over four times longer than that of the EM series. The slower efficiency decay and the more
gradual decrease in FF (from ~71% to ~ 60%) indicate a more resilient contact interface and
improved charge extraction, arising from compositional or morphological stabilization of the
interfaces. The intermediate performing EMD?2 devices are found to have Tgo values between 233 h to
307 h, corresponding to ambient stability longer than EM but significantly shorter than ED2. The
main performance loss again originates from FF deterioration, although the concurrent drops in PCE
and Voc are milder than those in the EM devices. The moderate improvement over EM implies that
partial modification or doping in the device architecture enhances stability but does not fully suppress

degradation pathways active in ambient exposure.

Collectively, these results clearly establish the following stability order: ED2 > EMD2 > EM.
The Tso parameter provides a consistent and quantitative basis for comparing degradation kinetics
across different solar cells. These findings highlight that while the ED2 configuration retains over
80% of its as-fabricated efficiency for more than 1000 h, the unmodified EM devices suffer from
rapid decay within the first 200 h. The observed trend underscores the decisive role of interface
engineering and compositional optimization in mitigating ambient degradation in PEDOT:PSS/Si
heterostructures. The EM devices thus represent an unstable baseline, likely limited by unoptimized

and unstable interfaces.
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Figure 3.7: Degradation trends of solar cell performance metrics: Voc, Jsc, FF and PCE as functions

of ambient storage times for (a) EM (b) ED2 and (c) EMD?2 solar cells.

The observed higher Rs (Figure 3.1) for EM and EMD?2 causes their corresponding solar cell

performance to degrade more quickly than ED2, despite their generally high intrinsic electrical

conductivities. In contrast, the tightly packed DMSQ:-based microstructure of ED2 exhibits the

lowest Rs, allowing the ED2 film to maintain high performance in both FF and PCE. These
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conductivity values, together with the photovoltaic results, reinforce our hypothesis that the presence
of EG and DMSO: in the cosolvents drives more efficient phase separation than EG and methanol.
The resulting charge-transport enhancement boosts Voc from 630.2 mV for EM to 635.6 mV for ED2
and to 641.5 mV for EMD?2 on average (Table 3.1). The same mechanism also leads to higher FFs, as
the reduced Rg associated with superior phase separation enables more efficient current extraction.
The AFM morphology is also consistent with earlier reports that increased surface roughness could
enhance device performance (Figure 3.2)."**%! Although the rougher surface raises the sheet
resistance of the EMD2 film measured by the van der Pauw method, vertical charge transport remains
efficient, yielding the highest FF and PCE of 76.5% and 15.5% in EMD2-2, respectively. Based on
the PSS/PSSH ratio, EMD?2 retains the smallest amount of PSSH suggesting the presence of a larger
dipole at the film surface and at the film/top-electrode interface. Consequently, EMD2 delivers better
solar-cell performance than EM and ED2.

There are, however, conflicting reports about why and how exactly the conductivity of
PEDOT:PSS increases after cosolvent treatment. The dominant mechanism depends on the specific
additives, their physicochemical properties, and the processing method used. There are several
proposed, often overlapping, mechanisms: (i) phase separation that enlarges PEDOT-rich grains and
shortens intergrain hopping distances; (ii) screening of Coulomb interactions by highly polar solvents;
(ii1) removal of excess insulating PSS from the surface; (iv) conformational rearrangements that foster
tighter connectivity among PEDOT chains; and (v) true doping effects introduced by certain
reagents.””’ In our DMSOQ.-treated systems, the combination of XPS, TOF-SIMS AFM, and
conductivity data strongly supports mechanisms (i-iv) while there is no clear evidence for chemical
re-doping. These processes are consistent with the observed increases in conductivity and stability.
While these findings identify the most plausible mechanisms, their relative contributions cannot yet
be distinguished. Without complementary computational modeling or further in situ characterization,

the detailed mechanism remains unclear.

As demonstrated by the stability trends of the samples, the presence of methanol in cosolvent-
treated PEDOT:PSS appears to accelerate the degradation of the EM and EMD2 solar cells. Solar
cells made with ED2 films are more stable than those based on EMD?2, and both ED2 and EMD2
solar cells out-perform the EM cell. Both EM and EMD2 films contain small volatile methanol
molecules, which evaporate quickly during the baking step. It has been reported that even though the
methanol-containing PEDOT:PSS solution spreads fully during the coating process, consistent with

good wettability, the high vapour pressure and rapid evaporation cause the formation of
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nanoaggregates or agglomerates, instead of a smooth film.?”” Wettability helps the solution spread
evenly across the entire surface before the solvent evaporates, leading to the formation of a uniform
film. It has been well established that solvent evaporation strongly affects film formation, even in
polymer systems.””” When a solvent evaporates too quickly, Marangoni instabilities could be
triggered in polymer films deposited by spin coating. This effect occurs because evaporation creates
surface tension gradients that drive the liquid to flow. Material moves from areas of lower surface
tension toward areas of higher surface tension, generating convection cells.®®** These convection
cells cause variations in the thickness and roughness of the film. In contrast, when solvents evaporate
slowly, Marangoni flow does not develop, allowing smoother surfaces to form. The convection cells
created by the Marangoni effect appear as small “hills” and “valleys” on the polymer film. As the
valleys represent the thinner regions of the film, they are stabilized by the entanglement of the
polymer chains.*"** The absence of methanol, as a solvent with a high evaporation rate, in the ED2
film is in good accord with the formation of a smooth film with the lowest RMS roughness.”®' ED2
does not suffer from the nanoaggregate formation caused by the rapid evaporation of methanol, which

ensures a more uniform film and helps maintain its structural integrity over time.

As discussed before, high-boiling-point solvents such as ethylene glycol do not create the same
extent of mechanical defects. As more time is needed to dry during a thermal treatment, the polymer
is given more opportunity to undergo slow organization of its conductive network,20>24%254283
Furthermore, these solvents remain in the film after the baking (with just water removal) and continue
to affect the polymer structure and contribute to PEDOT and PSS phase separation. For additives or
cosolvents with a boiling point lower than water (such as methanol or isopropyl alcohol), they
evaporate very quickly, after which crystallization starts with water as the remaining solvent.?2%***
Inclusion of EG in the PEDOT:PSS film also reduces the water uptake and enhances the ductility and
mechanical properties of the film.?**#** Therefore, by having the most uniform and smooth film with
the lowest Rs of all, the ED2 solar cell is the most stable one with the least rate of degradation over
913 hours. While previous PEDOT:PSS/Si solar cell studies have improved efficiency through
interfacial or structural engineering, their performance remains not inherently stable, relying on
external encapsulation or barrier layers to maintain durability. In contrast, our DMSO; modified
system achieves intrinsic stability by restructuring PEDOT:PSS at the molecular level, suppressing
hygroscopic and acidic degradation pathways. This inherent robustness underscores the significance
and novelty of our work achieving both high efficiency and long-term stability without additional

protective layers, 2! 28528
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3.4 Conclusion

The present study demonstrates that incorporating dimethyl sulfone (DMSQO:) into

PEDOT:PSS significantly enhances both the initial as-fabricated efficiency and the long-term stability
of planar heterojunction solar cells. Specifically, DMSO: improves conductivity through
morphological realignment and screening effect between PEDOT and PSS. When combined with EG,
DMSO: creates an even more conductive and stable film through phase separation that leads to a
noticeable PSSH removal in the presence of methanol. Despite methanol improving wettability and
being effective at PSSH removal, it compromises the long-term stability due to the formation of
nanoagglomerates upon rapid evaporation. Thus, ED2 formulations are preferable for extended device
stability with Tgo of 913 h on average, while EMD2 provides the best PCE performance of 15.5%.
The ED2 or EMD?2 solutions can also be used for other durable PEDOT:PSS-based device

applications.
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Chapter 4
Rapid Low-Cost Fabrication of Shadow Masks using FDM 3D
Printing for Precise Top-Electrode Patterning in Planar Silicon

Heterojunction Solar Cells

4.1 Introduction

Solar cells are critical for the global shift toward renewable energy sources. These devices harness
sunlight to generate electricity through the photovoltaic (PV) effect, providing an important
foundation for sustainable energy solutions. Figure 4.1 illustrates the growing importance of solar
energy as a sustainable power source, offering scalability with minimal environmental impact relative
to other low-carbon sources such as nuclear energy.?*’” In Canada, the considerable low solar energy
production highlights a critical need for increased investment and policy support to accelerate its

development and to keep up with global clean energy goals.*
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Figure 4.1: Electricity generated (kilowatt-hour per capita) from (a) coal and gas, and (b) solar, wind,
and nuclear in Canada, Europe, USA and China from 2000-2024.Data are generated from Ember-

energy.org website.”*

The efficiency and performance of PV devices are greatly influenced by the design and quality of
their top and bottom electrodes, which are responsible for collecting and transporting charge carriers
generated by light absorption.”® The top electrode, in particular, plays a critical role, as it must be not

only highly electrical conducting to allow charge collection and transport but also sufficiently
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optically transparent to permit light penetration and pass-through. The top electrode must also provide
robust adhesion and good contact to the underlying layers in the device architecture.”” Several
methods have been developed to balance optimizing properties such as transparency, conductivity,
and adhesion, and lowering cost across a diverse range of PV technologies, including silicon, thin-
film, hybrid organic—inorganic cells, and perovskite solar cells.'”® Consequently, the deposition of the
top electrode is a critical step in PV device fabrication, and this key step requires precise techniques

to produce the optimal device performance.

When depositing the rear (or bottom) electrode in a silicon heterojunction solar cell, no specific
patterning is required. The objective is simply to coat the rear surface of the substrate uniformly while
preventing any sputtered metal from leaking onto the front side. By contrast, the front (or top)
electrode of the solar cell must be patterned carefully, because the geometry of the metallic grid
determines the lateral path length for charge carriers and therefore influences both the series

resistance and the overall electrical performance of the device.?'***

A variety of deposition techniques have been developed to address the diverse requirements of the
top-electrode fabrication in PV devices. Among the most prevalent methods are physical vapor

164,165,293,294

deposition (PVD, including sputter deposition and thermal evaporation), screen

170,171 295

printing, chemical vapor deposition (CVD),** and electrodeposition.””® Magnetron sputtering,
for example, is widely adopted due to its ability to produce uniform, adherent thin films over a large
area, making it suitable for both research and industrial applications while outperforming other PVD
methods.'*>*” Low-temperature processing, excellent scalability, and high uniformity, combined with
its overall versatility and flexibility of using Al, Zn, Ag or alloy targets, have made this technique a
popular choice for sputter-depositing a variety of advanced device components, such as TCO films,
buffer/reflective layers, and electrodes on such important substrates as silicon wafers.!”” While
thermal evaporation is scalable with a good control over the condition, it has difficulties in providing
uniform deposition and therefore high quality interfaces.?”® Screen printing is an attractive method
because of its cost-effectiveness and compatibility with thick-film applications, such as in silicon-
based solar cells.'”"'" Electrodeposition has gained popularity due to its simplicity and low cost,
particularly for depositing chalcogenide materials used in thin-film PV devices.”® Indeed, each of
these techniques presents its own unique advantages and trade-offs, in terms of cost, material

utilization, scalability, and the quality of the deposited films, all of which require careful

consideration based on the specific PV device architecture and application.
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The need for precise electrode patterning to enhance device efficiency has motivated the
development of innovative approaches in fabrication. One such approach involves the use of shadow
masks, which are templates that selectively expose areas of the substrate to the deposition material
(target), enabling the creation of finely patterned electrodes.' Shadow masks are placed and fixed
between the material source, such as a sputtering target, and the substrate. This method allows
simultaneous deposition and precise structuring of thin material layers. Shadow masks are commonly
used in CVD and PVD, and they are essential to the fabrication of optoelectronic devices,

microelectromechanical systems (MEMS), PV devices and sensors.

Unlike traditional photolithographic techniques, shadow masks eliminate the need for photoresists
and their associated processing steps such as resist spin-coating, pattern exposure, and lift-off, thus
significantly reducing processing time and cost.'®” Additionally, shadow masks facilitate the
deposition and structuring of materials on nonplanar substrates or substrates chemically incompatible
with photoresists. There are a variety of techniques for manufacturing shadow masks, including laser-

micro machining,'®® computer numerical control (CNC) micro machining,”® photolithography,*®

3% stencil (screen) printing,*** and electroforming (for, e.g., Ni or Ni-Co

photochemical machining,
shadow masks).>**** Traditionally, shadow masks are fabricated from hard materials such as stainless
steel or silicon, which offer high precision but are often expensive and time-consuming to produce,
particularly those with miniature features used in small-scale or research applications.**® These
conventional methods can pose barriers for researchers seeking rapid prototyping or customization of

electrode designs.

When compared to home-scale 3D printing based on fused-deposition modeling, the primary
disadvantages of industrial shadow-mask fabrication methods, such as laser micro-machining,
photochemical etching, electroforming, and silicon micromachining, lie in their higher cost, longer
production times, and the necessity for specialized facilities, such as cleanrooms or advanced
chemical handling infrastructure.’®® On the other hand, home-scale 3D printing with poly lactic acid
(PLA) or polyethylene terephthalate glycol-modified (PETG) filaments offer notable advantages,
including rapid prototyping (< 1 h), reproducibility, significantly lower production cost, and
considerable geometric flexibility without significant investment.**® PLA and PETG filaments emit
significantly fewer volatile organic compounds (VOCs) than ABS and are commonly used on open
desktop printers, but basic ventilation or localized extraction is still advisable to limit exposure to
ultrafine particles and residual VOCs, especially during prolonged printing. In particular, PETG has

an order of magnitude less emission of VOCs than acrylonitrile butadiene styrene (ABS) during 3D
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printing.**” The primary VOC emitted from ABS filaments is styrene, with a reported emission rate
ranging from 10 to 113 pg/min depending on the 3D printer model. In contrast, PLA filaments mainly
release lactide (3,6-dimethyl-1,4-dioxane-2,5-dione) at a much lower rate of 4-5 pg/min across tested
3D printers. ABS therefore poses a greater safety concern due to a higher emission rate and

styrene.%-310

3D printing also comes with some trade-offs. In particular, 3D-printed shadow masks are found to
exhibit lower resolution, typically limited to 50 um for vertical resolution and 180 pm for lateral

resolution (as in, e.g., a Bambu Lab A1 mini 3D Printer with a 0.2 mm nozzle),3 1

and rough edges
caused by the extrusion-based printing process, which result in inferior accuracy and potentially
blurred features during deposition.’'* Additionally, these masks have limited mechanical durability, a
low thermal threshold (with a glass transition temperature or T, of 75-80 °C for PETG *'**'* and 55-
60 °C for PLA*"), and potential outgassing issues under vacuum or elevated-temperature deposition
conditions. However, for depositing the top electrode using a 3D-printed shadow mask, the thermal
and mechanical stability of a PETG mask is adequate, which would significantly reduce time, cost,
and resource demand. Among the materials examined here, PETG therefore offers the most practical
balance for laboratory-scale shadow mask fabrication, combining lower VOC emissions compared to
other filaments with good dimensional stability under sputtering conditions and a tunable feature
resolution of approximately 60—80 um in our work. There are other alternative fused filament
fabrication thermoplastics, such as high-temperature or annealable grade PLA,*'® acrylonitrile styrene
acrylate (a UV durable alternative to ABS)*'” and newer low warp/high heat filaments. However,
these materials can show emission profiles different from PETG, so enclosed printing and ventilation
remain advisable.’”” Nylon filament also represents a potential candidate, but its strong hygroscopic
nature can lead to variable behavior under vacuum or elevated-temperature processing, limiting its
reliability for repeated deposition use.’'® Resin-based additive manufacturing methods (e.g.,
stereolithography or digital light projection) could further enhance resolution (< 50 um) and
mechanical durability, albeit with the need for controlled ventilation and post-curing steps which
increase both complexity and cost.’’*-**! Finally, a notable advantage of employing 3D-printed
shadow masks is the ability to rapidly fabricate structures with various geometries with a low turn-
around time (within an hour), enabling detailed studies of their impacts on PV device performance. In
this study, we examine how three shadow masks with selected geometries affect critical photovoltaic
parameters, such as open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF), and

power conversion efficiency (PCE), through their different impacts on light absorption and charge

70



carrier collection efficiency. One of the masks was fabricated by CNC micro machining and the other

two were produced using a home-scale 3D printer that requires no specialized ventilation.

4.2 Experimental Details

A stock solution of PEDOT:PSS (Clevios, PH1000) was passed through a 0.45 um polyvinylidene
fluoride syringe filter and used directly without any modification. All other chemicals were obtained
commercially and used as supplied. Two PEDOT:PSS dispersions were prepared with cosolvents.
ED2 solution contained 3 wt% dimethyl sulfoxide (DMSO:.), 8 wt% ethylene glycol (EG), 0.25 wt%
FS-300 surfactant (Fluka Analytical), with the remainder made up by PEDOT:PSS. EMD2 solution
had the same DMSO: and EG loadings but also with 8 wt% methanol, along with 0.25 wt% FS-300
and PEDOT:PSS balance. The surfactant FS-300 was thoroughly mixed in ED2 and EMD2 before the

respective solutions were used for deposition.

Figure 4.2 shows a schematic diagram of the key steps used for the fabrication of a heterojunction
solar cell. Briefly, a single-side polished, phosphorus-doped n-type Si(100) wafer (100 mm diameter,
with thickness 280 + 25 um, and resistivity 0.04—0.07 Q cm; Virginia Semiconductor Inc.) was diced
into 10x10 mm? chips. Each chip was sonicated for 10 min in acetone followed by 10 min in
isopropanol (IPA), rinsed with ultrapure water (with resistivity of 18.2 MQ c¢m at 21.6 °C), etched in
5% HF for 2 min to remove the native oxide, then rinsed again and dried under a nitrogen stream. A
200 nm aluminium layer was sputter-coated onto the rear unpolished side of a Si chip to serve as the
bottom electrode. The front polished surface of the Si chip was exposed to ambient air for 20 min,
allowing a thin SiO: interlayer (~2 nm thick) to regrow, in line with our optimization reported
earlier.®® The PEDOT:PSS mixture (ED2 or EMD2) was spin-coated at 4000 rpm for 60 s, producing
a uniform coating that was subsequently annealed in air at 110 °C for 10 min on a hotplate. Using
shadow masks of three different designs: comb-like busbar, central busbar, and crossed busbar, a 50
nm silver layer was sputter-coated to define the top electrode with different geometrical patterns.
Sputtering of the rear and front surfaces of the Si chip was performed by using a dual-target
magnetron sputtering system (Electron Microscopy Sciences 575X). Schematic diagrams of the

resulting solar cells with the three top electrode designs are shown in Figure 4.3.
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(a) Sonication of Si chips in acetone and IPA (b) Soaking in 5% HF (c) Deposition of Al bottom electrode

(f) Deposition of Ag top electrode (e) Baking of polymer film (d) Spin coating of PEDOT:PSS solution

Figure 4.2: Fabrication workflow for PEDOT:PSS/Si heterojunction solar cells. (a) n-type Si(100)
chips were sonicated for 10 min in acetone and IPA, then rinsed with ultrapure water. (b) Si chips
were etched in 5% HF for 2 min, rinsed, and N: dried. (c) A 200-nm thick Al layer was deposited on
the back sides of the chips to be used as the bottom electrode. (d) A PEDOT:PSS formulation (ED2 or
EMD?2) was dispensed and spin-coated at 4000 rpm for 60 s to form a uniform film. (¢) The coating
was annealed in air on a hotplate at 110 °C for 10 min. (f) A 50 nm Ag layer was sputter-deposited
through a shadow mask (comb-like busbar, central busbar, or crossed busbar) to define the top
electrode. All sputtering steps (for the bottom Al and top Ag electrodes) were performed in the same
dual-target magnetron system (EMD 575X).

(b)

Ag electrode
PEDOT:PSS
SiO,

n-type Silicon
Al electrode

Figure 4.3: Schematic representations of solar cells with selected top electrode designs: (a) comb-like

busbar, (b) crossed busbar, and (c) central busbar.
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Atomic force microscopy (AFM) images of surface morphology were captured in tapping mode in
an Asylum Cypher microscope. Photovoltaic performance was assessed via current—voltage (IV) and
external quantum efficiency (EQE) measurements using a [V5 and a QEX10 systems from PV
Measurements, respectively. IV curves were recorded under simulated AM 1.5 G illumination (100
mW/cm?) calibrated against a PVM782 silicon reference cell and an active area of X8 mm”. EQE
spectra were obtained with monochromatic light from a xenon lamp and with a germanium

photodiode, over an illuminated spot of 1x3.5 mm?®.

4.3 Results and Discussion

Additive manufacturing now offers a novel way to create custom shadow masks with unprecedented
flexibility. Using a desktop 3D printer, it is possible to fabricate masks with almost any geometry,
enabling quick design iterations for electrode patterns. 3D-printed shadow masks provide a cost-
effective alternative to traditional mechanically milled or etched metal masks. Instead of ordering
expensive custom metal stencils, researchers can now design a mask in computer-aided design (CAD)
software and 3D-print out the mask in-house within hours, which can then be used for depositing
metal electrodes and contacts. The layer-by-layer fused deposition modeling (FDM) process provides
surprisingly good accuracy for patterns in the millimeter to sub-millimeter scale. For example, a
recent study has demonstrated that micro-patterned electrodes via a PLA 3D-printed mask could
achieve fine line features and complex shapes that would be challenging to cut from steel.**® The
additive manufacturing approach also minimizes warping and distortion of the pattern because the
mask is built up layer by layer, which enables even complicated designs to retain good dimensional
fidelity in X-Y and thickness. More importantly, 3D printing allows greater design freedom.
Furthermore, 3D printing allows us to produce multiple masks for pennies, making it economically
feasible to use a fresh (disposable) mask for each deposition if so preferred. Busbars, cross-grids and
fractal layouts, as well as other unconventional electrode architectures can be manufactured simply by
editing the digital design, without the long lead time or high cost of making a new physical stencil
each time. This makes it ideal for experimenting with electrode geometry in research. Here, we
demonstrate this concept for fabricating the top electrodes with 3D-printed shadow masks of three
different grid patterns. The masks are reusable for many deposition cycles, especially if printed in a
durable thermoplastic such as PETG. Common FDM filaments such as PLA, PETG, and ABS have
all been tested as shadow mask materials before.****** ABS (with T, of 101 °C) has been found to
perform better due to its higher heat resistance, resulting in less propensity for warping under the

temperature of deposition,*** and to its capacity to produce sharper edges. However, as the amount of
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VOC emission for ABS is an order of magnitude higher than that for PETG, the use of ABS would
require an enclosed printing enclosure and air filtration/ventilation.’”’ In our study, PETG and PLA
are used instead. Photographs of typical PLA and PETG 3D-printed masks are shown in Figures 4.4a
and 4.4b, respectively. While both are found to produce sufficiently precise electrode masks, PLA
appears to have a deformation issue due to its lower T, (Figure 4.4c). In order to avoid this problem,
transparent PETG filament with a higher Ty is therefore used and the resulting masks are found to

have no sign of bending or distortion even after multiple uses (Figure 4.4d).
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Figure 4.4: Photographs of shadow masks, with a central busbar design, made with (a, ¢) PLA and

(b, d) PETG before (a, b) and after (c, d) undergoing the magnetron sputtering deposition process.
The mask openings (gaps) that define the widths of deposited fingers and busbars are 350 microns

wide, and the mask thickness is set to 400 microns.

The 3D printer used in these experiments was an A1 mini system manufactured by Bambu
Lab with a 0.2 mm nozzle installed. The filament for the masks was PETG Translucent by

Bambu Lab (Ty = 70 °C, 3% Tmp = 228 °C), the base polymer of which contains no additive
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pigments and thus the polymer appears translucent. For the printing settings, the calibrated

values for the filament from the manufacturer’s website were used.

Although the feature resolution of 3D-printed masks is generally lower than those obtained by
photolithography and etched metal stencils, 3D-printed masks are more than adequate for typical
solar cell electrode application. Feature sizes on the order of 60-80 microns are easily achievable with
a 0.2 mm nozzle.*® This is adequate for printing shadow masks with electrode widths (fingers and
busbars) and finger spacings (i.e., the gaps between two adjacent deposited fingers) commonly used
in laboratory-scale silicon cells. The mask thickness can be tuned and is often set to 400 microns to
ensure that the mask lies flat and blocks metal effectively without excessive edge shadowing. The
finger and busbar width are set to 350 microns. Although we could print features with a smaller
width, the 300 — 350 microns range is in practice the smallest size to ensure good accuracy for both

3D printing and sputter coating.

Using 3D-printed masks for metallization is straightforward. The printed mask (often consisting of
a frame with inset to hold a substrate) is appropriately aligned onto the solar cell, and then metal is
deposited by evaporation or sputtering to only coat the exposed regions. After deposition, the mask is
simply lifted off, leaving a patterned metal electrode of the desired design. This process eliminates
multiple steps compared to photolithography as there is no photoresist coating, developing, or etching
involved. As a result, the turnaround from the design of the pattern to a finished electrode can be

completed in less than 8 hours, which is excellent for rapid prototyping and design optimization.

Figure 4.5 shows a comparable shadow mask manufactured in our machine shop by using
conventional CNC micro machining. It should be noted that the small round cut-out at each end is
mechanically required in the machining process, and these cut-outs are not desirable because they
allow the metallization to spill onto the edges and even the back of the wafer, potentially
compromising electrical isolation. Not only the overall cost of the milled mask is substantially higher

than the 3D-printed PETG mask, the turnaround time could also be significantly longer (~40 days),

depending on the job queue and availability of our machine shop.
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Figure 4.5: Shadow mask holders manufactured by CNC micro machining technique used for
sputter-depositing silver. Right panel: Top cover with the central busbar pattern of the shadow mask.
Left panel: Bottom holder with inset to tightly fix the Si substrate with a Ag central busbar top
electrode sputter-deposited. The Si substrate is sandwiched snugly between the top cover and the

bottom holder by means of four screws.

The primary role of busbars and fingers of the top electrode is to facilitate collection and
conduction of photogenerated current with minimal resistive voltage drop. In a solar cell, carriers are
generated uniformly across the illuminated device area and must travel laterally (in the emitter or
conducting top layer known as the hole transport layer (HTL)) to reach a metal contact grid (busbars
or fingers), and then travel through the metal grid to the terminal of the cell. If the path is too long or
the sheet resistance too high, significant ohmic losses could occur, which manifest as a reduced FF
with lower voltage at high current (i.e. a sloping I-V curve near the knee at Voc). In our cells, the
PEDOT:PSS layers of EMD2 and ED2 compositions are found to have moderate sheet resistances of
211.2 and 187.3 (Q/0), respectively. While the silver fingers greatly lower the resistivity at their
locations, the photogenerated current still needs to flow through PEDOT:PSS to reach those fingers.
In a conventional comb-like busbar design with a busbar located along one edge, the longest distance
(worst-case) for current travel is the entire length of the finger, from one (open) end of the finger to

the opposite end terminated at the busbar. By contrast, a central busbar design reduces this maximum
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travel distance by half, in which case carriers only travel from an open end of the finger to at most the
center busbar (which is approximately half the span of the cell) instead of the full length as in the
comb-like busbar design. A crossed busbar potentially halves the distance in two directions (vertical

and horizontal), providing even shorter paths within each quadrant.

Optimizing the electrode finger spacing (the distance between adjacent deposited metal fingers,
corresponding to the opaque regions of the shadow mask) is also crucial for maximizing solar cell
performance because the electrical power loss due to emitter resistance is dependent upon the finger
spacing.**® To minimize this loss, the electrode finger spacing should be kept small. The surface
current is collected by the fingers and is passed onto the busbar, which then deliver it to the external
circuit. This reduction in travel distance directly lowers the resistive power loss in the emitter layer,
as the fractional resistive power loss in this layer is proportional to the square of the finger spacing.’*°
Consequently, these diminished electrical losses lead to an enhancement in the FF of the solar cell.
Although reducing the spacing between electrode fingers allows for an increase in the number of grid
lines and thereby can improve the fill factor (FF), it could also raise the level of optical shadowing,

which can diminish the overall power output.*’-?*

Our experimental results show a clear influence of the top contact pattern on the FF and overall
performance of the solar cell. Previous studies have used 3D printed shadow masks mainly for
microelectrode and thin-film transistor fabrication, focusing on print fidelity and process feasibility
rather than device optimization.***** Here, we apply PETG-based 3D-printed masks to fabricate the
top electrodes in planar silicon heterojunction solar cells, and we demonstrate how different electrode
geometries could directly influence photovoltaic performance metrics such as FF and PCE. In the
present work, three grid designs are evaluated: (1) a conventional comb-like busbar, (2) a central
busbar, and (3) a crossed busbar (with one busbar and one line crossing at the center, dividing the grid
into four quadrants). Figure 4.6 shows the images of four top electrodes with silver sputter-coated
using different shadow masks onto the PEDOT:PSS layers of the heterojunction solar cells. Samples
(b1), (b2), and (b3) were sputtered through their respective 3D-printed masks (al, a2, a3), whereas
sample (b4) was sputtered using a mask fabricated by CNC micro machining (a4). In sample (b4), the
limitations of the CNC micromachining process are evident from the distorted line ends, where the
tool’s limited radius produced excessive rounding and loss of linearity in the pattern. Unlike the
minor curvature observed in other electrodes, this deviation resulted in noticeable widening and silver

leakage at the edges.
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(b) (b2)

Figure 4.6: Photographs of assembly of four shadow masks (top panel) and of their corresponding
silver electrodes (lower panel), with (al, bl) comb-like busbar, (a2, b2) crossed busbar and (a3, b3)
central busbar electrode design made by 3D printing, and with (a4, b4) CNC micro machining.

Sample grids (b1-b4) are 10x10 mm? and enlarged for better visualization.

Table 4.1 compares the solar cell performance data obtained for cosolvent-added PEDOT:PSS
EMD?2 and ED2 cells fabricated with the top electrodes based on the 3D-printed shadow masks of the
three busbar designs (Figure 4.6). These data in Table 4.1 are obtained by averaging the respective
values from several EMD2 (Table S4-1) and ED2 cells (Table S4-2) separately prepared with the
respective conditions. Figures 4.7a and 4.7b show, respectively, current density-voltage curves of the
best performing EMD2 and ED2 cells fabricated with three different top electrodes. Evidently, the
crossed busbar design provides a significant increase in FF by 11% (from 63.4% to 70.4%) for EMD2
cells and by 13% (from 61.6% to 69.6%) for ED2 cells, when compared to cells fabricated with the
conventional comb-like busbar design. However, for EMD?2 cells drops in Voc (1.8%) and Jsc (6.5%)
are also observed for the crossed busbar design. The increase in FF and decrease in Jsc offset each
other, and the average PCE increases by only 2.5%. A similar trend is observed with the ED2 cells
where the observed decreases in Voc (0.3%) and Jsc (10.1%) for the crossed busbar design relative to
the comb-like busbar design appear to enhance the PCE by 1.8%. In an attempt to achieve a better
balance between reducing the series resistance while not increasing the shading effect considerably, a

third mask with the central busbar design is fabricated. This central busbar design provides the ED2
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and EMD?2 solar cells with enhanced PCE and FF relative to the comb-like busbar design. In EMD2

cells, while FF shows a remarkable improvement of 16.4% compared to comb-like busbar design,

Voc and Jsc are also found to increase slightly (by 0.1% and 2.7%, respectively). The corresponding

PCE is found to increase considerably by 20.2% to 14.3%. This result has also been observed with the

ED2 cells, with 1.2% increase in Voc, 15.6% improvement in FF, slight increase in Jsc by 3.5% and

21.6% increase in PCE (all relative to cells with the conventional comb-like busbar electrodes).

Table 4.1: Average photovoltaic performance metrics of ED2 and EMD2 solar cells fabricated with

selected 3D-printed top electrode designs (comb-like busbar, crossed busbar, and central busbar).

Samples Voc Jsc FF PCE
(mV) (mA/em?) (%) (%)
EMD2 6411265 |293+04 634202 119403
Comb-like busbar
EMD2 6206+102 | 274%06 70423 122106
Crossed busbar (-1.8%) (-6.5%) (+11.0%) (+2.5%)
EMD2 641539 | 30113 73822 143209
Central busbar (+0.1%) (+2.7%) (+16.4%) (+20.2%)
ED2 6281+129 |288+08 61.6%3.0 111206
Comb-like busbar
ED2 626152 | 259%1.0 69.6£23 113207
Crossed busbar (-0.3%) (-10.1%) (+13.0%) (+1.8%)
ED2 635626 298+ 12 712+ 1.0 135407
Central busbar (+1.2%) (+3.5%) (+15.6%) (+21.62%)

*The percentage changes in the performance metrics for the crossed busbar and central busbar cells

relative to the respective comb-like busbar cells are given in parentheses.
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Figure 4.7: (a, b) Current density-voltage (J-V) curves and (c, d) external quantum efficiency (EQE)
spectra of (a, c) EMD?2 and (b, d) ED2 based solar cells with selected top electrode designs.
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To evaluate the effects of these top electrode designs on the optical and electrical performance in
heterojunction solar cells, we show in Figures 4.7¢c and 4.7d the corresponding EQE spectra of EMD2
and ED2 based solar cells obtained with the three top electrode designs (comb-like busbar, crossed
busbar, and central busbar). Evidently, the EMD2 and ED2 solar cells with the comb-like busbar top
electrodes exhibit the highest EQE over the visible to near-infrared spectral range (400—1000 nm),
indicating superior optical transparency due to minimal shading by the electrode structure. However,
despite this optical advantage, the comb-like busbar design suffers from increased lateral resistive
losses in the PEDOT:PSS layer and longer current collection paths, which reduce the FF. In contrast,
solar cells with the central busbar electrodes show only a slight reduction in EQE in the 300-400 nm
range, attributable to shading from the centrally placed busbar. This minor optical penalty is
compensated by a significant improvement in FF, likely due to shorter lateral conduction paths in
both the PEDOT:PSS and silver grid, thereby reducing the series resistance and enhancing the power
output. The crossed busbar design, while theoretically offering the shortest collection distances by
dividing the cell into quadrants, introduces the most severe optical losses. The corresponding EQE
spectrum displays a broad suppression throughout the 400-1100 nm range, indicating that increased
shading from orthogonal busbars reduces photogeneration uniformly across the cell. Furthermore, a
more complex metal geometry could potentially create local current congestion or dead zones, e.g., at
the intersection of the busbars, weakening effective carrier collection. Overall, the EQE data validate
that the central busbar structure offers the best trade-off between resistive loss mitigation and optical
transparency, making it the optimal design among those tested for this heterojunction solar cell

architecture.

Interpreting these findings requires understanding the trade-offs between resistive losses and
optical losses in different electrode geometries. The central busbar design clearly improves the FF by
reducing the lateral resistive losses in the PEDOT:PSS/Si heterojunction solar cell. The general
consensus in photovoltaic literature shows that the top (or front) electrode accounts for the largest
relative power loss and re-designing the front grid pattern can effectively improve the performance of
the solar cells.* In our study, shortening the finger lengths and increasing the busbar connectivity
improves the solar cell performance.*?***! Although a crossed busbar top electrode could theoretically
provide shorter paths at the ends, the long central crossings introduce extra series resistance that
offsets some of the benefits. In addition, the electrode fingers are uniformly distributed along the ~13
mm long diagonal of the cell, with a wider spacing between each finger compared to the central

busbar region, where the fingers are more closely packed. Indeed, reducing the spacing between
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electrode fingers without introducing significant shading could lower the emitter resistive loss and
improve both the FF and PCE. For this cell system, a single centrally located busbar with radial

fingers therefore appears to be the most effective design among those tested.

Other more complex designs, including radial or spoke-like grids, fractal/leaf-vein inspired
networks and multi-busbar/hybrid layouts can be used to further improve the top electrode. As these
designs are very difficult to make mechanically, 3D printing offers a viable approach for
manufacturing these electrodes. Further investigations with measurement of the solar cell
performance metrics could guide the design of future heterojunction solar cells with optimized
metallization patterns for the top electrodes. In addition, beyond photovoltaic applications, 3D
printing could enable rapid prototyping of shadow masks for other thin-film technologies, including
TCO coatings, sensors, MEMS electrodes, and optoelectronic devices such as OLEDs and
TFTs.**332-33A particularly promising extension is in the area of microfluidic and electrochemical
systems, where 3D-printed PETG or ABS channel networks are integrated with patterned metal or
oxide electrodes (Ag, Au, Pt, ITO) deposited via shadow masking on glass substrates.***-**” The
assembled structures could then function as compact microfluidic electrochemical cells that are
widely applicable in biosensing, photoelectrochemical studies, and miniature fuel-cell testing.***-**!,
Together, these insights highlight 3D printing as a versatile tool for accelerating electrode
optimization and device fabrication across next generation of thin film and electrochemical

technologies.

4.4 Conclusion

This work highlights the potential of using a desktop 3D-printer for manufacturing shadow masks
with optimal designs for developing the top electrode used in silicon heterojunction solar cells. While
conventional fabrication methods offer higher resolution, the PETG-based 3D printing approach
provides substantial advantages in terms of production speed, cost-effectiveness, design flexibility,
and accessibility. Among the electrode configurations tested (comb-like busbar, central busbar, and
crossed busbar), the central busbar layout provides the best overall solar cell performance and a good
balance between series resistance reduction and shading effect minimization. The central busbar top
electrode design reduces the series resistance significantly, leading to enhanced FF and Voc, and
ultimately improving PCE by 20.2% in EMD2 and 21.6% in ED2 cells, when compared to the
traditional comb-like busbar configuration. EQE analyses reinforce these findings, validating that the

central busbar design offers effective compromise between optical transparency and reduced resistive
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losses. This novel and practical approach can thus facilitate rapid electrode prototyping, driving

further optimization and wider adoption of solar cell technology.

&4



Chapter 5

Conclusion and Future Work

The global transition toward sustainable energy demands continuous innovation in PV technology.
Among emerging approaches, organic—inorganic heterojunction solar cells have attracted significant
attention because they combine the excellent electronic properties of crystalline silicon with the
tunability and solution processability of organic materials. Despite the impressive PCE that has been
achieved so far, the progress of organic—inorganic HSCs remains constrained by fundamental
challenges such as limited conductivity and environmental stability of HTL. In addition, a successful
commercialization requires a feasible production with less complexity and lower costs associated

with the fabrication process.

This thesis focusses on three research projects targeting the current obstacles. First, the role of
DMSO as a cosolvent in modifying the PEDOT:PSS HTL to enhance conductivity and stability is
investigated. Second, DMSO; is explored as a novel additive capable of inducing morphological
reorganization and unprecedented long-term performance. Finally, a rapid and cost-effective
approach for top electrode fabrication based on 3D-printed shadow masks is developed to accelerate
device prototyping and to optimize current collection. Together, these studies demonstrate a
comprehensive strategy that advances both the materials and device engineering aspects of organic—

inorganic HSC technology.

5.1 Stabilization of planar heterojunction solar cells using a dimethyl sulfoxide
treated hole transport layer

The intrinsic properties of PEDOT:PSS, notably its transparency, processability, and compatibility
with solution-based fabrication, make it a leading candidate for use as the HTL in planar organic—
inorganic HSCs. However, its acidic and hygroscopic nature as well as the insulating characteristics
of the PSS component often limit device performance and lead to rapid degradation under ambient
conditions. Addressing these limitations requires modification of the PEDOT:PSS microstructure to
enhance charge transport and environmental stability. In Chapter 2, DMSO was introduced as a
cosolvent alongside EG and methanol to modify PEDOT:PSS. DMSO reduces coulombic interactions
between PEDOT and PSS, promoting phase separation and transforming the grain morphology into
more conductive, elongated domains. These structural changes increase charge carrier mobility,

suppress recombination, and enhance conductivity by several orders of magnitude. Optimization of

&5



the DMSO concentration has revealed that a 3 wt% DMSO formulation (EMD?3) yields the best
performance. Solar cells fabricated with this modified HTL achieve a PCE of 13.4% with Jsc of 30.1
mA/cm?, Voc of 642.4 mV, and FF of 69.4%. More significantly, the devices maintain 89.4% of their
initial efficiency after 72 h of ambient exposure without encapsulation, whereas the control devices
(without DMSO) degrade by nearly 50% in the same period. XPS and AFM analyses confirm
increased PEDOT/PSS ratios, more oriented fibrillary structures, and reduced hygroscopicity in
DMSO treated films. These results demonstrate that DMSO cosolvent engineering is a simple yet

powerful route to achieving more conductive and intrinsically stable HTLs.

5.2 Enhancing performance and stability of PEDOT:PSS-based planar organic—
inorganic heterojunction solar cells through dimethyl sulfone doping

Building upon the improvements achieved with DMSO, we introduce, in Chapter 3, DMSO; as a
solid additive with unique physicochemical properties for PEDOT:PSS modification. Unlike liquid
cosolvents (such as DMSO), DMSO; crystallizes upon drying, inducing alignment of PEDOT chains
and promoting a highly ordered, interconnected conductive network. Its strong bifunctional hydrogen
bonding with PSS disrupts the insulating shell more effectively than DMSO, while its
nonhygroscopic nature improves resistance to moisture induced degradation. Devices fabricated with
DMSO; modified PEDOT:PSS exhibit remarkable improvements in both performance and longevity.
The highest performing configuration, combining EG, methanol, and DMSO, (EMD?2), achieves a
PCE of 15.5%, surpassing both EM and ED2 based devices in efficiency with a Tgo of 261 hours. On
the other hand, ED2 demonstrated significant stability reaching a Tso of 913 hours, an exceptional
improvement over conventional PEDOT:PSS solar cells. Advanced characterizations including XPS,
TOF-SIMS and AFM have revealed substantial microstructural reorganization and increased PEDOT
domain connectivity. The synergistic interactions of EG (targeting deprotonated PSS~), DMSO»
(targeting protonated PSSH), and methanol (facilitating removal of residual PSSH) yield films with
reduced thickness, enhanced conductivity (>1000 S cm™), and improved interface quality. These
findings establish DMSO: as a highly effective, environmentally benign additive for next generation

of HTL engineering.

5.3 Rapid low-cost fabrication of shadow masks using FDM 3D printing for
precise top electrode patterning in planar silicon heterojunction solar cells
While HTL optimization addresses the intrinsic material limitations of organic—inorganic HSCs,

device performance is also strongly influenced by the geometry and resistive losses of the top
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electrode. Traditional electrode fabrication techniques, such as photolithography and precision
machining, are costly and time-consuming, and they require specialized infrastructure, posing
challenges for iterative research and prototyping. In Chapter 4, we present a novel solution using
FDM 3D printing with PETG filaments to fabricate reusable shadow masks for electrode deposition.
This approach enables rapid (< 1 h) production of complex electrode patterns with significant cost
reduction and geometric flexibility, without the need for cleanroom facilities. Three top electrode
configurations: comb-like busbar, central busbar, and crossed busbar have been designed and
evaluated. Among them, the central busbar design delivers the best balance of optical transparency
and electrical conductivity, improving PCE and FF by up to 21.6% and 16.4%, respectively,
compared to conventional designs (such as the comb-like busbar design). These enhancements are
attributed to reduced lateral charge transport distances, minimized series resistance, and optimized
current collection pathways. EQE measurements have confirmed superior carrier collection and lower
resistive losses. This work demonstrates that 3D-printed shadow masks are not only a powerful
research tool for rapid design iteration but also a scalable and cost-effective solution for commercial

device manufacturing.

Together, these three projects presented in this dissertation represent a comprehensive
advancement in planar heterojunction solar cell technology. First, we have demonstrated that at the
material level DMSO and DMSO, can be used to significantly enhance the conductivity, morphology,
and intrinsic stability of PEDOT:PSS films. Second, at the device level we show that engineering
using 3D-printed electrode patterning optimizes current collection and enables rapid prototyping for
design optimization. These improvements have led to organic—inorganic HSCs with PCEs reaching
15.5%, improved ambient stability over hundreds of hours, and fabrication strategies compatible with
large scale, low-cost production. The approaches presented here are broadly applicable to other thin-
film photovoltaic technologies, including perovskites, organic solar cells, multi-junction and tandem
solar cells. Indeed, the targeted molecular engineering of the HTL, combined with innovative device
fabrication techniques, could overcome critical limitations of planar silicon heterojunction solar cells

in one important aspect of ambient stability without sacrificing PCE performance.

5.4 Future work

The work presented in this dissertation has demonstrated the potential of PEDOT:PSS as a low-
temperature, solution-processable HTL for planar crystalline silicon heterojunction solar cells. While
the basic viability of PEDOT:PSS/Si devices has been established in the previous chapters, with

reported efficiencies approaching 15-16% in optimized planar structures, several fundamental

87



limitations continue to restrict performance and long-term stability. The main obstacles are interface
recombination velocities caused by unpassivated surface states, suboptimal energy-level alignment
between PEDOT:PSS and silicon, lack of light trapping, and chemical degradation induced by the
acidic nature of PSS. Future work must therefore pay attention to a more fundamental strategy of
interface engineering. The enhancement of intrinsic conductivity and stability of PEDOT:PSS film as
the HTL layer has been extensively studied in this dissertation. At this point, combining chemical
passivation, polymer neutralization, controlled surface microstructures, and advanced characterization

have been used to unlock the full potential of hybrid heterojunction photovoltaics.

Surface passivation and work-function alignment represent a potential approach to improve PCE
and/or stability. Self-assembled monolayers (SAMs) such as carbazole-based (2-(3,6-Dimethoxy-9H-
carbazol-9-yl)ethyl)phosphonic acid (or MeO-2PACz)*** or trichloro(3,3,3-trifluropropyl)silane ***
have been shown to dramatically reduce surface recombination and raise the built-in potential in
perovskite and organic photovoltaics. Similar approaches have recently been applied to silicon, with
MeO-2PACz improving the open-circuit voltage by up to 53 mV (from 1071 mV to 1124 mV).>* The
effectiveness of the SAM can then be correlated with device-level metrics such as Voc, Jsc, FF, and

PCE.

Equally important is addressing the inherent acidity of PEDOT:PSS, which has been implicated in
long-term degradation of silicon surfaces.””***> Promising strategies to neutralize the sulfonic acid
groups of PSS include post-deposition rinsing with dilute bases (e.g., ammonium hydroxide) to
remove residual acidity, and the incorporation of additives with zwitterionic characteristics to buffer
the PSS phase.??***¢ In parallel, molecular dopants such as 2,3,5,6-Tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (or F4-TCNQ) can be introduced to raise the work function of
PEDOT:PSS toward 5.18 eV, improving band alignment with the silicon valence band.**’ These
approaches are practical and compatible with standard spin-coating or spray-coating processes and

can significantly enhance device stability without sacrificing conductivity.

Another good opportunity arises from the use of reactive ion etching (RIE) to define micro- and
nanoscale topographies on the silicon surface prior to PEDOT:PSS deposition. Most reported devices
rely on conventional alkaline-etched random pyramids or deep “black silicon” textures with improved
optical absorption but offer little control over geometry and interface interactions.******** In contrast,
RIE enables precise tuning of feature size (width), depth, and slope (of sidewall). By engineering
shallow, periodic textures with controlled sidewall angles, it becomes possible to balance light

trapping with increased junction area while preserving passivation quality.**® Recent optical design
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studies by Li et al., have shown that shallow, microscale periodic texture patterns (<200 nm deep) on
silicon wafers can significantly improve absorption and photocurrent while minimizing surface area
and consequently recombination losses. Periodic checkerboard-like geometries with optimized period
(400-800 nm) and duty cycle (~50%) have been shown to deliver photocurrents above 28 mA/cm?
with strong angular response. These findings directly support the use of engineered shallow textures
in PEDOT:PSS/Si heterojunctions, where these geometrical parameters influence optical
performance, interfacial passivation, and device efficiency without the drawbacks of deep, high
aspect ratio texturing.**” Moreover, RIE introduces distinct surface chemistries (e.g., oxidized or
fluorinated residues) that may interact differently with organic layers, presenting new opportunities

for further studying the interface.

Possible integration of these modifications could enable a level of performance optimization that
has not been systematically explored yet. By implementing different passivation and PEDOT:PSS
formulations and combining them with a series of textured substrates of varying feature size, pitch,
and aspect ratio, it may be possible to map the complex interplay between geometry, optical
scattering, carrier collection, and recombination. For example, applying SAMs to planar and RIE-
textured silicon could offer two synergistic benefits: chemical passivation of surface traps in different

substrates and energy-level tuning of the corresponding PEDOT:PSS/Si junction.

While previous studies have shown that surface structuring can enhance photocurrent considerably
by more than 30% **' and improve angular response,’** most of these reports still do not include
optimization of the optical texture (feature size, period, or shape) and the interface/passivation
chemistry. Although some studies do examine how passivation quality or conformality changes with
increasing texture roughness or aspect ratio, a broad, systematic optimization of texture parameters
together with interface engineering (e.g., passivation layers or polymer HTLs) for simultaneous
optical and electronic gains remains rare. This leaves a great opportunity to investigate how geometry
and chemistry correlatively affect the device efficiency.’**-**® Experimental work should focus on
solution or vapor—phase SAM deposition following standard RCA cleaning, with careful
characterization by XPS and Kelvin probe force microscopy. Advanced characterization methods
such as cross-sectional SEM, TEM, and TOF-SIMS can be used to quantify conformality, while EQE

and UV—Vis measurements can assess light-trapping performance

Some preliminary work has already been carried out to demonstrate the tunability of
microstructure design and surface morphology achievable through RIE, as illustrated in Figure 5.1.

Different pattern geometries, including square and hexagonal lattices as well as randomly textured
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morphologies, highlight the high degree of control possible in tailoring the surface structure to

influence both optical and interfacial properties.

Figure 5.1: SEM images demonstrating the tunability of microstructured silicon surfaces textured by
RIE: (a) Periodic square array, (b) periodic hexagonal array, (c) alternating triangle matrix, and (d)

randomly textured surface morphology produced under modified etching conditions.

The preliminary device performance of a PEDOT:PSS/Si heterojunction solar cell fabricated on
one such textured substrate using the EM solution is shown in Figure 5.2. Despite a reasonable Jsc
(31 mA/cm?), the device exhibits a low Voc (383.9 mV), a poor fill factor (43.4%), and a PCE of only
5.2%. These results suggest that, although surface texturing can improve optical absorption and Jsc,
effective surface passivation and interface engineering are essential for achieving competitive device
performance. The significant recombination losses observed here underscore the importance of
combining microstructural optimization with chemical strategies such as SAMs, dielectric interlayers,
or acid-neutralized PEDOT:PSS formulations to suppress interface defects, improve energy-level

alignment, and fully exploit the potential of the textured architecture.
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Figure 5.2: Device characterization of a PEDOT:PSS/textured-Si heterojunction solar cell fabricated
on a textured silicon substrate using the EM solution. (a) SEM image of the textured surface coated

with EM (b) J-V characteristics under AM 1.5G illumination.

In conclusion, promising future research lies not only in changes to PEDOT:PSS processing but in
the synergistic design of interface chemistry, polymer functionality and surface geometry. By
incorporating SAM-based passivation, acid-neutralized PEDOT:PSS, controlled work-function tuning
and RIE-defined textures, it should be possible to significantly enhance the performance, stability,
and manufacturability of hybrid PEDOT:PSS/Si heterojunction solar cells. Such an approach would
represent a practical development over existing literature, in which these elements have typically been
explored in isolation, and could form the foundation for next-generation organic—inorganic

photovoltaic architectures.
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Appendix

LUMO
Al Conduction band
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HOMO
Valance band
h+
Bottom electrode n-Si

PEDOT:PSS  Top electrode

Figure S1-1: Energy band diagram of the Al/n-Si/PEDOT:PSS/Ag junction illustrating selective

charge transport: electrons are extracted through n-Si to the Al electrode, while holes are transported
through PEDOT:PSS to the Ag electrode.
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Figure S1-2: Chemical structure of the conducting polymer PEDOT:PSS, showing positively charged
PEDOT chains electrostatically associated with the sulfonate groups of PSS polyanion.
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Figure S2-1: Reflectance spectra of silicon, and EM, EMD1, EMD3 and EMDS5 films deposited on

silicon.
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Table S2-1: Performance data of solar cells fabricated with cosolvent-added PEDOT:PSS EM (used
as the control solution), and EM with added DMSO of selected concentrations: 1 wt% (EMD1), 3
wt% (EMD3), and 5 wt% (EMDS5).

Solar cell based on Jsc Voc FF PCE
as-deposited (mA/cm?) (mV) (%) (%)
PEDOT:PSS film

EMD1 28.9 632.9 61.6 11.3
EMD3 30.1 642.4 69.4 134
EMD?5 27.8 571.7 60.7 9.6

EM 28.1 645.1 62.6 11.4

Table S2-2: Performance data of as-fabricated solar cells with cosolvent-added PEDOT:PSS EMD3

and EM films and after ambient storage of selected hours.

Solar cell sample Jsc Voc FF PCE
(Ao (mV) (%) (%)
EMD3-0h 30.1 642.4 69.4 13.4
EMD3 - 48 h 29.9 631.3 66.4 12.5
EMD3 -72h 29.6 630.6 64.1 12.0
EMD3 - 144 h 29.6 624.4 61.0 11.3
EMD3 - 168 h 29.4 617.9 58.7 10.7
EMD3 -216h 29.2 613.0 53.9 9.7
EM-0h 28.1 645.1 62.6 11.4
EM-24h 28.0 579.7 45.8 7.4
EM-72h 27.7 526.8 38.9 5.7
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Table S2-3: Performance data of solar cells fabricated with cosolvent-added PEDOT:PSS EMD3 and

EM films after 72 h of ambient storage. Data for as-fabricated solar cells (without any ambient

storage) are given in parentheses. The corresponding reductions (Red.) for the data after 72 h of

ambient storage are also given in percentage of the respective as-fabricated values. Percentage

changes were computed using unrounded data. The three EMD3 cells separately prepared are labelled

as #1, #2, and #3.

Solar cell Jsc Red. Voc (mV) | Red. FF (%) Red. | PCE (%) Red.

sample 2y | (%) (%) (%) (%)

after 72 h (mA/em’)

ambient

storage

EMD3 #1 29.6 1.5 630.6 1.8 64.1 7.5 12.0 10.6
(30.1) (642.4) (69.4) (13.4)

EMD3 #2 30.1 0.5 639.5 1.4 53.2 15.7 10.3 17.3
(30.3) (648.6) (63.1) (12.4)

EMD3 #3 30.0 0.3 639.2 1.1 56.6 12.7 10.8 13.9
(30.0) (646.1) (64.8) (12.6)

Average 29.9+0.3 0.8 636.4+5.1 1.4 58.0£56 | 12.0 | 11.0£0.9 13.9

(30.1£0.2) (645.7+£3.1) (65.8£3.3) (12.8 £0.5)

EM 27.7 1.4 526.8 18.3 38.9 37.9 5.7 50.1

(28.1) (645.1) (62.6) (11.4)

Table S2-4: Performance data of six solar cells fabricated with cosolvent-added PEDOT:PSS EMD3

films.

Solar cell as- Jsc Voc FF PCE

Ealt)/lr]l)c;ted with (mA/cm?) (mV) (%) (%)
#1 30.1 642.4 69.4 13.4
#2 30.3 648.6 63.1 12.4
#3 30.0 646.1 64.8 12.6
#4 29.9 619.9 64.7 12.0
#5 28.6 644.9 65.0 12.0
#6 28.8 645.1 63.7 11.8
Average 29.6+0.7 641.2+10.6 65.1+2.2 124+0.6
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Table S2-5: Repeated measurement test of performance data for solar cells fabricated with cosolvent-

added PEDOT:PSS EMD3 and EM films

Solar cell as-fabricated with Jsc Voc (mV) FF (%) PCE (%)
cosolvent-added PEDOT:PSS (mA/cm?)

EMD3 — first measurement 299 642.2 69.3 13.3
EMD3 — second measurement 30.1 642.4 69.4 13.4
Average 30.0+0.1 642.3+0.1 69.4+0.1 13.4+0.1
EM - first measurement 28.03 643.8 62.6 11.3
EM - second measurement 28.1 645.1 62.6 11.4
Average 28.1+0.1 644.5+0.9 62.6 0.0 11.4+0.1
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Figure S3-1: Depth-profiling XPS spectra of the S 2p region for (a) EM, (b) ED2 and (c)

EMD2 films deposited on silicon as functions of sputtering time.
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Figure S3-2: Current density-voltage (J-V) curves for as-fabricated (a) EM, (b) ED2 and (c)
EMD2 solar cell samples.
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Figure S3-3: Degradation trends of solar cell performance metrics normalized to their
respective as-fabricated value: Voc, Jsc, FF and PCE as functions of ambient storage time for

(a) EM (b) ED2 and (c) EMD?2 solar cells.
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Table S3-1: Initial PCE, PCE at Tgo (80% of the initial PCE), and corresponding Tso duration
for EM, ED2, and EMD2 solar cells. When the 80%-point falls between two measurement

points, Tgo is obtained by linear interpolation. Average values are reported as mean +

standard deviation.

Samples Initial PCE PCE at Tgo Tgo (h)
(o) (o)

EM-1 13.41 10.73 208.46
EM-2 12.67 10.14 85.78
EM-3 12.52 10.02 205.78
Average 12.87+0.48 | 10.30+0.38 166.44 + 69.86
ED2-1 14.48 11.58 1065.76
ED2-2 13.21 10.57 850.81
ED2-3 12.80 10.24 822.85
Average 13.50 £ 0.88 | 10.80 +0.70 913.14 £ 13291
EMD2-1 14.19 13.35 306.61
EMD2-2 15.50 12.40 243.44
EMD2-3 13.36 10.69 232.91
Average 1435+ 1.08 | 12.15+1.35 260.99 + 39.86

For silicon/PEDOT:PSS solar cells (and not perovskites solar cells), linear interpolation is acceptable

and used in IEC 61215, ISOS-D-1 protocols.*** The following linear interpolation formula is used:

Tgo =1t + (t; —t1) X

PCEtl - PCEtarget

PCE,, — PCE,,

(Equation S3-1)

where PCEy; and PCE ¢, are two PCE measurement points at t; and t», respectively, that are adjacent to

the PCErget (i.€. 80% of the PCE value for the as-fabricated cell)
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Table S4-1: Solar cell performance data of EMD?2 solar cells fabricated with selected 3D-printed top
electrode designs (comb-like busbar, crossed busbar, and central busbar). The last digit in the cell

label identifies the cell number. For example, there are three separate cells made with comb-like

busbar top electrodes, and they are numbered by 1 to 3 for the last digit.

Comb-like busbar Voc (mV) Jsc (mA/cm?) FF (%) PCE (%)
EMD2-1 634.4 29.1 63.6 11.9
EMD2-2* 646.1 29.8 63.2 12.2
EMD2-3 633.7 29.1 63.4 11.7
Average 641.1+6.5 293+04 63.4+0.2 11.9+0.3
Crossed busbar Voc (mV) Jsc (mA/cm?) FF (%) PCE (%)
EMD2-1 625 26.6 70.4 11.7
EMD?2-2 633.1 274 70.7 12.3
EMD2-3* 641.9 27.7 73.1 13.0
EMD2-4 618.2 27.9 67.5 11.6
Average 629.6+10.2 |27.4+0.6 70.4+2.3 122 +0.6
Central busbar Voc (mV) Jsc (mA/cm?) FF (%) PCE (%)
EMD2-1 643.2 29.5 74.7 14.2
EMD2-2* 642.8 31.6 76.5 15.5
EMD2-3 636.4 28.6 73.4 13.4
EMD2-4 646.3 313 73.5 14.9
EMD2-5 639.0 29.6 71.2 13.4
Average 641.5+39 30.1+1.3 73.8+2 143+0.9

*The most efficient (i.e. best performing) cell in each group is the sample used for Figure 4.7.
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Table S4-2: Solar cell performance data of ED2 solar cells fabricated with selected 3D-printed top
electrode designs (comb-like busbar, crossed busbar, and central busbar). The last digit in the cell
label identifies the cell number. For example, there are four separate cells made with comb-like

busbar top electrodes, and they are numbered by 1 to 4 by the last digit.

Comb-like busbar | Voc (mV) Jsc (mA/cm?) FF (%) PCE (%)
ED2-1%* 620.9 29.2 66.0 12.0
ED2-2 635.6 27.7 60.7 10.7
ED2-3 613.9 29.4 60.4 10.9
ED2-4 641.8 28.9 59.2 11.0
Average 628.1+12.9 28.8+£0.8 61.6+3.0 11.1+0.6
Crossed busbar Voc (mV) Jsc (mA/cm?) FF (%) PCE (%)
ED2-1 619.4 259 67.7 10.9
ED2-2* 631.1 26.7 73.0 12.3
ED2-3 624.5 26.6 68.8 11.4
ED2-4 629.2 244 69.1 10.6
Average 626.1 £5.2 259+1.0 69.6+23 11.3+0.7
Central busbar Voc (mV) Jsc (mA/cm?) FF (%) PCE (%)
ED2-1%* 645.1 31.6 71.1 14.5
ED2-2 636.6 29.4 70.7 13.2
ED2-3 632.3 28.7 70.6 12.8
ED2-4 629.4 30.6 73 14.1
ED2-5 634.5 29.0 70.7 13.0
Average 635.6 6 29.8+1.2 71.2+1 13.5+0.7

*The most efficient (i.e. best performing) cell in each group is the sample used for Figure 4.7.
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