Morphology-Driven
Electrochemistry in
Energy Devices: Tin-
Halide Perovskite
Solar Cells and
Microstructured
Current Collectors
for Solid-State
Batteries

Tomas Henrique Campos Ferreira

Prior

Master in Engineering Physics

Department of Physics and Astronomy

Faculty of Science of the University of Porto and Faculty of Engineering
of the University of Porto

2024/2025

BJPORTO

L =

F FACULDADE DE CIENCIAS
UNIVERSIDADE DO PORTO

[BAPORTO

FEUP FACULDADE DE ENGENHARIA
UNIVERSIDADE DO PORTO



Morphology-Driven
Electrochemistry in
Energy Devices: Tin-
Halide Perovskite
Solar Cells and
Microstructured
Current Collectors
for Solid-State
Batteries

Tomas Henrique Campos Ferreira

Prior

Dissertation carried out as part of the Master in Engineering
Physics

Department of Physics and Astronomy

2024/2025

Supervisor

Maria Helena Sousa Soares de Oliveira Braga, Associate
Professor with aggregation, Faculty of Engineering of
University of Porto

Co-supervisor
Luisa Manuela Madureira Andrade Silva, Auxiliar Professor,
Faculty of engineering of University of Porto

Co-supervisor
Hugo Gaspar, PhD Researcher, CENTI

Mat R

Materials Energy Research

New. ==
Generation
Storage



“Study hard what interests you the most in the most undisciplined, irreverent and

original manner possible.” — Richard Feynman

Dedicated to Nani



Acknowledgements

I would like to express my heartfelt gratitude to Professor Helena Braga, my supervisor,
for her guidance, patience, and insightful feedback throughout this thesis. More than
anything, | am grateful for her belief in my work, her trust in my judgement, and the
freedom she gave me to pursue ideas as | envisioned them, as well as for supporting
the research grant that made this project possible.

| am equally grateful to my co-supervisor, Professor Luisa Andrade, who welcomed me
into her laboratory, trusted me, and provided invaluable feedback in an area where |
began as a complete novice. | am indebted to her group: Dr. Vera Duarte, Joana
Principe, and Andrés Soto. Their patient instruction and generous support in the lab
made this work possible. | offer them my deepest thanks and hope to repay their
generosity someday. My door will always be open to them!

The same is true of my MatER colleagues, whose knowledge and hard work supported
me throughout this journey. In particular, | am most grateful to Angela Freitas and
Beatriz Gomes. Angela deserves at least half the credit for the assembly and testing of
the batteries, and Beatriz helped me enormously with the writing of my first paper. To
them, and to all the members of MatER, | extend my warmest thanks.

| am deeply grateful to my family. In special to my mother, who, despite our many
arguments, made my life immeasurably easier so | could devote my energy and time to
this work. To my father, whose kindness has always sustained me. To Milu, who has
always been a mother to me. To my sister Ana, for her guidance and support. And to
my brother Rui, for always being there and for indulging in countless conversations
about my niche interests.

Finally, | thank my close friends. They get me out of the house, keep me laughing and
smiling.



FCUP | FEUP | ii
Morphology-Driven Electrochemistry in Energy Devices: Tin-Halide Perovskite Solar Cells and
Microstructured Current Collectors for Solid-State Batteries

Resumo

Solugbes mais simples, localizadas e ambientalmente seguras para a captura e
armazenamento de energia sdo essenciais. Células fotovoltaicas de perovskitas a base
de estanho e coletores de corrente de cobre microestruturados para baterias de estado
solido a base de sodio oferecem um caminho viavel. Na Parte | deste trabalho,
examinamos como a oxidagdo do precursor Snl. govemna a formacido de fases, a
morfologia e o desempenho do dispositivo em perovskitas de halogenetos de estanho,
com foco em CsSnls. Precursores oxidados suprimiram a fase preta e degradaram a
qualidade do filme. A purificagdo removeu Snls e SnO> e restaurou CsSnls de alta
qualidade com graos maiores. Utilizando Snl, de alta pureza, variamos a composigéo,
a arquitetura do dispositivo e o processamento para avaliar a estabilidade. Uma breve
exposicao intensa ao ar causou alteragcoes 6ticas menores, enquanto uma exposicao
branda prolongada produziu nanocristais superficiais consistentes com Cs,Snl.
Medicbes elétricas e de superficie indicaram deslocamentos da fungao de trabalho e da
condutividade induzidos pela oxidagdo, e a microscopia mostrou crescimento limitado
por difusdo que favorece curtos-circuitos parasitas (shunting) e baixa tenséo de circuito
aberto. SnF; reduziu a oxidacado da “tinta” e melhorou a uniformidade, mas introduziu
novas feicdes superficiais. Em geral, o controlo de oxigénio e a morfologia sdo os
principais constrangimentos, com desalinhamento de bandas induzido por oxidagéo e
shunting impulsionado pela morfologia a limitarem a operac&o do dispositivo. Na Parte
Il, avalidmos coletores de corrente de cobre microestruturados em células “pouch”
Zn/Naz99BapoosOCI/Cu  sem elétrodos. Filmes de cobre sobre parileno-C
microestruturado, fabricados por litografia coloidal e gravacao reativa por ibes,
apresentaram cerca de 30% de maior area superficial. O mapeamento por sonda Kelvin
revelou deslocamentos do potencial de superficie que acompanharam maior transporte
idnico, enquanto a resistividade do cobre permaneceu dentro da gama esperada. O
desempenho correlacionou-se mais fortemente com o potencial quimico superficial e a
concentracdo de portadores: menor densidade eletrénica resultou em correntes de
descarga mais elevadas, maior capacitancia interfacial e maior tensao de patamar e
capacidade no primeiro ciclo. Estes resultados indicam que a energética interfacial, mais

do que a morfologia por si s, governa o comportamento da célula.

Palavras-chave: Células solares de perovskita, Perovskitas a base de estanho,
Estabilidade, Oxidagéo, Morfologia, Baterias de estado sélido de sodio, Coletores de

corrente microestruturados, Engenharia interfacial, Células tipo pouch, Sem elétrodos
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Abstract

Simple, localized, and environmentally safer solutions for energy capture and storage
are essential. Perovskite photovoltaics and sodium-based solid-state batteries provide a
viable path forward. In particular, replacing toxic lead with tin in halide perovskites offers
a more sustainable route for next-generation photovoltaics, while microstructured copper
current collectors enable progress in sodium-based solid-state batteries. In Part | of this
work, we examined how Snl. precursor oxidation governs phase formation, morphology,
and device performance in tin halide perovskites, focusing on CsSnls. Oxidized
precursors suppressed the desirable black phase and degraded film quality, while
purification to remove Snls and SnO; restored high quality CsSnls with larger grains.
Using high purity Snl, we then varied composition, device stack, and processing to
assess stability. Short intense air exposure caused only minor optical shift, whereas
prolonged mild exposure produced surface nanocrystals consistent with Cs.Snls.
Electrical and surface measurements revealed oxidation driven shifts in work function
and conductivity, and microscopy showed diffusion limited growth that promotes shunts
and low open circuit voltage. SnF; reduced ink oxidation and improved uniformity, but
introduced new surface features. Overall, oxygen control and morphology remain the
primary bottlenecks, with oxidation induced band misalignment and morphology driven
shunting limiting device operation. In Part Il, we evaluated microstructured copper
current collectors in electrodeless Zn/Naz.9sBao.0osOCI/Cu pouch cells. Copper films on
microstructured parylene-C made by colloidal lithography and reactive ion etching
showed increased roughness and about 30% higher surface area. Kelvin probe mapping
revealed surface potential shifts that tracked higher ionic transport and lower bulk
resistance, while copper resistivity remained near bulk values and mobilities in the
expected range. Performance correlated most strongly with surface chemical potential
and carrier concentration: lower electron density yielded higher discharge currents,
larger interfacial capacitance, and higher first cycle plateau voltage and capacity. These
results indicate that interfacial energetics, rather than morphology alone, govern cell
behavior.

Keywords: Perovskite solar cells, Tin-based perovskites, Stability, Oxidation,
Morphology, Sodium SSBs, microstructured current collectors, interfacial engineering,

pouch-cells, electrode-less
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BCP deposition and PCBM sintering. (a) Low magnification secondary electron image
showing continuous coverage, scale bar 50 micrometers. (b) Low magnification
backscattered electron image of the same area, scale bar 50 micrometers. (c¢) High
magnification secondary electron image resolving faceted grains with terrace like ridges,
scale bar 10 micrometers. (d) High magnification backscattered electron image of the
same region, scale bar 10 micrometers. (e) Highest magnification secondary electron
image highlighting smoothened grain surfaces and grain boundaries with occasional
small particulates, scale bar 1 micrometer. (f) Highest magnification backscattered

electron image of the same area, scale bar 1 micrometer. ............ccccccveiiii e 58
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Figure 28 — Examples of electrochemical characterization methods. (a,b) Potentiostatic
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Introduction
Context

It is very common to refer to the ages of history by the materials and tools humans
mastered. From the stone-age to the silicon age. Yet an equally important narrative
focuses on our ability to channel the constraints of the laws of thermodynamics into
providing useful energy; work. From fire for food, gravity for water to steam for turbines.
This capacity has propelled us from the early days of evolution to the empires of history,
and now it propels our modern economic system [1]. However, the same laws that allow
this evolution are also causing its byproducts to stifle it. This phenomenon is commonly
referred to as human-induced climate change, which is a result of the emission of
greenhouse gases as a byproduct of burming fossil fuels [2] to produce work. The
international monetary fund estimates that the accumulated cost of climate change will
be 23% of annual global gross domestic product (GDP) by 2100 [3]. Meanwhile the same
estimate indicates that an investment of 2% of annual GDP would be enough to support
sufficient mitigation and adaptation efforts, which include, among others, the

restructuring of our energy system into sustainable sources.

In practice, the transition also involves a shift in scale: centralized plants give way to
distributed microgeneration, including rooftops, facades, and community systems,
whose rapid growth is already evident and policy-relevant [4] [5]. Because output is
variable, mixed capture and storage architectures, for example PV combined with
batteries, align supply with demand, reduce curtailment, and improve resilience [6]. Any
viable solution must be simple, cost-effective, and environmentally responsible, and it

should be guided by life-cycle assessment to avoid burden shifting as deployment scales

[7].
Motivation

Conventional batteries impose weight and volume penalties. In electric vehicles they
force the use of lightweight structures that add cost [8]. On-site storage often needs large
space, and future space missions will depend on renewable systems, increasing demand

for lightweight, high-energy storage [9], [10].

Solid-state batteries address many of these issues. They enable faster charging, improve
safety by eliminating flammable components, resist dendrites, reduce thermal runaway
and oxygen release, and operate over wider temperatures. Their higher electrolyte
density suits applications where weight and volume are constrained, including electric

vehicles and aerospace [11].
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Shaping current-collector and electrode topography may further improve performance.
Microstructured electrodes increase surface area and boost double-layer capacitance in
supercapacitors [12], [13]. In batteries, three-dimensional architectures enhance
interface stability and adhesion and help suppress dendrites, improving safety and cycle
life [14], [15], [16]. Pseudocapacitors also benefit because their surface-confined

reactions are sensitive to current-collector geometry and morphology [17].

Lithium solid-state batteries perform well but face safety and cost concerns due to lithium
scarcity and extraction challenges [18]. Sodium offers a cheaper, more abundant
alternative with better sustainability [19], though its larger ionic radius lowers energy
density. Embedding storage into structural components mitigates weight and space limits
[20]. Coaxial structural batteries with sodium solid electrolytes combine cost and safety
advantages with load bearing [21]. Braga’'s group uses NazgBaoosOCI, with ionic
conductivity of 102 S cm™ and a pyroelectric coefficient of 5.37 C m2 °C-', attributed to
ferroionic behavior [22],[23]. In an anode-less configuration, dissimilar current collectors
set a chemical potential difference that drives sodium plating and stripping during charge
and discharge [24]. Performance depends on plating efficiency and fully reversible
sodium deposition [25], [26].

In parallel, solar energy capture using photovoltaic cells has attracted growing research
and commercial interest. Most commercially available solar cells rely on monocrystalline
or polycrystalline silicon, which are costly and energy intensive to manufacture [27]. The
combination of high manufacturing energy demand, stringent processing requirements,
substantial material costs, and only modest efficiencies has motivated the search for
photovoltaic materials and device architectures that can improve performance while
being cheaper to manufacture and more environmentally friendly to produce and

decommission.

Perovskite solar cells (PSCs) have emerged as a leading candidate. Perovskites denote
a crystal structure with the general formula ABXs;. PSCs commonly employ Organic-
Inorganic Halide Perovskites (OIHPs), composed of an organic or inorganic A-site cation,
a group XIV metal, typically Pb, and a halide at the X site, most often iodide. Perovskite
films combine strong optical absorption, efficient charge transport, and notable defect
tolerance, which together yield high performance in lab-scale devices [28]. Still, their
reliance on lead, which is highly toxic, represents a significant concern [29]. To address
this, tin-based perovskite solar cells have been proposed and studied for several years.
Theoretical calculations indicate that these materials may even exceed the performance

of their lead-based counterparts [30]. However, realizing this potential requires resolving
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issues in fabrication, compatibility with materials originally developed for lead-based

PSCs, and severe stability challenges [31].

Taken together, the energy capture and storage systems examined in this work
constitute realistic alternatives to the mainstream approaches in these fields. Beyond
their scientific and technological interest, they offer tangible routes to simplify
manufacturing and improve the safety and performance of next generation energy

capture and storage systems.
Objectives

This work is organized in two parts. Part | examines tin-based perovskite solar cells. Part
Il investigates microstructured copper current collectors for sodium-based solid-state

batteries.

The work on tin-based perovskite solar cells had an initial goal of development and
optimization of functional lab-scale devices, followed by a gradual introduction of semi-
transparency in the cells for their utilization in agrivoltaics. From the beginning we
understood these goals were extremely ambitious, especially considering that tin-based
perovskite solar cells were a novelty in the context of this laboratory. Early results
showed that the original targets were not attainable within the available timeframe and
resources, so we redirected the study toward degradation mechanisms in tin-based
perovskite solar cells and toward a pragmatic route to obtain functional devices using
the materials and equipment at hand. We then defined the following specific objectives:
(i) study oxidation and degradation in tin-based perovskite solar cells, (ii) assess the
viability of purification methods for low-grade partially oxidized precursors (iii) evaluate
the effect of modifying perovskite composition through cation exchange or additives, (iv)
fabricate functional devices using high-grade precursors, and (v) compare the
performance of devices made from purified precursors with those made from high-grade

precursors.

On the other hand, the work on microstructured copper current collectors for sodium-
based solid-state batteries was conducted in collaboration with New Generation Storage
project partners from CENIMATIi3N-NOVA, who fabricated the microstructured copper
collectors. Our goals were to characterize the morphology and electrochemistry of these
collectors, integrate them into sodium-based solid-state pouch cells, and relate collector
properties to device performance. We investigated the following variables: (i) surface
geometry and morphology of the collectors, (ii) electrochemical characteristics of the

copper surface, (iii) charge transport characteristics of the collectors, (iv) the
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electrochemical nature of the interface between the electrolyte and the current collector,
(v) overall pouch cell performance, including impedance, cycling behavior, and stability,
and (vi) correlations between pouch cell performance metrics and collector

characterization parameters.
Contributions

This thesis was developed under Agenda “NGS—New Generation Storage”, ref. no.
C644936001-00000045, investment project no. 58, under the Incentive System
“Agendas for Business Innovation”, funded by the PRR—Recovery and Resilience Plan
and the European Union’s NextGenerationEU funds. However, the views and opinions
expressed herein are solely those of the author(s) and do not necessarily reflect the
views and opinions of the European Union or the European Commission. Neither the

European Union nor the European Commission can be held responsible for them.

During this period, beyond the work reported in this thesis, | contributed to the fabrication
and testing of coaxial structural batteries within the NGS project. In parallel, | developed
Python scripts to automate data collection and analysis for several instruments, including
Asylum Research AFM, Biologic SKP, Linseis Hall effect, and Gamry and Biologic
potentiostats. After refactoring, these scripts will be released for public use through a

GitHub repository.

Portions of this work were presented at the Integrity-Reliability-Failure 2025 (IRF 2025)
and the Doctoral Congress in Engineering 2025 (DCE 2025), both held at FEUP.

The collaborative work under the NGS project led to the publication of “Surface
Morphology and Electrochemical Behavior of Microstructured Cu Electrodes in All-Solid-
State Sodium Batteries,” (Molecules 2025, 30(17), 3493; 10.3390/molecules30173493)

for which | was first author. My roles included conceptualization, methodology, software,

formal analysis, investigation, data curation, visualization, and original draft preparation.

Finally, during this master’'s thesis | also served as co-first author of the review article
“Ferroelectric and Ferroionic Multifunctional Quantum Sensors: Incursion into
Applications,” which is currently under review. My primary contribution was a section on
the ferroionic properties of organic-inorganic halide perovskites, and | also contributed

extensively to the research, writing and reviewing of other sections.
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1. Part | — Background and state-of-the-art

This chapter covers the theoretical and technological background of the work about
perovskite solar cells. It begins with an overview of general photovoltaic principles and
technologies, followed by a detailed discussion of the fundamental aspects of perovskite
solar cells, including their chemistry, physics, device architectures, synthesis
approaches and associated challenges. Finally, the chapter examines the distinctive
properties of tin-based perovskites, synthesizing key findings from relevant research in

this emerging area.

1.1. General theoretical principles and technological overview
The physics of photovoltaic devices presented in this section are largely adapted from
the book: Wurfel & Wurfel - Physics of Solar Cells: From Basic Principles to Advanced
Concepts [32].

1.1.1. Band structure and photovoltaic effect in semiconductors

In crystalline solids, the periodicity of the lattice imposes a periodic potential, so electrons
energies form a standing-wave whose discrete levels broaden into nearly continuous
energy bands. As with sound waves, interference creates ranges of forbidden states, the
band gaps. Solids contain multiple gaps at different energies. States below the Fermi
level are largely filled, so electronic conduction requires electrons with energies near or
above it. This means the gap nearest the Fermi level most strongly governs the
optoelectronic behavior of a material. Bands below and above the Fermi level are termed
valence and conduction bands, respectively. On a vacuum-referenced scale (E = 0 eV),
the higher energy valence band maximum (VBM) corresponds to the ionization energy,
the lower energy conduction band minimum (CBM) corresponds to the electron affinity,

and the Fermi level corresponds to the work function at the surface.

This band picture explains conductivity classes. In metals, bands cross or lie very near
the Fermi level, so carriers are readily available and conductivity is high. In insulators, a
wide gap separates valence and conduction bands at the Fermi level, so promoting
carriers is energetically costly and conductivity is low. Semiconductors resemble
insulators but with much smaller gaps, typically a few eV, matching near-infrared, visible,
and near-ultraviolet photon energies. Photovoltaic action relies on promoting an electron
from the valence to the conduction band by photon absorption. Because energy levels
are tied to electron crystal momentum, any change of state must conserve both energy
and total momentum. When a transition requires a change in momentum, a phonon from

the lattice must be created or absorbed to balance the momentum. If the conduction
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band minimum and valence band maximum share the same momentum, the gap is
direct; if they do not, it is indirect. Direct gaps allow phonon-less transitions with much
higher transition probability, leading to a higher absorption coefficient. These materials

are therefore more efficient photovoltaic absorbers.

When an electron is excited to the conduction band, it leaves an unfilled state in the
valence band that behaves as a quasi-particle called a hole. Because charge neutrality
must be maintained, the electron-hole pair has two outcomes. They either recombine,
so the electron does not contribute to current, or they are separated which is how charge
moves through the device. Thus, maximizing photovoltaic current requires efficient
separation. In traditional semiconductors, separation is achieved by a p-n junction. A
region with higher donor (electron) concentration meets a region with higher acceptor
(hole) concentration, which creates a depletion zone and an internal electric field across
it. That field drives electrons and holes apart while diffusion moves the charges away
from the junction, where their concentration is highest. Many thin film photovoltaic
devices rely on a slightly different picture. Separation occurs through diffusion driven by
carrier concentration gradients and by drift due to the electric field across the absorber.
The concentration gradient arises when electrons are removed at one side by a contact
with slightly higher electron affinity and holes are removed at the other side by a contact
with slightly lower ionization energy. Equalization of electrochemical potentials, that is,
Fermi levels, creates an electric field across the absorber. This field is often weaker than
that of a p-n junction, such as in 3D perovskites, so these devices often require very long

diffusion lengths to separate pairs before recombination [33].

1.1.2. Evolution of photovoltaic cell (PVC) technology
The evolution of solar cell material technology is conventionally divided into three main
generations based on their maturity and design principles [34], whose PCE time

evolution is shown in Figure 1:

1. The first generation uses high grade semiconductor materials like Silicon (Si)
or Gallium Arsenide (GaAs) to create large monocrystalline or polycrystalline
structures. These are the most well studied and widely available for
commercial applications. Despite their decent efficiencies they use large
amounts of high-grade materials, and their fabrication involves energy
intensive and wasteful processes.

2. The second generation focuses on reducing the production cost of solar cells
by requiring less strict material specifications and using simpler fabrication

techniques. This is generally achieved using thin films, at the cost of efficiency
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and longevity. The materials used include amorphous silicon (a-Si), Cadmium
Telluride (CdTe) and Copper Indium (Gallium) Selenide (CIS/CIGS).

3. The third generation marks a shift in PVC’s by introducing several novel
materials, architectures and concepts to the photovoltaic landscape. These
include concentrated photovoltaic cells, organic and hybrid cells, multi-
junction cells, Dye-Sensitized cells, Quantum dots and Perovskites. The latter

of which will be in focus on this work.

Best Research-Cell Efficiencies

©0ere00T] 00005

Cell Efficiency (%)

Figure 1 — Evolution of research solar cell's efficiencies over time. This plot is courtesy of the National Renewable Energy
Laboratory, Golden, CO

1.1.3. Factors limiting efficiency of photovoltaic cells.
The current density-voltage (J-V) characteristic describes how a solar cell converts
light into electrical power. Under illumination, the total current results from the
superposition of the photogenerated current and the diode current that the device
exhibits in the dark, with additional effects from practical parasitic resistances such as

series and shunt resistance.

A compact and widely used representation of this behavior is given by:

JW) =Jpn=Jo

q(V+JRs) 1 V +JR;
P\ T kg T _]_ R.,

In this expression, Jpn is the light-generated current density determined by the absorbed
photon flux and the efficiency of carrier collection. Jo is the dark saturation current density
that aggregates all recombination pathways; smaller values indicate lower
recombination. The ideality factor n is typically near 1 for radiative recombination and
near 2 for trap-assisted Shockley Read Hall recombination in depletion or defect rich

regions. The resistance in series, Rs, arising from contacts and transport layers, reducing
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the effective voltage at high current, pulling the curve downward at low voltages. the
shunt resistance, Rsn, provides a leakage current near short circuit. The constants q, ks,
are the electron charge and Boltzmann constant, and the variable T is the temperature.
In qualitative terms, an increase in Jo shifts the curve toward lower voltages, a large Rs

flattens the knee of the curve, and a small Rsx pulls the curve downward.

Key figures of merit follow directly from this model:

e Short-circuit current density, /. = J(V = 0). When Rs is large and Jo is small,
Jsc = Jpn- Under these conditions, optics and charge collection primarily limit Jsc.

nkBT

e Open-circuit voltage, OCV: V. = In (]]L" + 1). It's the reverse bias voltage
0

at which J = 0, neglecting parasitic resistances. This relation shows that reducing

Jo increases OCV logarithmically.

o Fill factor, FF = V;’/‘Li’"”” FF captures the squareness of the J-V curve, based
ocJsc

on the maximum power point (mpp). It is primarily degraded by Rs and R, with
a secondary dependence on recombination through its influence on curvature.

VocJsc FF

n

e Power conversion efficiency, PCE: n = , where Pj, is the incident

optical power density.

This framework separates the main performance levers in a clear way. Optical absorption
and carrier collection set Jsc, recombination determines Jo and therefore OCV, and

parasitic resistances largely govern FF.

Within the Shockley—Queisser (S-Q) detailed balance framework, which assumes a
single junction under one sun illumination (1 kW m2), an ideal step function absorptivity
above the band edge, and radiative recombination as the sole loss mechanism, the
maximum theoretical efficiency is approximately 33% at a bandgap of approximately 1.34
eV. This limit reflects a fundamental trade off with bandgap: increasing E4 suppresses
the radiative dark saturation current, which raises OCV, but it also truncates the usable

spectrum and lowers Jsc.

In the radiative limit, the dark saturation current density follows ]O,rad(Eg,T) o« exp (— kE—gT)
B

and the short circuit current density equals the integrated solar photon flux above the
band edge, Jsc(E,) fE°° ® o (E) dE. Thus, Jo decreases exponentially with increasing
)

Eg, while Jsc is set by the cumulative photon flux above the band edge and therefore

diminishes as Eg increases.
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A convenient scalar to quantify voltage loss is the open circuit voltage deficit, defined as

the difference between the bandgap voltage and the measured open circuit voltage:

E E
AVpc = ?g —Voc = (?g - Vor%d) + (4vgenrad)

~———————
~— L nonradiative loss
thermodynamic and optical limit

The nonradiative component can be written in terms of the external radiative efficiency,
ERE, which is the quantum efficiency under forward bias:
kgT 1
nonrad _ _ B~ -
AVye =7 In (ERE)'

Improving ERE through bulk and interface passivation, cleaner surfaces, and lower

defect densities directly increases OCV by reducing AV,

Optical losses, which influence Jg. and V33, arise from reflection, parasitic absorption in
contacts and transport layers, incomplete absorption in thin or weakly absorbing films,

and sub bandgap transmission.

Transport and resistive losses primarily affect the fill factor. A large series resistance Rs,
caused by limited conductivity or contact resistance, reduces the effective voltage at high
current and flattens the J-V knee. A small shunt resistance R, increases leakage near
short circuit and pulls the curve downward. These effects usually have a modest
influence on OCV but can cause several absolute percent losses in efficiency through
the fill factor.

Collection losses occur when photogenerated carriers fail to reach the contacts. Limited
mobility lifetime product u- 1, interfacial band misalignment, and space charge can
depress Jsc and, in some cases, produce an S shaped J-V characteristic. Together,
these considerations provide a clear map from physical loss mechanisms to their
signatures in Jsc, OCV , and FF, and they guide strategies to recover voltage and current

in device optimization. These losses are summarized on Figure 2.
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Figure 2 — Representative J-V curves affected by common loss factors. Curves calculated from the illuminated diode
model (equations above) using typical solar-cell parameters. The baseline is shown with Js;, OCV, FF, and MPP marked.
Variants illustrate the impact of common loss factors on the J-V curve.

1.2. Perovskite solar cells

Perovskite solar cells (PSCs) are an emerging technology that aims to solve some of the
problems related to traditional silicon cells by reducing cost and improving efficiency [28].
Perovskites are a class of compounds which have the general chemical formula
AZ*B*(X%)s, derived from the original perovskite mineral Calcium Titanate (CaTiO3). The
fact that the crystal structure includes 3 ions of different sizes allows for a wide variety of
formulations and properties, ranging from ferroelectric materials like Lead Zirconate
Titanate (PZT — Pb(ZrTi1)Os3) [35], to semiconductor materials like halide perovskites
(ABXs, where X = |, Br, Cl). This last group is of highest importance for optoelectronic
applications, such as solar cells or light emitting diodes (LED’s) [36], due to their optimal

bandgaps, high optical absorption, efficient emission and strong charge mobility [37].

Figure 3 — Diagram of the general perovskite crystal structure. Reproduced from reference [38]. Used under the terms of
CC BY 3.0.
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1.2.1. OIHPs - Organic Inorganic Halide Perovskites

In organic-inorganic halide perovskites (OIHPs), three halide ions are paired with a group
XIV metal cation (Ge?*, Sn?*, Pb?*) at the B-site and with a large A-site cation, which can
be either an inorganic group | ion (Cs*, Rb*) or an organic molecule such as
methylammonium (CHsNHs*, MA*) or formamidinium (CHsN2*, FA*). The introduction of
organic cations was driven by the need to stabilize the ideal cubic perovskite structure,
which is fully symmetric and particularly suitable for optoelectronic applications [39]. The
structural stability of a perovskite can be quantified using the Goldschmidt tolerance
factor (f):

‘= T+ 1y
V2(rg + 1%)

where r,, 1,1y are the effective ionic radii of the A, B and X-site ion, respectively [40].
The most common inorganic A-site cation, Cs*, has an ionic radius of 1.88 A [41]. For
CsPbls, a widely studied inorganic perovskite, the tolerance factor is 0.81. The optimal
range for halide perovskites is around 0.9, meaning that a larger A-site cation is required
to achieve a stable cubic phase. Organic cations such as MA* (2.17 A) and FA* (2.53 A)
[42] yield tolerance factors closer to 0.9, improving the structural stability of the cubic

phase, as shown on Figure 4.
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Figure 4 — (a) Formability of 3D lead (red) and tin (blue) halide perovskites as a function of A-site cation and halide anion
radii. Solid and dashed lines mark the bounds of the tolerance and octahedral factors, respectively. Adapted from [43]
Reproduced with permission under ACS copyrights (b) Structural phases of formamidinium- and cesium- based halide
perovskites. Reproduced with permission from [44]. Copyright 2021 American Chemical Society. (c) On the left: Heating
phase diagram for CsPb(Bryl1)s thin films aged in a humid environment for composition, x, between 0 (pure CsPbls) and
1 (pure CsPbBrs) On the right: Cooling phase diagram for the same CsPb(Br«l1-x)3 thin films as they cool down from a high
temperature. [45]. Used under the terms of CC BY 3.0. (d) Dependance of tolerance factor on A-site cation effective
radius. Adapted from [46]. Used under the terms of CC BY-NC 3.0. (e) Summary of phase transition temperatures in
halide perovskites reported in the literature collected at ambient pressure as a function of composition. Cubic structures
exhibit Pm3m symmetry, tetragonal structures exhibit either 14/mcm or P4/mbm symmetry, and the orthorhombic phase
exhibits Pnma symmetry, unless otherwise noted. Green colors indicate phases not represented by the above categories.
Adapted from [47]. Used under the terms of CC BY-NC 3.0.

Besides the typical perovskite polymorphs (commonly called “black phases” and denoted
as a, B, and y), iodide-based metal halide perovskites can also adopt a non-perovskite
polymorph (commonly called the “yellow phase” and denoted as & or Y), which is a photo-

inactive insulator [44]. In many compositions, particularly all-inorganic and
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formamidinium-based iodide perovskites, the black phases are only meta-stable under
normal temperature and pressure (NTP) conditions, with the yellow d-phase being the
thermodynamic ground state. Although &-phase formation can occur spontaneously at
ambient conditions, it is often accelerated by external factors such as exposure to

moisture, oxygen, elevated temperature, or prolonged illumination [44], [47].

The energy levels of ion orbitals are crucial in determining the band structure of
semiconductor perovskites (Figure 5a-f). Their strong optical absorption, on the order of
10% cm™, arises from their small direct band gap [43]. The VBM is primarily determined
by the p orbital energy level of the X-site anion. Larger anions (Cl < Br < I) have higher
energy p orbitals, which raise the VBM [48]. The CBM energy depends on the interaction
between the B-site cation and the X-site anion. This interaction involves an antibonding
configuration of their p orbitals, which have strong overlap due to the large size of group
XIV metals and halides [49]. Additionally, spin-orbit coupling (SOC) lifts the degeneracy
of states close to the CBM, particularly in PbXs perovskites; as Pb is larger than Ge and
Sn; leading to a lower CBM [50].

The A-site cation does not directly contribute to the band structure but influences it
indirectly by modifying the lattice size, which alters the B-X orbital overlap. A reduction
in the B-X-B bond angle from the ideal 180° of the cubic phase (caused by increased
octahedral tilting) reduces orbital overlap, narrows the electronic bands, and typically
increases the band gap [49]. A-site cations can also cause charge imbalance. Dipolar
cations, such as methylammonium or formamidinium, introduce slight lattice polarization.
In halide perovskites, this dielectric moment reduces the ionization potential, raising the
VBM and lowering the band gap [51]. The dielectric nature of organic cations paired with
the soft, deformable nature of the perovskite lattice can reduce the exciton binding
energy, which is inversely proportional to the square of the dielectric constant (dielectric
screening) [52]. Furthermore, the strong B-X orbital overlap results in small effective
masses for electrons and holes. This leads to both smaller binding energy and higher
charge carrier mobility, contributing to more efficient charge extraction and less output

voltage loss [43].

OIHPs are also known for their defect tolerance. Because the band structure depends
mainly on the B and X-site ions, defects associated with them are most relevant to
optoelectronic performance [48]. The antibonding configuration of the B-X orbitals that
create the conduction band, result in reduced electron density between them. Defects in
such a configuration typically occur near the band edges and are highly charge selective,

acting as unipolar shallow traps rather than efficient recombination centers (Figure 5h).
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This contributes to the resilience of OIHPs against defect-induced performance losses
[63],[54].

One final advantage of OIHP’s is their tunability. By mixing different cations and anions
a mixed perovskite structure can be created. The fine tuning of properties such as
tolerance factor, bandgap and stability can be easily achieved by changing the
stoichiometric ratios of the ions in the material. This confers a degree of adaptability and
versatility that is unique to OIHP’s, making them especially suitable for tandem devices

(devices with more than one active layer) [55], [56].
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Figure 5 - (a-c) Schematic energy levels in AMXjs perovskites. (a) represent trends in changing the halide
anions, (b) represent trends in changing the metal cations. (c) represent trends in changing the A-site cation. Arrows
indicate the shift in energy levels upon atom or small molecule substitution. (d-f) Orbital contributions to the energy bands
of CsPbls. (d) CsPbl; DOS projected on the Cs, Pb, and | atoms (partial DOS). (e) Orbital-resolved COHP; positive
(negative) sign indicates bonding (anti-bonding) character. The line colors indicate which atomic orbitals are involved in
the bonds (anti-bonds). (f) Schematic energy level diagram extracted from the COHP analysis; the energy
levels E; to E4 which are relevant for the tight-binding analysis are marked. Bonding interactions are shaded in yellow,
and anti-bonding interactions in pink. (a-f) Adapted from [49]. Used under the CC BY-NC 4.0. (g) Calculated electronic
band structure of a-CsPbl; with (black/left) and without (blue/right) spin-orbit coupling interaction. Reproduced from [50].
Used with permission under Copyright © 2013 American Chemical Society. h) Schematic illustration of deep and shallow
charge carrier traps in perovskites. Based on [54] and [57].
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1.2.2. Device architecture

Traditional silicon based solar cells typically rely on a homojunction between n and p
doped silicon slabs for charge separation. This requires expensive and energy intensive
doping techniques [58]. Furthermore, their limited optical absorption requires the use of
thick absorption layers, in the order of hundreds of micrometers [34]. PSCs’ high optical
absorption allows the use of thin films, with thicknesses on the order of hundreds of
nanometers [59]. This fact significantly reduces the amount of material used, lowering
cost and ecological footprint. Furthermore, it facilitates the use of a wider range of
synthesis methods such as spin coating, spray coating, inkjet and slot-die coating [60].

Perovskite solar cells originated from dye-sensitized solar cells (DSSCs), where a
mesoporous TiO, scaffold was infiltrated with a light-absorbing dye to generate
photocurrent. In 2009, Miyasaka and co-workers replaced the dye with halide
perovskites, demonstrating much higher photocurrents but limited stability [61]. While
mesoporous devices were crucial in establishing the high efficiency potential of
perovskite photovoltaics, research has since moved toward planar architectures that are

more scalable and stable due to their fully solid-state architecture [59], [62].

In full planar architectures, the intrinsic perovskite semiconductor is “sandwiched”
between two thin films: a P-type and an N-type semiconductor, the so-called charge
transport layers. These layers allow for the selective extraction of charges, efficiently un-
binding excitons and leading to lower recombination rates [54]. The selective extraction
of charges can only occur if the energy levels of the transport layers are correctly aligned
with the energy levels of the perovskite as seen in Figure 6b, which can be achieved by

doping or compositional engineering [63].

Planar structures can be divided into two groups. Normal architecture or N-I-P (N-type —
Intrinsic — P-type), when the ETL contacts the transparent (front) electrode, and inverted
architecture or P-I-N (P-type — Intrinsic — N-type), when the HTL contacts the transparent
electrode [28]. The former architecture was the first adopted, as it was carried over from
the mesoporous architecture, and since then achieved the highest certified efficiency for
non-tandem PCS’s of 26% as of 2025 (Figure 1). When contrasted with mesoporous
structures, N-I-P designs show several additional advantages. Planar architectures
accommodate complex perovskite compositions more effectively than mesoporous
scaffolds and simplify optical design by reducing scattering and parasitic absorption [63].
Planar interfaces are easier to engineer, enabling control of band alignment and defect
passivation that improves reproducibility and stability [63]. However, because this

architecture evolved from mesoporous designs, it retains drawbacks such as
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degradation pathways, scaling challenges, hysteresis, and costly hole transport layers
[64].

The planar p—i—n architecture offers significant advantages due to its compatibility with
low-temperature processing. Organic ETLs such as PCBM, or solution-processed oxides
like ZnO and SnO,, can be deposited at temperatures below 150 °C, enabling fabrication
on flexible substrates and integration with tandem devices on silicon, CIGS, or polymers.
This lower temperature makes the structure highly scalable and well suited to roll-to-roll

manufacturing of large-area modules [54],[65].

Inverted devices also exhibit improved operational stability and reduced hysteresis
compared to N-i—P cells. The absence of TiO, eliminates UV-induced photocatalytic
degradation, while fullerene-based ETLs effectively passivate trap states at the
perovskite interface. These features suppress ion migration and interfacial
recombination, leading to longer lifetimes, more reliable performance measurements,
and greater reproducibility [66]. Its natural compatibility with semi-transparent top
contacts also makes it the preferred choice for perovskite/silicon tandem solar cells,

which represent one of the most commercially promising applications [67].

A central limitation of the p—i—n architecture lies in the choice of hole transport layers.
Common options include PEDOT:PSS, PTAA, and NiOy, but each presents challenges.
PEDOT:PSS is hydrophilic, which promotes good adhesion and uniform perovskite film
growth, yet this same property makes it hygroscopic and accelerates device degradation
by trapping moisture [65]. PTAA, in contrast, is hydrophobic, which improves stability but
prevents direct wetting of the perovskite precursor solution and therefore requires an
additional interfacial layer, typically PEAI, to enable proper film formation [68]. NiOx offers
improved stability but often contains defects that demand careful passivation [69].
Electron transport layers also impose constraints. Fullerene derivatives such as PCBM
and Ceo remain the most widely used, but they suffer from inherently low conductivity,
which restricts fill factors, and they are relatively expensive and prone to long-term
instability. To achieve competitive performance, they typically require supplementary

passivation strategies or additional interlayers [66].

The back contact in perovskite solar cells functions as the electrode for charge collection,
extracting holes in N—i—P devices and electrons in p—i—n devices. Its primary role is to
ensure efficient carrier extraction and transport, form an ohmic contact with the adjacent
transport layer, and maintain minimal energy barriers. Depending on the device design,

it may also serve optical functions, acting as a reflective electrode in single-junction
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opaque cells or as a semi-transparent electrode in tandem and bifacial configurations
[70].

A significant challenge in organic—inorganic halide perovskites (OIHPs) is ion migration
from the back contact, particularly the diffusion of halides into metal electrodes [71]. This
process leads to the formation of compounds such as Aul or Agl, which compromise
electrical conductivity and accelerate device degradation. To mitigate this problem,
ultrathin buffer layers can be introduced between the transport layer and the electrode
to act as protective interfacial barriers [72]. Furthermore, they improve energy level
alignment between the metal contact and the adjacent transport layer, lowering injection
barriers and enhancing carrier extraction. Buffer layers, such as BCP, also protect the
other layers during metal electrode deposition, which could otherwise cause damage,

thereby enhancing both operational stability and device lifetime [73].

The front contact is the light-entry side of a perovskite solar cell. Key requirements
include high transparency in the visible range (400-800 nm), low sheet resistance to
reduce ohmic losses, and a smooth, chemically stable surface that supports uniform
deposition of subsequent layers [74]. Thermal stability is also important, as some

fabrication steps, particularly with TiO, ETLs, involve high temperatures [75].

The substrate, typically soda-lime glass or a flexible polymer, provides mechanical
support and protection [75],[76]. These are coated with a transparent conducting oxide
(TCO). Fluorine-doped tin oxide (FTO) is favored in N—i—P devices for its robustness,
while indium tin oxide (ITO) is preferred in p—i—n structures due to its higher transparency
and smoother surface, despite higher cost and lower thermal stability [75]. Alternatives
such as Al-doped ZnO (AZO) or In-Zn—-0O (I1ZO) are being explored but remain less
developed [75]. Surface treatments such as UV-ozone or Oz-plasma improve wettability

and film formation [77].
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Figure 6 - (a) Schematics of mesoporous, n-i—p, and p-i-n perovskite solar cell architectures.

(b) Contact behavior schematics: poor extraction and poor selectivity, good extraction with poor selectivity, and good
extraction and good selectivity. (¢) Typical vacuum referenced energy levels, Evac = 0, for common HTLs, perovskites,
ETLs and electrodes. Values taken from: FTO and ITO- [78] ; PTAA{79], [80], [81] ;PEDOT:PSS- [82], [83], [84]; P3HT-
[85], [86], [87]; NiO-[88], [89], [90] ; CuSCN-[91], [92]; Cul- [93], [94]; Perovskites-[95] ;PCBM- [96], [97], [98]; ICBA- [99],
[100], [101];C60- [102], [103];SnO2-[104], [105], [106] ;ZnO-[107], [108] ;Au, Ag and Cu-[109]

1.2.3. Synthesis methods

The choice of perovskite film formation route strongly influences microstructure, grain
size and texture, defect density, and device metrics such as OCV and fill factor, which
justifies a dedicated discussion [28]. A broad toolbox exists, including dry, vacuum-based
routes such as co-evaporation, thermal evaporation and chemical vapor deposition, and
solution-based, scalable coatings such as blade coating, slot-die coating, inkjet printing,
and spray coating, each with distinct trade-offs in control, throughput, and materials use

[110]. In the lab-scale PSC literature, solution processing has historically dominated, with
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spin coating frequently reported for small-area devices, and recent database-driven text
mining [111] and community reviews [112] indicate it remains common in 2024 to 2025,

even as scalable methods gain momentum (Figure 7b-d).

In solution synthesis, perovskite precursors are typically dissolved in polar, aprotic
solvents, most commonly DMF, DMSO, NMP, or GBL, which provide high halide
solubility and drying profiles conducive to uniform films [113]. These solvents act as
strong Lewis bases, coordinating to Pb?* and Sn?* to form transient solvate adduct
intermediates, for example Pbl,-DMSO, that delay nucleation, slow crystallization, and
yield smoother, denser films once the adduct is displaced during antisolvent quenching
and annealing [114]. In practice, mixed systems such as DMF:DMSO balance volatility
and viscosity with coordination strength, yet efficient removal of strongly coordinating

components is essential to avoid residual complexes and defect formation [113].

Spin coating translates ink rheology and drying kinetics into film thickness and uniformity
through centrifugal thinning and solvent evaporation. Classic models show that higher
viscosity and higher solute concentration produce thicker films, whereas higher rotation
speed and longer spin time thin the layer. The acceleration phase governs the early
hydrodynamic regime and sets the timing window for nucleation control [115]. Practical
variables include dispense volume and method, whether static or dynamic, the rotation
profile, including speed, acceleration, and duration, the substrate temperature, and the
ambient composition. All of these parameters interact with solvent coordination strength

to set coverage, grain size, and defect density [116]

During spin coating, a nonpolar antisolvent is dispensed to rapidly extract DMF and
DMSO, drive the wet film into supersaturation, and convert solvate intermediates into the
perovskite phase, which improves coverage and grain uniformity when timed correctly
[117],[118]. Common choices include toluene, chlorobenzene, diethyl ether, and
increasingly green options such as ethyl acetate or mixtures of ethyl acetate and
isopropyl alcohol, which reduce toxicity while preserving control over nucleation [119].
Application rate and timing are critical, because slower, well controlled dosing can yield
more uniform crystallization and fewer defects [120]. Antisolvents can also deliver
passivating and speciation control additives, for example PEAI for surface and 2D
capping, or KSCN to tune growth kinetics in ethyl acetate [121], [122].

Post deposition annealing removes residual solvent, promotes ionic motion and grain
growth, converts coordinative intermediates such as Pbl,-DMSO into the perovskite
phase, and helps set the target polymorph or phase [117], [123]. Atmosphere control

refines these kinetics: solvent vapor annealing slows evaporation to enable more uniform
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nucleation and coarsening, for example mixed DMF and chlorobenzene vapor at room
temperature, whereas inert environments minimize the effects of moisture and oxygen
[124], [125]. Beyond hot plate single temperature anneals, process variables include
temperature ramps, dwell time, and ambient composition, as well as gas quenching,
directed N to trigger fast intermediate to perovskite conversion, pulsed infrared or
intense pulsed light annealing for millisecond crystallization, and hot casting using
preheated substrates to drive rapid solvent removal and large grain films
[126],[127],[128].
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Figure 7 — (a) Solvent selection map for perovskite inks: dielectric constant, €, versus Gutmann donor number, DN.
Adapted from [129], copyright AAAS, used with permission. (b-d) Literature prevalence, log scale counts, of deposition
routes for the perovskite absorber, HTL, and ETL layers, from [111]. (e) Schematics of solution processed film fabrication:
one step and two step spin coating with antisolvent, air knife assisted D bar coating, blade coating, slot die coating, spray
coating, and inkjet coating, plus post treatments including annealing and surface passivation. Adapted from Nature
Reviews Methods Primers [28], copyright Springer Nature, used with permission.

21



FCUP | FEUP
Morphology-Driven Electrochemistry in Energy Devices: Tin-Halide Perovskite Solar Cells and Microstructured
Current Collectors for Solid-State Batteries

1.2.4. Challenges for perovskite solar cells
Despite rapid efficiency gains and intense research activity, the commercialization of
perovskite solar cells remains constrained by three major barriers: operational stability,

manufacturability at scale, and environmental/regulatory risks linked to lead [130].

Durability is primarily limited by light accelerated drift of mobile ions, halides and A site
cations, which distort internal fields and accumulate at interfaces where they can react
with contacts and interlayers, for example Ag to Agl, increasing resistance and reducing
OCV and fill factor [131], [132]. Moisture and oxygen, together with heat, further drive
decomposition through superoxide reactions, especially in MA and FA systems [133]. In
ambient air without encapsulation, devices often fail within hours to days, rapidly at
relative humidity of 80% or higher, although interface engineered outliers have operated
for more than 1000h in dry air at 10 to 20% relative humidity [134],[135]. With
encapsulation, cells now retain approximately 98% after 1000h at 85°C and 85% relative
humidity, and carbon based mini modules keep more than 92% after 3000h under the
same stress [136], [137]. For context, crystalline silicon modules typically degrade by

about 0.5 to 0.6% per year, with about 80% power warranted at 25 years [138].

Translating lab recipes to manufacturing requires replacing spin coating with scalable
methods such as slot die, blade, or roll to roll coating, and formulating antisolvent free,
ambient processable inks that still deliver uniform films and controlled phase formation
[139],[140]. A parallel push toward green solvent systems provides selection frameworks
and practical routes that avoid DMF while preserving crystallization control [141]. At the
module level, fully roll to roll lines have reported about 11% PCE for serially
interconnected modules [142]. At cm? scale, hybrid meniscus coated sub-modules reach
about 16.1% PCE [143]. While near m? panels have been certified at about 15.0% PCE,

showing rapid progress but a remaining gap from pilot to mass production [144].

Environmentally, Pb is persistent and bioaccumulative, and perovskite derived Pb has
been detected in plants, which underscores the need for containment and robust end of
life logistics [29]. Still, operational Pb release from intact, well encapsulated modules can
be kept very low, and containment can be reinforced with lead sequestration interlayers
and encapsulants [145], [146]. The larger risks lie upstream and downstream: in the
supply chain, where mining, refining, and transport of Pb bearing precursors pose
pollution and spill hazards; in manufacturing, where worker exposure and waste handling
require stringent controls; and at end of life, where improper decommissioning can lead
to toxic Pb release. Encouragingly, aqueous, closed loop recycling now demonstrates

near complete recovery of device constituents, easing end of life concerns [147]. In the
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European Union, photovoltaic modules are presently outside RoHS limits, and workplace
and process exposures fall under REACH. However, both frameworks are periodically

revised and may tighten over time if risk assessments shift [148].

1.3. Tin-Halide Perovskites

The large-scale implementation of lead-halide perovskites, while less concerning than
previously thought, still poses challenges related to waste management during synthesis
and decommissioning, as well as potential environmental contamination risks. A widely
proposed solution is to replace the B-site cation, lead (Pb), with tin (Sn), an element in
the same group (Group 14) of the periodic table. Tin has a smaller atomic number (Z =
50) compared to lead (Z = 82), resulting in a smaller atomic radius and a distinct
electronic configuration. This difference in electron distribution affects their chemical and
optoelectronic properties [49]. Despite these differences, tin retains similar structural and
electronic characteristics to lead, making it a promising alternative for reducing

environmental and toxicity concerns [149].

Furthermore, tin-based perovskites such as FaSnls, MASnI; and CsSnls have bandgaps
between 1.2-1.4eV [37], [49] which is closer to the ideal S-Q value than their Pb based
counterparts. Additionally, charge carrier mobilities in polycrystalline tin-based
perovskite films are typically higher, around 102 cm? V' s', while their lead-based
counterparts typically exhibit mobilities around 10" cm? V' s' [150]. Nevertheless, tin-
halide perovskites are not without drawbacks. Three primary challenges arise from the

electronic properties of tin, which impact the performance of tin-based perovskites [31].

The firstissue is the higher energy levels (lower relative to vacuum on an absolute scale)
of tin perovskites. While the structural similarity between lead (Pb) and tin (Sn) results in
analogous perovskite frameworks, their distinct orbital configurations lead to significant
differences in band energy levels [31], [49]. In tin perovskites, the higher energy levels
of the 5s and 5p atomic orbitals of Sn result in elevated absolute band energies
compared to their lead-based counterparts. This shift in energy levels can lead to poor
band alignment between the perovskite absorber and the charge transport layers
developed for Pb-based PSCs, resulting in losses of open-circuit voltage and fill factor
[31], [151].

Another critical challenge in tin-halide perovskites is the oxidation of Sn?* to Sn**. Unlike
the relatively inert 6s? electron pair in lead, the higher energy 5s? electrons in tin are
more reactive, making Sn?* prone to oxidation. This introduces additional complexity
during synthesis, as the oxidation of the Snl. precursor into Snls will degrade the quality

of the perovskite structure, resulting in a heavily p-type material [152], [153].
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Furthermore, the high energy levels contribute to weaker Sn-lI bonds, making the
perovskite more susceptible to reactions with H.0 and O, potentially inducing
undesirable phase transitions to the non-perovskite yellow phase or to the double
perovskite A>Snle [154].

Finally, a related issue is the higher Lewis acidity of Sn?*, which stems from the higher
energy of the 5p orbital. This leads to a faster crystallization rate compared to lead-based
perovskites. The rapid crystallization often results in small, randomly oriented crystals
and a low formation energy of Sn vacancies [153]. These vacancies create shallow
defects that act as recombination centers, significantly impacting the material's
performance. Additionally, these surface vacancies act as initiating sites for moisture
induced de-composition [154]. Finally, Sn vacancies act as p-dopants within the
perovskite structure [153]. As a result, hole concentrations in tin-halide perovskites are
generally higher, ranging from 10" to 102° cm™, compared to lead-based perovskites,

which typically exhibit hole concentrations around 10"® cm3[30].

In fact, the carrier transport properties of tin-halide perovskites are heavily influenced by
their defect chemistry, which plays a dominant role in determining their performance.
Defect formation in tin-halide perovskites is not only ubiquitous but also challenging to
study due to difficulties in reproducibility. These challenges, which are not limited to tin-
halide perovskites, arise from variations in precursors, synthesis conditions, and
measurement environments, leading to significant discrepancies in reported
optoelectronic metrics such as charge carrier densities, lifetimes, mobilities, and diffusion
lengths [149].

Despite this, tin-halide perovskites exhibit other advantageous properties, including
lower binding energies, smaller effective masses, and higher electrical conductivity
compared to their lead-based counterparts [150], [155]. Moreover, studies have
demonstrated that suppressing defects in tin-halide perovskites can significantly reduce
hole carrier densities while simultaneously increasing carrier lifetimes and diffusion
lengths to values comparable to or even exceeding those of lead-based perovskites
[155]. These findings highlight the potential of defect engineering as a pathway to
optimizing the performance of tin-halide perovskites for optoelectronic applications. The

next subsection synthesizes various routes of optimization reported in literature.

1.3.1. Stabilization and enhancement of tin-halide perovskites
For tin-halide perovskite solar cells to become a viable alternative to lead-based PSCs,
their critical stability issues must be resolved. However, it is equally important that any

solution remains simple, cost-effective, and does not introduce new environmental
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concemns. To this end, there are several routes that have been explored. A summary of

relevant studies that employ unique strategies to target the major challenges of tin-based

PSC'’s are displayed in table 1.

Table 1 — Summary of strategies, results, and mechanistic explanations from selected studies aimed at improving
performance and stability in tin-halide perovskite solar cells.

Cell stack Route tested Results observed Mechanistic explanation REF
ITO/PEDOT:PSS/ SnF; Fewer pinholes and better SnF; retards oxidation and V_Sn formation; segregates at the HTL [156]
FASnIy/ (~15 mol% vs Snly) stability interface, forming an ultrathin SnS (S—Sulfur from PEDOT:PSS)
PCBM/BCP/Ag in solution interlayer that alters the interfacial chemistry.
ITO/PEDOT:PSS/ EDAI; (1 mol%) PCE rose from 7.4% to EDAI, slowly passivates surface defects and suppresses oxidation; [157]
FASnhIs/ + BAI (organic salts) 8.9% after ~1400 h “slow crystal relaxation” improves film order over time.
C60/BCP/Ag in solution storage in GB (no
encapsulation);
ITO/PEDOT:PSS/ Hydroxybenzene- ~80% PCE retained after hydroxybenzene group acts as an antioxidant, scavenging O, [158]
FASnIy/ sulfonic acid 500 h air exposure (no radicals; SnCly-sulfonate complexes coat grain boundaries, blocking
PCBM/Ag + excess SnCl, encapsulation) oxidation pathways.
in solution
ITO/PEDOT:PSS/ FOEI (organic salt) 10.16% PCE certified; FOEI lowers solution surface energy leading to smooth (100)- [159]
FASnNIy/ in solution longer carrier lifetimes; oriented growth, reduced trap density and recombination.
C60/BCP/Ag smoother films
ITO/PEDOT:PSS/ | PAI (organic salt)in | Preferential (100) growth; PAIl aggregates at nucleation centers inducing templated growth by | [160]
FASnNIy/ chloroform 11.22% PCE certified; reconstruction of the intermediate phase, which reduces trap density
C60/BCP/Ag pretreatment >1000h of MPP stability and stability.
before annealing reported.
ITO/PEDOT:PSS/ Trimethylthiourea Certified PCE =14%, long The formation of H-bonds with iodide leads to 3T staying in the film [161]
FASnNIs/ (3T) additive in carrier lifetimes; notably during preparation and improving adhesion to the underlayer. 3T is
ICBA/BCP/Ag solution smoother, thicker films. also a Lewis base which controls growth kinetics.
ITO/FASNI3/ Eliminate HTL-free devices retained PEDOT:PSS degrades with light exposure and contributes to [162]
PCBM/BCP/Ag degradation related 20% more PCE than oxidation of tin perovskites. Band-bending guarantees correct energy
(HTL-free) to PEDOT:PSS devices w/PEDOT:PSS. alignment between FASnI; and the ITO.
ITO/PEDOT:PSS/ Lewis base anti- Vertical Sn concentration The Sn gradient (Sn-rich near ETL) shifts the WF in the perovskite [163]
FASnIy/ solvent (PMMA) gradient; Ultra-stable significantly increases built-in field, reducing recombination; The Sn
C60/BCP/Ag and post-annealing devices retained +13% rich region protects the bulk perovskite from oxygen and light
recrystallization in PCE after 1000h in 1-sun induced degradation.
DMSO vapor operation.
ITO/PEDOT:PSS/ | Phthalimide (PTM) High PCE of 10.1% in The lone electron pairs of NH and two CO functional groups in the [164]
CsSnly/ molecular additive in B-y-CsSnl3; PTM enhance the electron density around the Sn?" within the
ICBA/BCP/Ag solution Improved thermal/light CsShnl; and protect it from oxidation to Sn**
stability
ITO/PEDOT:PSS/ 3-ThMAI solution High PCE of 12% with The 3-ThMAI act as bifunctional polar modifiers. The sulfur [165]
CsSnljy/ post-treatment improved reproducibility. coordinates with un-coordinated Sn?* on the surface and passivate
ICBA/BCP/Ag (spin-coating and defect states. A stronger electric field at the modified Perovskite/ETL

annealing)

interface improves electron extraction.




FCUP | FEUP | 26

Morphology-Driven Electrochemistry in Energy Devices: Tin-Halide Perovskite Solar Cells and Microstructured

Current Collectors for Solid-State Batteries

ITO/PEDOT:PSS
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Thiosemicarbazide
(TSC) passivator

(vapor deposition

90% PCE retention after
500h of continuous

illumination.

S=C-N functional groups strongly coordinate with defects, leading to

increased vacancy formation energies and better light stability

synthesis)

[166]

Collectively, these studies on tin-based perovskites point to several similar mechanisms
and general trends. Sulfur-containing additives coordinate undercoordinated Sn through
Sn-S bonding, which suppresses oxidation of Sn?* to Sn**, improving stability. Increasing
the electron density around Sn?* further reduces its oxidation propensity and correlates
with higher PCE. Performance can also be improved by two complementary approaches:
reducing defect and trap densities via passivating additives or post treatments, and
strengthening the built-in electric field through interfacial or compositional engineering to
promote charge separation and extraction. Careful control of crystallization kinetics
yields improved film morphology, including larger grains and fewer grain-boundary
defects, which translates into better stability and efficiency. Finally, the literature remains
concentrated on formamidinium based perovskites, while cesium-based analogues have
received comparatively little attention since 2024, indicating a gap that merits systematic

study.
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2. Materials and Methods (Part I)

In this section, the materials, equipment and procedures adopted during this work are

going to be laid out.

2.1. Materials

During this work, the following materials were used:

Substrate: Fluorine-doped Tin Oxide (FTO) glass substrates (TEC 7 Q/sq, Greatcell

solar),

Solid precursors: Bathocuproine 99.99 % (BCP, Sigma-Aldrich), Cesium iodide 99.9 %
(Csl, Honeywell), Formamidinium iodide (FAI, Greatcell solar), Lead (ll) iodide 98 %
(Pbl2, TCI), [6,6]-Phenyl C61 butyric acid methyl ester > 99 % (PCBM, Ossila),
Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (MW = 13) (PTAA, Ossila), 2-(4-
Fluorophenyl) ethylamine Hydroiodide (F-PEAI, TCI); Phenethylamine hydriodide (PEAI,
Greatcell solar), Tin(ll) iodide 99+% (Snl., ThermoFisher Scientific), Tin(ll) iodide ultra
dry 99.999% metals basis (Snlz, AlfaAesar), Tin(ll) Fluoride 99% (SnF2, Thermofisher

Scientific)

Solvents: Chlorobenzene anhydrous 99.8 % (CB, Sigma-Aldrich), Isopropanol
anhydrous (2-propanol, Sigma-Aldrich), Dimethyl sulfoxide anhydrous = 99.9 % (DMSO,
Sigma-Aldrich), N,N-Dimethylformamide anhydrous 99.8 % (DMF, Sigma-Aldrich),

Toluene anhydrous (Sigma-Aldrich), analytical-grade Toluene (Merck).

2.2. Methods

2.2.1. Snl; purification process

To remove Snls formed by oxidation of the degraded Snl. precursor (99 %, AlfaAesar),
a purification method adapted from Zeng et al. [167] was employed. The procedure
involved adding anhydrous toluene to the oxidized Snl, powder. Since Snls is soluble in
toluene while Snl; is not, this allows selective extraction of the Snls into the solvent
phase, thereby reducing its concentration in the remaining Snl> powder. The washing
step was repeated until the waste solution became clear, indicating effective removal of
Snls.

If analytical-grade toluene is used, a partial hydrolysis of Snlz and the formation of SnO>
occur. To address this, a secondary purification step was introduced. The washed Snl>
powder, now containing SnO», was dissolved in anhydrous DMF. As SnO: is insoluble in

DMF, it remained suspended and was subsequently removed by filtration through a 2
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pum PTFE filter. The purified Snl, was then recrystallized by evaporating the DMF solvent.
All steps of the purification process, as illustrated in Figure 8, were conducted inside an

N2-filled glovebox.

Inside N filled
' ' Clear Glovebox

Degraded ' , was_te
precursor solution

— 1R @
o_ 8 _|_

Toluene R.epeat e Clean Snl;
wash = crystals
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powder with DME of washed Snl2

Figure 8 — Schematic representation of the purification process used to clean the oxidized Snl, powder.

2.2.2. Precursor solution preparation
All solids were added to unused vials inside an Na-filled glovebox. After the target mass
was reached, the corresponding solvents were added using a micropipette. The Csl, FAI,
and Snl, precursors were weighed in a different glovebox and transported to the

fabrication glovebox in sealed vials.

The following stock solutions were prepared and stored within the glovebox: PTAA in
toluene (1.5 mg/mL); PEAI in DMF (5 mg/mL); F-PEAI in DMF (5 mg/mL); PCBM in CB
(20 mg/mL); BCP in 2-propanol (0.5 mg/mL). These stock solutions were used as needed

and discarded one month after preparation.

Perovskite ink solutions (CsSnls, FASnls, CsPbls) were prepared by weighing the
required amounts of the iodide salt (Csl or FAI) and metal iodide (Snl. or Pbl,) into a
single vial. DMF and DMSO solvents were then added to achieve a 0.8 M solution with
a solvent ratio of DMF:DMSO = 4:1, following the protocol described in reference [164].
The mixtures were stirred at room temperature within the glovebox until complete
dissolution. Mixed-cation perovskite inks were prepared by combining appropriate
volumes of the single-cation perovskite solutions to achieve the desired cation ratio. For
example: CsosFA0s5Snls = 0.5 mL of CsSnl; + 0.5 mL of FASNIs.
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SnF, was incorporated into the perovskite inks only after complete dissolution of the
iodide salts and metal iodide components. A calculated volume of perovskite ink was
transferred into a vial containing the required amount of SnF,, based on the target

stoichiometry. The mixture was stirred until homogeneous and ready for deposition.

2.2.3. Substrate preparation procedure
The FTO-coated glass substrates were labeled using a Versa Laser engraving system
to identify individual cells. A laser scribing process (P1 scribe) was then performed to
electrically isolate the front-contact from the back-contact by cutting the FTO. The
substrates were then manually cut into pieces of approximately 250 x 150 mm. Then,
substrates were washed using a 10 % aqueous Hellmanex solution and a soft brush.
After, substrates were sequentially submitted to ultrasonication in distilled water,
acetone, 2-propanol, and ethanol for 10 minutes each. The substrates were then dried
under a nitrogen flow. Immediately before the deposition process, the substrates were
treated with oxygen plasma at 100 mW for 10 minutes and subsequently transferred to

a N2-filled glovebox.

For the spectrophotometry and charge transport tests, a thin glass slide was used
instead of the conductive substrates. The cleaning procedure and plasma treatment were

the same.

2.2.4. Device fabrication procedure

The device fabrication process, except for the deposition of the back contacts, was
carried out entirely within an No-filled glovebox to prevent exposure to moisture and
oxygen. All layers were deposited via spin coating. Prior to each deposition, surface
contaminants were removed from the substrates using a directed N- flow. Precursor inks
were dispensed onto each substrate using a micropipette, ensuring complete surface
coverage, and the spin coating program was initiated immediately afterward. Following
spin coating, substrates were transferred to a hot plate set to the target temperature,
which was manually controlled using a thermocouple. After annealing, substrates were
cooled in plastic Petri dishes. The cells were allowed to cool for at least 10 minutes
before deposition of the subsequent layer. The cells were handled with stainless-steel
tweezers, taking care not to scratch the deposited layers, although minor scratching

occasionally occurred.

The specific spin-coating and annealing process parameters for each layer, performed
in the same order as in text, was as follows: HTL — 50uL of filtered PTAA ink were spin-

coated at 2000rpm for 40s then annealed at 100°C for 10 min. Wetting layer — 100uL of
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PEAI (or F-PEAI) ink were spin-coated at 4000rpm for 30s, no annealing was performed.
Perovskite layer — 60uL of filtered perovskite ink were deposited using a two step spin
coating process, first at 1000rpm for 10s then at 5000rpm for 45s. After 15 s into the
second step, 100 mL of CB was applied in a single, continuous jet to avoid droplet
formation. This was followed by annealing at the target temperature, typically 75°C for
10 minutes. ETL — 50uL of PCBM ink were spin-coated at 2000rpm for 30s then
annealed at 100°C for 10 min. Buffer layer — 80uL of BCP ink were spin-coated at

4000rpm for 30s. No annealing was performed.

Before their deposition, the PTAA and Perovskite inks were filtered using a 2um PTFE
filter.

After the spin-coating of all layers, the front-contact area of the stack was cleaned using
a bistoury knife to remove most solid residues, followed by gentle wiping with acetonitrile-
soaked cotton swabs to remove any remaining material. This ensured that the front-
contact was defined solely by the exposed FTO. After this step, the substrates were kept

inside the glovebox for at least 12 h before the back-contact deposition.

The deposition of the back contacts was performed in a bench-top high-vacuum thermal
evaporator (VapourStation, Oxford Vacuum Science Limited). The cells were loaded
onto a custom metallic support, which incorporated a deposition mask, inside the
glovebox. The support was then transferred to the vacuum chamber, limiting air exposure
to approximately 5 minutes before the chamber pressure reached vacuum conditions.
The system required at least one hour to reach the target pressure of ~3 nbar. Once this
pressure was reached, thermal evaporation of the silver back-contacts was initiated. The
deposition rate was gradually ramped from 0.1 A/s to 1.5 A/s to ensure uniform film
formation and strong adhesion of the metal to the underlying layers Deposition was

stopped when a thickness of approximately 80 nm was reached.

Initially, the vacuum chamber was backfilled with ambient air immediately after the
thermal evaporation, and the devices were promptly removed for characterization.
However, to minimize device degradation, this procedure was revised: the devices were
allowed to cool under high vacuum for at least 30 minutes prior to removal, and the
vacuum chamber was backfilled with nitrogen instead of ambient air. A schematic

representation of the resulting devices is shown in Figure 9.
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Figure 9 — Schematic representation of the cells fabricated in this work.

2.2.5. Characterizations

The current density—voltage (J-V) characteristics of the inverted PSCs were recorded
by applying an external potential load and measuring the generated photocurrent using
a Zennium workstation (Zahner Elektrik, Germany) controlled by the Thales XT 5.1.4
software package. Measurements were performed under AM 1.5G irradiation at 100 mW
cm2 (1 sun) using a solar simulator (150 W Oriel class A). Devices were characterized
immediately after preparation at room temperature in ambient air. The active area was

defined by a black shadow mask with an aperture of 0.196 cm?.

Spectrophotometry was used to record the absorption spectrum of the perovskite films.
A typical absorption graph for halide perovskites is shown in Figure 10b. The spectral
features reflect the optoelectronic properties which are tied to the crystalline phases
present, enabling assessment of perovskite degradation. The optical bandgap of a

semiconductor can also be estimated from the absorption edge using a Tauc analysis.

This characterization was performed on a Shimadzu UV-3600i Plus UV-Vis-NIR
spectrophotometer with an ISR-1503 integrating sphere. Calibration for reflectance and

transmittance was performed in air over a wavelength range of 300 to 1100 nm.

Scanning electron microscopy (SEM) was used to access the surface morphology of
the perovskite films, revealing the presence of grain coalescence, grain density, grain

size and undesired features such as pinholes.

SEM was performed on two instruments: a desktop Phenom X SEM and a FEI QUANTA
400 FEG ESEM. Chemical composition analysis was conducted with an EDAX Genesis

X4M energy-dispersive X-ray spectrometer.

X-ray Diffraction (XRD) was used to determine the crystalline composition of the

perovskite thin film and identify secondary phases.

Measurements were performed in air at 25 °C using a Malvern Panalytical Empyrean

multipurpose diffractometer. Continuous scanning was conducted over a 26 range of 10°
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to 60° with a step size of 0.026°, using Cu Ka radiation (A = 1.54060 A). Data was

analyzed using the Match! Software

Atomic Force Microscopy (AFM) was used to determine the scale of topological

features in the perovskite film, allowing the quantification of surface roughness.

Measurements were performed under ambient conditions on an MFP-3D Infinity (Asylum
Research) with an ASYELEC-01-R2 silicon tip featuring a reflective Ti/lr coating. The tip
had a resonant frequency of ~75 kHz and a spring constant of 2.8 N/m. Topography was

acquired in tapping mode and analyzed using a custom Python script.

Scanning Kelvin probe (SKP) measurements were used to map the surface work
function of each layer in the device stack. The WF is the energy difference between the
vacuum level and the Fermi level at the surface, so spatial variations in WF reveal local
electrostatic potential and band bending. When combined with independently measured
bandgaps and an assumed vacuum level alignment at clean interfaces, the WF can be

used to estimate the positions of the valence and conduction band edges for each layer.

SKP was performed in a dry box using a Biologic SKP-M470 system equipped with U-
SKP-370/1 tips. To isolate the WF of each layer individually, an alternative stack
configuration was employed, as illustrated in Figure 10a. The FTO substrate ensured a

common ground reference.

Charge transport characteristics were assessed using Hall effect measurements on a
Linseis HCS 1 system equipped with two neodymium magnetic circuits on a movable
sled. Gold-coated probes contacted the perovskite thin film in a van der Pauw geometry.
A film thickness of 300 nm was assumed based on prior cross-section analysis.
Measurements were conducted during both heating and cooling cycles in a nitrogen-

purged chamber.
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Figure 10 — (a) Schematic representation of the layer stacking and experimental setup used to perform SKP
measurements. (b) Typical absorption spectrum for halide perovskites (in black). Obtained from [168], used under CC BY
4.0.
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3. Results and discussion (Part I)

This section is divided into two parts. The first examines how precursor oxidation impacts
perovskite films and evaluates a method for obtaining an oxidation-free precursor. The
second focuses on optimizing the perovskite derived from a new 99.999% pure precursor
to obtain functional solar cells. Finally, the section concludes with a discussion of the key
findings from these studies and explores several potential directions for further

improvement.

3.1. Effect of Precursor Oxidation and Purification on Perovskite
Films

3.1.1. First batch of cells
The initial batch of devices employed an FTO/PTAA/CsSnl:/PCBM/BCP/Ag structure.
When preparing the first perovskite precursor solution (Csl + Snl. in DMF:DMSO), the
mixture immediately developed a deep dark red color (Figure 11a), rather than the
expected clear light yellow [167]. This indicated severe oxidation of the Snl, precursor.
While some degree of oxidation was anticipated due to the precursor’s limited purity
(99%), the extent observed was unusually high. The Snl; precursor powder seemed to
be heavily oxidized, posing a significant challenge given that it was the only available
source of Snl,. With no immediate alternatives, the decision was made to continue using
this precursor in order to investigate the effects of oxidation, while simultaneously

exploring potential solutions reported in the literature.

The fabricated cells showed an OCV of OV when tested with 1-sun illumination.
Measurements with a multimeter revealed very low resistance, although the devices
were not short-circuited (which would cause an OCV of 0V). Visually, the perovskite layer
seemed to become transparent with a dark neutral/yellow taint, in contrast to the dark
opaque orange/brown observed during fabrication inside the GB. In addition, signs of
corrosion were visible on the silver contacts (Figure 11b). The observed color change
and loss of opacity suggest that exposure to air, both during transfer to the thermal
deposition chamber and after venting the chamber, caused the perovskite to transition
to its yellow phase through oxidation. Furthermore, the combination of heat and oxygen
during venting likely initiated a reaction with the silver, leading to corrosion and ultimately

the degradation of the perovskite layer.

A-site cation mix and stability tests
To better understand the role of the A-site cation in the formation and stability of the

black-phase, perovskite films with three formulations (CsSnls, FASnIs and Csos5FA05Snls)
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were synthesized with sequentially increasing annealing temperatures, from 60°C to
around 125°C.

The FASnNI; perovskite did not form the black-phase at any temperature. Instead, the
films remained dark orange, with those annealed at higher temperatures gradually
turning light orange after some minutes. Subsequent studies have shown that black-
phase FASnI; can form at around 70°C. This indicates that the presence of Snlsin the
precursor solution prevents the formation of black-phase for tin perovskites with FA
cation. This was not the case for CsSnls and the mixed CsosFAo5Snl; perovskites, which
formed the black phase at all tested temperatures (Figure 11c). Based on these results,
CsSnlzwas selected for subsequent studies, as it enabled reliable black-phase formation

even when using a lower-quality precursor.

Stability tests were conducted by storing some perovskite films inside the glovebox and
others under ambient conditions. Since the oxidation state of these materials can be
readily inferred from their color, the test focused on monitoring visible changes over time.
The results are shown in Figure 11d-e. Degradation inside the glovebox seems to be
minimal with films maintaining their color after 40h. As expected, degradation outside the
glovebox is considerable after 20 hours of air exposure with all films having turned into
the Y-phase. Noticeably, after 2 hours the inorganic CsSnl; perovskites have fully
transitioned into their Y-phase, while the mixed Cso.sFAosSnls still hold some dark brown
color, indicating that the black-phase is still present. This is in agreement with the
expected higher stability of FA-based perovskites [169].
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Figure 11 - (a) filtered perovskite solution prepared with oxidized Snl, precursor. (b) First
FTO/PTAA(PEAI)/CsSnI3/PCBM/BCP/Ag cells fabricated. (c) time sequence of pictures of perovskite films crystalizing
during thermal annealing. Arrow indicates direction of time. Photographs spaced 5 seconds from each other. (d) Pictures
showing the degradation of the perovskite films inside the glovebox. (e) Pictures showing the degradation of the perovskite
films outside the glovebox.

3.1.2. Precursor purification study
The detrimental effects of oxidation on the perovskite films were evident. The darkened
precursor solution indicated severe oxidation, while the films themselves appeared dark
brown rather than the expected dark red [170], suggesting a widened bandgap and the
presence of the Y-phase. Since the precursor in its initial state could not produce
acceptable films, a purification method adapted from Zeng et al. [167] was employed. As
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described in the methods section, this procedure involves repeatedly washing the
degraded precursor with toluene until the solution becomes clear (Figure 12a). The
process relies on the insolubility of the polar ionic Snl; in the nonpolar solvent toluene,
in contrast to the oxidized Snls, which is nonpolar and highly soluble. Consequently,
undissolved Snl; can be separated from the dissolved Snl4. A limitation of this method is
the hydrolysis of Snlx compounds into SnO- in the presence of water in non-anhydrous
solvents. Since the procedure requires about 40 mL of toluene per 100 mg of precursor,
analysis-grade toluene was used instead of the more costly anhydrous toluene, leading
to the formation of significant amounts of SnO,. Fortunately, SnO, is less detrimental
than Snls, as itis insoluble in DMF and DMSO, which are the solvents used for perovskite
solution preparation, and can therefore be largely removed by filtration (this is evident by
the reduction in turbidity of the solutions). However, the relatively high amount of SnO-
remaining in the washed powder makes it impossible to weigh the material accurately
and achieve the correct stoichiometric ratio in the perovskite solution. To address this,
an extra step was introduced: the washed powder was dissolved in DMF, the insoluble
SnO:; filtered out, and the Snlz recovered by drying and recrystallization. This yielded
large, intensely red crystals (Figure 12b), consistent with purified Snl, [167]. The mass
yield of the procedure was around 60%, though this value does not account for the Snl.

and SnO; already present in the initial powder, meaning that true Snlzrecovery is higher.

It is important to note that the purification process had several limitations. First, the
washing step showed poor selectivity, as some Snl, remained suspended in the solvent
and was removed together with the soluble Snl,. Second, unwanted irreversible side
reactions occurred, notably the hydrolysis of Snl, to SnO,.Third, the method generated
a large amount of toxic solvent waste, since toluene was required in significant quantities
to dissolve Snl,. These limitations were a result of the available materials and equipment.
However, each of these issues can be addressed by modifying the procedure. For
instance, using a centrifuge to force the suspended Snl. into a pellet would increase
selectivity of the wash, improving yield. Using high purity anhydrous toluene would limit
the formation of SnO2 and eliminate the need for the additional DMF-based filtration step.
Finally, recovering and recycling the wasted toluene by distillation and dehydration would
significantly reduce the solvent waste. In addition, the extracted Snls could potentially be
chemically reduced back to Snlz, using metallic tin powder [171], further improving the

efficiency of the process.

To assess the quality of the perovskite films and the effect of the washing process, three
solutions, seen in Figure 12c,d were prepared: one using the degraded Snl. powder,

another using the toluene-washed Snl, (with SnO.) and a third using the clean Snl;
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crystals (SnO: filtered out). The resultant perovskite films (Figure 12e-g), prepared using
the standard procedure described in the methods section, were analyzed in XRD and
SEM.

Figure 12 — (a) Picture illustrating the reduction concentration of Snl,in the waste toluene for consecutive washes. (b)
Snl; crystals after the purification process. (c) Perovskite precursor solutions, before filtration, prepared with (from left to
right) “toluene washed + DMF filtration” precursor, “Toluene wash” precursor, unwashed oxidized precursor. (d) The same
perovskite solutions shown in (c) after filtration. Example of resultant perovskite films synthesized with (e) “toluene washed
+ DMF filtration” precursor (f) “Toluene wash” precursor (g) unwashed oxidized precursor.

X-ray diffraction analysis

To access the compositional differences between perovskite films prepared from each
precursor solution, XRD analysis was employed. Representative spectra for each type
of perovskite film is shown in Figure 13. Before discussing the results, a caveat must be
mentioned: the “toluene washed + DMF filtered” samples degraded during
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transportation. Unfortunately, due to time constraints, it was impossible to repeat this
analysis with pristine samples. Thus, direct quantitative comparison between spectra is
not feasible. Still, a broader qualitative analysis remains possible and provides valuable

insights for this study.

Comparing the samples prepared with oxidized and toluene-washed precursors (Figure
13 b and c respectively) we see that the major difference is the absence of yellow-phase
CsSnls in the “toluene washed” sample. This confirms the visual identification of this
phase and shows that the purification process has significantly improved the perovskite
film. Even so, peaks related to an independent Csl phase are still present which is likely
a result of excess Csl due to the incorrect stoichiometric ratio. This interpretation is
supported by the absence of this phase in the “toluene wash + DMF filtration” sample
(Figure 13a). The “toluene-washed” sample shows a significant B-y-CsSnl; peak at
26.5°. This peak is less prominent in the “toluene wash + DMF filtration” sample. Given
the observed film color and subsequent analyses of other samples, the reduced
presence of black-phase CsSnl; is most likely attributable to degradation that occurred

during transportation rather than an intrinsic limitation of the purification method.

In all samples, SnO2 peaks remain prominent. These are most likely attributed to the
fluorine-doped SnO; substrate, FTO, rather than SnO, within the perovskite film. Even
so0, the presence of Cs,Snls suggests that some SnO, may also be present at the surface,
since SnO2 is a byproduct of the Cs,Snls degradation pathway: 2CsSnlz+ 0, =
Cs,Snlg + Sn0, [154]. Furthermore, the low intensity of Cs2Snls peaks indicate that it is
only present as a thin layer in the surface. Itis noteworthy that the degradation pathway
often cited in literature, in which Snlz oxidizes to Snls and yields the yellow phase, is not
evident here, since the degraded sample shows no yellow phase. In fact, the presence

of the Y-phase was not visually observed in any sample.
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Figure 13 — XRD patterns of perovskite films prepared from different precursor treatments. (a) Toluene wash + DMF
filtration, (b) Toluene wash only, (c) unwashed oxidized precursor. Symbols in the XRD spectra identify the phase with
highest influence on that peak. Graphs below the spectra show all correlated peaks for the identified phases. Phase
identification peaks obtained from: COD database [172] for SnO, and Csl peaks; Wang et al. (2022) [173] for y-CsSnls;
(orthorhombic), Y-CsSnl; (orthorhombic yellow phase) and Cs2Snle.

Scanning electron microcopy

Having confirmed the presence of black phase, it is important to assess the quality of the
perovskite film via SEM. The efficiency of PSCs is heavily dependent on homogeneity
and absence of defects in the perovskite film. Defects such as pinholes, gaps between
crystals and irregular crystal formation increase charge carrier recombination and can
even create short-circuits between the extraction layers, which significantly reduce OCV.

The presence of such defects is typically assessed with SEM imaging.

Selected SEM images of the perovskite films are shown in Figure 14. Overall, these
images show some clear trends. Crystal size increased substantially from approximately
1um or less in Figure 14 e and f, to large crystals with diameters in the order of several
tens of micrometers. Furthermore, there is also a significant reduction in the gap between
crystals, with grain boundaries being better defined in the “Toluene wash + DMF filtration”
sample than in the others. Finally, homogeneity also seems to improve with the washing
process, specifically when compared with the sample prepared with the unwashed
precursor. The latter shows irregular crystal formations (Figure 14h). This irregular
morphology can be attributed to local depletion of Sn-I caused by the oxidation of Snl,
to Snls before and during nucleation. The resulting low local supersaturation shifts the
crystal growth into a diffusion-limited regime [174], where protruding tips intercept most
of the diffusing species and advance rapidly, while neighboring regions are starved [175],
[176]. This produces star-shaped, skeletal islands (bright arms) bordered by darker,
recessed valleys where coalescence stalled. In short, the dendrites mark zones that
captured the available constituents, whereas the surrounding areas lacked sufficient
Sn?* and I to complete the crystal network, due to the general oxidation into Snls. Similar
features can be seen in Figure 14d for the sample with the purified precursor, although
they likely have a different root cause, which will be discussed in later sections. Looking
at images for the “toluene wash” sample (Figure 14e) we see that there is no dendritic
formation, supporting the conclusion that those dendrites are due to Snls oxidation.
Furthermore, the size of grains and homogeneity is increased. However, the grain
boundary gaps are still quite significant, as seen in Figure 14g. This might be a result of
the Sn-depleted content of the perovskite solution. Compounds such as Snl, or Pbl, form
adducts (intermediary structures in the solution) with DMSO, such as Snl;(DMSO), .

These adducts are typically beneficial as they promote higher nucleation rates,
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homogeneous film formation and stronger coalescence of domains [177], [178].
However, in Sn-poor conditions the higher nucleation rates lead to quick Sn?* starvation,
limiting crystal growth and leaving significant gaps between crystals [179]. This idea is
supported by the presence of an independent Csl phase in the XRD spectra on the
samples that were out of stoichiometric ratio, likely to be located at crystal interfaces

where Sn depletion is strongest.

(a) Toluene wash + DMF filtration  (b) Toluene wash Oxidized precursor
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Figure 14 — Top-down SEM images of perovskite films prepared from different precursor treatments. (a, d) Toluene wash
with DMF filtration. (b, ) Toluene wash. (c, f) Oxidized precursor. (g) High-magnification image of toluene wash. (h) High-
magnification image of oxidized precursor.
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3.2. Studies Using High-Purity Snl> Precursor

Given the time-consuming and resource-intensive nature of the purification process, it
was not feasible to proceed with the optimization of prototype solar cells using the Snl.
precursor obtained through this route. Instead, a commercially available Snl, precursor
with 99.999% purity was acquired, allowing the fabrication of devices without an
additional purification step. This approach was intended both to streamline the
continuation of the study and to provide a reference for comparison with the purified
precursor. However, the difficulty in producing fully functional cells soon became a major
obstacle, ultimately preventing the intended comparative analysis. Consequently, the
focus of the work shifted toward identifying strategies to achieve operational devices

within the constraints of the available materials, equipment, and time.

In this section, the different attempts to fabricate a functional cell are briefly outlined. This
is followed by an examination of possible factors contributing to the poor device
performance, informed by XRD, SEM/EDS, AFM, SKP, spectrophotometry, and Hall-

effect measurements. Finally, potential directions for future work are discussed.

3.2.1. Device Fabrication Attempts

The first attempted fabrication of a full device with the new Snl> precursor was based on
the same FTO/PTAA(PEAI)/CsSnls/PCBM/BCP/Ag configuration. The Csl+Snl; in
DMF:DMSO precursor solution showed a clear yellow with a slight orange tint color
(Figure 15a), indicating less oxidation than solutions prepared with the purified
precursor. The resulting perovskite film (example in Figure 15b) had strong dark red
color, indicating the formation of the black-phase. After thermal evaporation of the silver
contacts the devices’ OCV was measured under illumination, showing no OCV. This time
the perovskite film under the area of Ag deposition seemed to have disappeared, as
seen on Figure 15c. Interestingly, and unlike previous tests, the rest of the film was
visually intact, indicating that a reaction with Ag was the problem, not the stability of the
perovskite during the thermal deposition process. It is unlikely that the mere presence of
silver induced such a quick degradation of the perovskite film during the deposition
process, which lasts only a few minutes. Instead, the main problem could be the venting
step, where the vacuum chamber is refilled with air, while the cells are still warm. The
presence of silver likely acted as a catalyst for the reaction with oxygen, leading to the
degradation of the zones in contact with silver. The reactivity of silver with halide
perovskite is well established, as described in section 1.2.2, especially with the heat and

vacuum of thermal deposition.
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With this hypothesis in mind, the next batch of cells was prepared with gold contacts,
which are typically more stable than silver [65]. Thermal deposition of gold requires a
high source temperature that can heat and damage the cells. To limit thermal stress, we
deposited the film in multiple short steps with cooling intervals and restricted the
thickness to 20 nm. An example of a resulting cell is shown in Figure 15d. Although the
perovskite layer did not degrade during processing, the devices still exhibited no
measurable OCV under illumination. The device shown in Figure 15d likely failed due
to a short-circuit between the FTO and the Au contact caused by a visible hole in the
film. However, other cells showed no apparent holes in the contact region, and
multimeter tests detected no short circuits, even though the measured resistance was

low.

One uncontrolled step in the deposition workflow was venting the vacuum chamber. In
earlier runs, the chamber was vented immediately after deposition by backfilling with
ambient air. The combination of residual heat and low-pressure oxygen during venting,
together with the catalytic activity of Ag/Au, may have promoted perovskite degradation,
even if it was not immediately observable. To prevent oxygen ingress during venting, a
nitrogen line was connected to the chamber’s vent valve to allow O»-free backfilling. To
further minimize exposure, cells were loaded under a directed N stream, and the
chamber was prefilled with nitrogen before initiating the pump-down sequence. An
example of a resulting cell is shown in Figure 15e. For the first time, all cells exhibited a
non-zero open-circuit voltage: ~10 mV without the shading mask and ~4 mV with it.
However, the measured |-V curves were linear, consistent with devices showing very low

OCV. All subsequent attempts followed this procedure.

Further attempts to fabricate functional devices involved adding lead iodide to form
CsSnosPbosls. These cells had difficulty transitioning to the black phase, even after
annealing at 140°C, and ultimately did no function. Other attempts included adding SnF»
to improve stability and changing the wetting layer from PEAI to F-PEAI. All of them

resulted in similar OCVs of 10mV.

At a later stage of the procedures, high resolution SEM/EDS images were obtained for
different perovskite films. Among other observations, which will be discussed in the
following sections, the images revealed micrometer sized fragments of glass (Figure
15g,h). These fragments were most likely introduced when metal tweezers were used to
handle the substrates inside the glovebox. Although a nitrogen jet was applied to clean
the surface after each step, the fragments were probably deposited during transfer from

the spin coater to the hot plate, when the solution had already been spun, making it
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impossible to clean the surface again. To address this issue, a final attempt was made
using plastic tweezers that did not scratch the glass. The resulting cells, one of which is
shown in Figure 15f, displayed no improvement, despite exhibiting a visually clean and

hole free surface.
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Figure 15 — (a) Perovskite solution prepared using 99.999% purity Snl, precursor. (b) Perovskite film obtained from the
solution shown in subfigure (a). (c) Cells after thermal deposition of Ag contacts, with partial removal of silver from the left
cell using sticky tape. (d) Cell after thermal deposition of 20 nm Au contacts. (e) Cell after deposition of Ag contacts with
a controlled venting process. (f) Cell obtained from the final attempt. (g) High resolution SEM image of a perovskite film
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showing glass fragments (highlighted in red). The distinction between glass fragments and other features is visible in the
back scattered electron image (highlighted in yellow). (h) EDS spectrum acquired from a region containing glass
fragments.

3.2.2. Effect of degradation on perovskite film

As described in previous sections, the primary limitation of tin-based perovskite solar
cells is their instability in air. This effect was evident during fabrication: when the chamber
was backfilled with nitrogen, the devices delivered a measurable open-circuit voltage,
whereas under air they produced no OCV. These observations indicate that air-induced

degradation directly compromises device operation.

An important caveat is that the reflectivity measurement was not done correctly
(reflectivity was too high at longer wavelengths). This meant that we could not use it to

calculate absorbance, thus 1-transmittance is shown. The transmittance (t) of the

tstack

perovskite film was calculated as: t¢;;,, = PR
glass

To probe this behavior, we used UV-VIS-NIR spectrophotometry to track changes in the
optical response of the perovskite. Because the Y-phase has a wider bandgap than the
black phase, air exposure is expected to reduce absorption at longer wavelengths. We
therefore measured the transmittance of two identical CsSnls films on glass at several
time points over 90 minutes of continuous air exposure. The results are shown in Figure
16.
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Figure 16 — (a) Time evolution of absorption* as a function of photon energy for CsSnl; films on a glass substrate
measured by UV VIS NIR spectrophotometry. Two nominally identical samples, A and B, were recorded repeatedly over
about 90 minutes, and successive spectra follow the time order indicated in the inset. Vertical dotted lines mark literature
bandgap energies for phases that may be present in the film. The arrow highlights the progressive decrease in apparent
absorption during the measurement period. (b) Tauc plot of absorption* zoomed on the absorption edge ROI. Straight
lines represent the linear fit of the linear absorption edge. Bandgap values determined from X intercept. *Because
reflectance was not measured reliably, one minus transmittance is reported in place of absorption.
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The expected decrease in absorption as the film degrades is observed. Sample A shows
an interesting behavior on the 2.7eV zone, where an absorption edge seems to be
created upon the third measurement. This is close to the expected yellow phase band
gap which might be an indication that this phase has formed during the degradation
process. The increase in the effective optical bandgap of the film is verified by the Tauc
analysis [180], which showed an increase of 25meV and 15meV for samples A and B,
respectively. The value of the optical bandgap calculated on the first measurement was
around 1.43eV for both samples. This value lies at the lower end of those reported for
Cs2Snls but is higher than most reports for B-y-CsSnls [181],[182],[183],[184],[185].
However, the fact that the bandgap increases with air exposure time indicates that the
film is transitioning into the higher bandgap Cs.Snls phase from the lower bandgap B-y-
CsSnls. Furthermore, the presence of a double slope (the first slope between 1.3eV and
1.5eV the second slope between 1.5eV and 1.75eV) could be a result of the presence of
two distinct phases. The fact that the slopes progressively merge with time may support
this idea. Despite these changes, the overall absorption reduction is around 10% over
90 minutes of measurement, indicating that only minor degradation occurred during this
period. This observation aligns with the visual signs of degradation observed for almost

all films prepared in this work.

To directly observe the effects of mild degradation on the perovskite film, a CsSnls film
was analyzed in SEM after being left for more than a month inside the glovebox. The

resulting images are shown in Figure 17.
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Figure 17 — Scanning electron microscopy of a CsSnl; film stored in a nitrogen glovebox for more than one month. Images
are shown at two magnifications. Left panels show secondary electron mode. Right panels show backscattered electron
mode. Scale bars are 10 um in the upper panels and 1 pm in the lower panels.

Bright spots in Figure 17a are distributed across the entire sample. Fresh films, such as
those shown previously, sometimes display similar features, but at much lower density,
typically one or two in a 50x50 um area. This comparison suggests that the bright spots
are associated with perovskite degradation. The close-up topography in Figure 17¢
shows that each bright spot is a highly faceted protrusion emerging from the surface of
a larger crystal. In Figure 17d, these protrusions appear brighter than the surrounding
crystal. Backscattered electron (BSE) imaging is primarily sensitive to the average
atomic number, and although topography can also influence contrast, at nanometer scale
and at 15 kV, the topographic contribution is strongly reduced. We therefore interpret the
higher BSE intensity of the protrusions as evidence that they have higher average atomic
number relative to the host crystal. If they arise from air-induced degradation, a plausible
assignment is Cs2Snls, which has a higher average atomic number than CsSnls and is
reported to form at film surfaces as nanocrystals during oxidative conversion [184], [186],
[187]. Focusing the beam to acquire EDS data burned these small crystals, which

prevented reliable compositional analysis.
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Another feature evident in the close-up images is the presence of small dark spots that
appear in both secondary electron and backscattered electron images, indicating that
they are holes or voids within the crystal. These features are commonly associated with
degradation [187]. Oxidation of Sn(ll) to Sn(IV) can generate tin- and iodide-related
defects at the surface and, with time, these defects may drive localized restructuring that

forms pinholes, producing the observed dark topographic contrast.

Overall, stability tests indicate that even trace amounts of oxygen and water promote
degradation of the black phase into more stable products, like Cs,Snls. The
transformation initiates at the surface and proceeds at small length scales. Nevertheless,
brief air exposure, on the order of 1 hour, has a relatively low impact on the film’s optical

characteristics.

3.2.3. Electrochemical property measurements

The morphology of perovskite films strongly influences solar cell performance. Defects,
pinholes, and high surface roughness degrade device operation and reduce PCE.
Electrochemical properties are equally critical because they govern charge generation,
transport, and interfacial kinetics. Measurements of charge transport and

electrochemical potentials provide information that morphology alone cannot capture.

Charge transport measurements shown in Figure 18 were performed in a van der Pauw
(VdP) Hall geometry on a perovskite film deposited on an insulating glass substrate. Four
gold probes contacted the film surface near the perimeter. This configuration is
suboptimal because the perovskite-gold interface likely forms a non-ohmic contact that
adds contact resistance and charge accumulation. Such contacts can introduce artifacts,
including hysteresis and mixed ionic and electronic conduction, which distort the
measured conductivity, carrier concentration, mobility, and Hall coefficient. Additionally,
the setup probes lateral charge transport, whereas current flow in an operating solar cell
is predominantly vertical. Thus, these measurements may not accurately reflect the

transport characteristics of the perovskite film under device operation.

Electrical conductivity is a key metric for perovskite films. If conductivity is too low, series
resistance increases and the fill factor decreases. If it is too high, it may indicate an
elevated carrier concentration caused by self-doping, particularly in tin-based PSCs,
which is undesirable because the same defects that drive self-doping also introduce non-
radiative recombination losses. The measured conductivities (Figure 18a,b) fluctuate
around 100 S/cm and 30 S/cm for samples 1 and 2, respectively. These values are high
for perovskite films but typical for CsSnls; films [188], [189]. Charge carrier density

(Figure 18c,d) is on the order of 10" and 10"® cm for samples 1 and 2, consistent with
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prior reports for CsSnls [55], [189]. Measured mobilities (Figure 18e,f) range from
approximately 10" to 10 cm? V-' s in both samples and increase with temperature.
These values are on the higher side of the ranges typically reported in the literature [55],
[150], [189].

However, at most measurement points, the Hall coefficient is negative, and the Hall-
derived mobility and carrier concentration indicate n-type conduction. The literature
generally describes CsSnls as p-type, attributed to tin vacancies formed as Sn?* oxidizes
to Sn**. In contrast, Cs,Snls is strongly n-type. The observed n-type response could arise
from partial surface conversion of CsSnls to Cs2Snls. Given the brief air exposure, any
Cs2Snls should be confined to a thin surface layer on bulk CsSnls, which would be
unlikely to dominate transport across the entire film. Moreover, the measured absolute
values of conductivity and carrier density are consistent with self-doped CsSnls, but
significantly higher than values reported for Cs>Snls thin films [182], [183], [185].

The oscillations between predominantly positive and predominantly negative charge
carriers could be a result of ion migration during the measurement. Furthermore, the
positive temperature dependence of mobility is atypical for halide perovskites, where
mobility usually decreases as temperature rises due to stronger electron-phonon
interactions [190]. The observed trend suggests a significant contribution from ionic
motion to the transport signal, since ionic conductivity increases with temperature [191].
Taken together, these results suggest that the negative Hall sign does not necessarily
originate from extensive phase conversion to Cs>Snls and may instead reflect surface or

interfacial conduction, mixed pathways, or measurement artifacts.
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Figure 18 — Temperature-dependent dark transport parameters extracted from Hall-effect measurements for two
perovskite thin film samples. Left column (a, c, e, g) corresponds to sample 1, right column (b, d, f, h) corresponds to
sample 2. Red symbols indicate the heating cycle, blue symbols indicate the cooling cycle. (a, b) Electrical conductivity
as a function of temperature. (¢, d) Bulk charge carrier concentration (CCC bulk) as a function of temperature, the
horizontal dashed line marks zero. (e, f) Hall mobility as a function of temperature, plotted on a logarithmic scale. (g, h)
Average Hall coefficient as a function of temperature, the horizontal dashed line marks zero.
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Scanning kelvin probe measurements allow for the inference of the surface work function
of each layer in a cell, which corresponds to the fermi level of the material. The placement
of the fermi level in the bandgap depends on the charge carrier concentration and sign.
N-type materials have a fermi level closer to the conduction band while p-type materials
have a fermi level closer to the valence band. Section 1.2.2 highlighted that proper
energy level alignment across the device stack is critical for device performance.
Estimating the surface work function enables assessment of the alignment between
layers. However, SKP measurement probes the surface potential, which can differ from
bulk energy levels because it is sensitive to internal band bending [192] and to external

influences such as oxidation, interfacial dipoles, and charge accumulation [193].

The results from the SKP measurement are shown on Erro! A origem da referéncia nao f
oi encontrada.. The PTAA work function is slightly lower than expected. However, the
PEAI wetting layer can lower the surface potential through interfacial dipoles [194]. Thus,

the measured plateau at about 5.05 eV is close to the expected value of 5.15 eV [195].
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Figure 19 — Scanning Kelvin probe (SKP) line scan of surface work function (WF) across a Cu, PTAA, CsSnls, and PCBM
stack. The y axis shows surface WF in eV referenced to vacuum level. The x axis shows the lateral tip position in
millimeters. Two independent scans are plotted (1% trial and 2nd trial). Vertical dashed lines mark the approximate lateral
boundaries between layers. Horizontal dashed lines indicate literature WF values for PTAA, about 5.15 eV (estimated
from known VBM and CBM) [195], CsSnls, about 4.9 eV [196], and PCBM, about 4.37 eV [198].

For the perovskite, the average surface work function is about 5.1 eV, which is higher
than the expected 4.9 eV [196]. Because the measurement was performed in air, surface
oxidation is expected. This creates room for two scenarios: In the first, commonly cited
in the literature as the Y-phase degradation pathway, the oxidation of Sn?* to Sn**
increases donor defects, enhancing the p-type character and consequently raising the

WF near the surface. The other scenario involves the degradation to Cs>Snls, which
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happens in dry air and is accelerated by light exposure [154]. Cs2Snls is a double-
perovskite n-type material with a WF = 4.9 to 5.1eV [185], [186]. Both cases could lead
to an increase in the WF to values closer to the measured 5.1eV. However, they could
lead to very different scenarios in what concems band alignment. CsSnls self-doping
does not significantly change the position of the CBM or VBM [197]. On the other hand,
the presence of a Cs.>Snls surface layer would create a potential well in the conduction
band, increasing recombination at the interface between the perovskite and the ETL as

shown on Figure 20b.

Still, it is expected that the WF of the perovskite near the PTAA interface to be lower,
closer to the expected 4.9 eV. In a p type semiconductor, the Fermi level lies closer to
the valence band maximum. Taking the CsSnls bandgap to be 1.3 eV [49], we estimate
the VBM to be ~0.4 eV below the Fermi level near the PTAA/Perovskite interface.
Assuming a perovskite WF of 5.0 eV at that interface, the corresponding ionization
energy is approximately 5.4 eV. The PTAA’s VBM is ~5.25 eV relative to the vacuum
level [195], which implies an uphill offset for hole extraction of about 0.2 eV, which

provides efficient hole extraction without significant voltage loss.

Looking at the other interface, the PCBM layer shows a WF plateau around 5.0 eV. This
value is higher than the expected 4.37 eV [198]. Two considerations help explain this
difference. First, PCBM is sensitive to oxygen and light, which, similar to the perovskite,
can increase the WF [199],[200]. Second, the PCBM thickness is approximately 10 to 20
nm. At this thickness, the underlying layer can still influence the measured surface
potential because the film may not fully screen interfacial charge, particularly when the
thickness is comparable to the Debye length [201]. Given that the layer beneath PCBM
has a higher WF, this coupling would raise the measured WF of PCBM. Both effects
likely contribute to the high value. Even so, the PCBM layer has a lower WF than the
perovskite, as expected. The CBM of PCBM is near 4.0 eV [198]. Using the previous
assumptions for CsSnls, with WF equal to 5.0 eV and the Fermi level 0.4 eV above the
VBM, the VBM is at 5.4 eV (VBM = WF + dEvew = 5.0 + 0.4), and the perovskite CBM is
at4.1 eV (CBM =VBM - Eg = 5.4 - 1.3). This yields a small uphill offset of about 0.1 eV
for electron extraction into PCBM. This modest misalignment is a known incompatibility
between halide-perovskites and common electron transport layers, although it should not

prevent device operation [202].

Finally, a significant shift in the work function is measured across the X axis for

perovskite. WF values start slightly above 5.1eV near the PTAA interface and end below
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5.1eV near the PCBM interface. This may be an indication of band bending due to the
built-in electric field [192], [203].

Overall, the differences between our measured values and those reported in the
literature can be explained by oxidation since the SKP measurements were taken after
more than 30 minutes of air exposure. Such prolonged exposure does not occur during
fabrication (after the protocol revision), so oxidation is weaker and has limited depth, as
we have seen in the SEM images of pristine films. In addition, the completed stack is
covered by BCP, which reduces direct contact with air. Taken together, these factors
indicate that the bulk energy levels in the devices should remain close to the intended

values, and severe band misalignment is not expected, as shown in Figure 20a.
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Figure 20 — Estimated energy-level diagram of FTO/PTAA/CsSnls/PCBM/Ag stack, referenced to vacuum (Evac = 0 at
top; energy depth increases downward). Colored bars show approximate band positions. Grey bars indicate contact work
functions. Horizontal purple lines are SKP-derived (measured/estimated) work functions; horizontal black dashed lines
are literature work-function values. Dotted and dashed green boxes bound three literature ranges (Reference A and
Reference B) for the CsSnl3 band edges. (a) Expected scenario for full device with minimal oxidation (b) Expected
scenario for oxidized CsSnl; surface. References for WF, CBM and VBM values: FTO- [204] ; PTAA- [195]; Ref A-[205],
Ref B-{49] ; PCBM- [198] ; Ag- [206]; Cs2Snle-[185].

Overall, the electrochemical properties of the perovskite film and device layer stack are
within the expected bounds, considering the suboptimal experimental setup. While the
measured transport characteristics are not ideal, they should not prove to be a total

barrier for the device functioning.

3.2.4. Morphology of the perovskite crystals and effect of wetting layer
To compare the morphology of the perovskite obtained with the new high purity
precursor, SEM images are compiled in Figure 21. Overall the films seem relatively

uniform. However, there are some features that should be inspected more carefully.

The SEM images in Figure 21c¢,d show cruciform, needle-like dendrites that originate
from single nuclei and extend from the grain center toward the corners. Whether the

outer grain boundary is square faceted or shows spherulitic or chevron-like serrations,
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the interior cruciform consistently runs from center to corners along the same in-plane
<110> set. The persistent 45° alignment relative to the center point indicates a common
kinetic origin tied to edge propagation, rather than post-growth cracking. AFM images
(Figure 22a,b,c,d) shows that the arms are raised ridges bordered by shallow depressed
plateaus, with a typical height difference of approximately 40 to 60 nm. The bright lines
in SEM therefore arise primarily from topographic secondary-electron contrast, not

composition contrast.

These features are related to Hopper/diffusion limited growth, which is the result of high
supersaturation and slow diffusion speed, reported broadly, for example in NaCl [207] or
metal alloys [208], and also in halide perovskites [175], [176], [209],
[210],[211],[212],[188].

The crystallization of solution-processed films typically involves two coupled kinetic
processes [179]. First, when local supersaturation is reached, solute species precipitate
and react to assemble the crystal lattice. This step is governed by molecular-scale
thermodynamics and reaction pathways that determine how precursors dissociate and
recombine. The reverse process, dissolution back into the liquid, can also occur but
becomes less significant as solvent evaporates during annealing. Second, mass
transport must replenish reactants at the growth front through concentration gradients
and diffusion. Overall growth is limited by whichever step is slower. If precipitation and
incorporation are slow, or if dissolution is significant, the regime is reaction-controlled,
also called reaction-limited. If the diffusive flux to the interface cannot keep pace with
precipitation, the regime is diffusion-controlled, which can result either from low
diffusivity, for example due to high solution viscosity, or from very rapid precipitation
under high supersaturation. In halide perovskites, reaction-limited growth is generally
preferred because it ties crystal evolution to intrinsic molecular interactions of the
precursors and solvents, whereas diffusion-limited growth often produces spatially
inhomogeneous concentrations and poor morphology. In practical terms, rapid
antisolvent exposure and fast solvent evaporation create steep concentration and
viscosity gradients. A nucleus can deplete local precursors faster than diffusion can
replenish them, so edges and tips outrun faces under flux-limited growth. Thus, reducing
the volume of anti-solvent, limiting the initial evaporation of solvents or slowing the

crystallization reaction could improve film morphology, although this was not tested.

Another relevant characteristic is the presence of ridges at 45° to the main dendritic
formations, which form terrace like steps propagating from the center of the crystal on

the faceted faces. We first tested whether the facet ridges and terraces were stress-relief
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features imposed by the wetting layer. This was plausible because the two underlayers
behaved very differently during spin coating: on PEAI the ink spread readily, whereas on
F-PEAI spreading was visibly hindered. If underlayer-driven stress were responsible,
such a clear change in spreading and adhesion should have altered the ridge pattern.
However, the SEM morphologies were essentially the same on both underlayers, and
ridge spacing, straightness, and grain-locked alignment were unchanged, so the wetting-

layer stress hypothesis is not supported by the images.

A more consistent interpretation is again the kinetically driven dendritic, hopper-type
growth, as schematized on Figure 23. Secondary branches can run along the sides of
the square, that is, along <100>, which are rotated by 45° relative to the main <110>
directions. Where neighboring side branches meet and coalesce, the valley closes and
the surface appears flatter; where they do not meet, a linear gap or ridge remains

between dendrites.

These morphological features create high roughness in the film, which is even visually
apparent during the fabrication process as they do not seem like polished mirror-like
surface often described in literature [164], [213]. AFM characterization (Figure
22a,b,c,d) shows roughness on the order of the measured film thickness, roughly 300nm
(Figure 22e). Considering the features presented earlier, it is likely they contribute to the
formation of short-circuiting paths between layers, significantly hindering device
performance. This hypothesis is supported by the measured series resistance of fully
assembled cells, which was around 20Q in dark and 3Q under illumination based on the

linear J-V characteristics. when typical resistances are on the order of kQ [214], [215].

Finally, the morphology of the films after PCBM and BCP deposition and the subsequent
thermal treatments were examined (Figure 24). The PCBM anneal was carried out at
100°C, which is higher than the perovskite annealing temperature. Even so, films with
and without the PCBM layer show largely similar morphology. The topographic contrast
is only slightly reduced across the sample, which suggests a largely conformal PCBM
coating. After BCP deposition, no additional changes are evident. In some regions, small
surface smudges are visible on the perovskite (Figure 24c,d,e,f), but they are limited in

extent.
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Figure 21 — Scanning electron microscopy of a CsSnl; film. (a) Low magnification secondary electron, SE, image showing
continuous film coverage, scale bar 200 micrometers. (b) Low magnification backscattered electron, BSE, image with
comparable large-area morphology, scale bar 200 micrometers. (c) Intermediate magnification SE image resolving
faceted grains with dendritic ridges, scale bar 50 micrometers. (d) Intermediate magnification BSE image of the same
morphology, scale bar 50 micrometers. (e) High magnification SE image highlighting terrace-like steps within grains, scale
bar 10 micrometers. (f) High magnification BSE image of the same region, scale bar 10 micrometers.
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Figure 22 — Atomic force microscopy of a CsSnl; perovskite film. (a) Area 1 height map shown with the full acquisition
range, color bar 0 to 250 nm, scale bar 4 micrometers. (b) Same field of view as in (a) displayed with a narrower color
range, 80 to 160 nm, to enhance topographic contrast, scale bar 4 micrometers. (c) Area 2 height map with the full range,
color bar 0 to 200 nm, scale bar 4 micrometers. (d) Same field of view as in (c) with a narrower color range, 50 to 120 nm,
to enhance contrast, scale bar 4 micrometers. (e) Cross sectional image of a FTO/PTAA(PEAI)/CsSnls/PCBM/BCP stack
with measured thicknesses indicated, approximately 565 nm (FTO) and 294 nm (Perovskite).
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Figure 23 — Schematic of diffusion limited dendritic growth on a {100} facet of CsSnls. Color code: the yellow square is
the crystal nucleus and growing facet; the pink to red background represents the concentration field of growth species in
the surrounding medium, darker red indicates higher concentration and lighter pink indicates depletion; red wavy lines
depict diffusing species and the effective diffusion path; pale gray rings indicate isoconcentration fronts and depletion
zones; black arrows show preferred growth directions and relative rates; thin black lines mark primary and secondary
dendrite rims; thick black bands represent coalesced rims where dendrites interlock; blue arrows are annotations only.
From left to right the sequence shows nucleation in a region of high concentration, initial growth with long diffusion paths
that slow the facet center, faster edge advance as the diffusion path becomes shorter at the rim, formation of secondary
dendrites, and two outcomes, either matching dendrites do not interlock and ridges remain, or mismatched dendrites
interlock and coalesce, resulting in a smooth facet with no ridges.
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Figure 24 — Scanning electron microscopy of a CsSnl; film on PTAA after PCBM and BCP deposition and PCBM sintering.
(a) Low magnification secondary electron image showing continuous coverage, scale bar 50 micrometers. (b) Low
magnification backscattered electron image of the same area, scale bar 50 micrometers. (c) High magnification secondary
electron image resolving faceted grains with terrace like ridges, scale bar 10 micrometers. (d) High magnification
backscattered electron image of the same region, scale bar 10 micrometers. (e) Highest magnification secondary electron
image highlighting smoothened grain surfaces and grain boundaries with occasional small particulates, scale bar 1
micrometer. (f) Highest magnification backscattered electron image of the same area, scale bar 1 micrometer.

3.2.5. Effects of tin fluoride additive on film morphology
The use of tin fluoride (SnF.) is established in literature as the best way to prevent
oxidation of the perovskite precursor solution, ensuring that the deposited film is
oxidation free, by reacting with the oxidized Snl4 to form SnF4 and Snl; [216]. Although
fresh high purity Snl> shows minimal oxidation in solution, DMSO promotes oxidation
[178]. In addition, the precursor gradually degrades even under inert storage.
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Consequently, adding SnF: is necessary to preserve the quality of the perovskite ink.
The effects on film morphology are also generally accepted to be beneficial. SnF. can
act to slow down the crystallization kinetics of the perovskite, passivate defects on grain
boundaries and reduces the formation of pinholes leading to improved film continuity
[155], [156].

The addition of SnF2to the perovskite solutions showed an almost immediate change in
color from light orange to clear yellow, indicating the quick effect of the sacrificial agent

as shown on Figure 25.

. Solutionis
Perovskite Oxidized reduced

solution w/ j Perovskite back to
pure Snl, solution normal

Figure 25 — Oxidation and remediation of a CsSnl; perovskite precursor solution. Left: solution prepared with pure Snl..
Middle: oxidized solution. Right: solution after addition of SnF,, which restores the original state.

In Figure 26 are shown SEM images of perovskite films prepared with different
concentrations of SnF,. The sample with 20 mol% SnF, exhibits the most pronounced
change in crystallization behavior. Nucleation is abundant, but grains remain very small
and coalescence is minimal. At 20 mol% excess (mol% in excess relative to Snl2
molarity in a stoichiometrically correct solution), the perovskite ink is strongly tin rich. A
modest tin excess is often reported to improve film quality by suppressing oxidation
and vacancy formation [217], but an extreme imbalance could limit crystal growth by

depleting other constituents which suppresses grain growth and coalescence.

All films display two domain types with distinct crystal morphologies. The prevalent
domain contains few large crystals with diameters of tens of micrometers. The less
common domain comprises many small crystals with diameters of a few micrometers (
Figure 26g). The addition of SnF2 seems to reduce the discrepancy between these
regions. The size of the larger crystals is reduced while nucleation is higher and the
overall homogeneity of the film seems to be improved. Additionally, the frequency of the
small crystal domains is reduced.
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Additionally, irregular dome-like protrusions are sometimes observed at the centers of
individual crystals. To the best of our knowledge, similar features have not been reported.
Given that the morphology of these films already differs markedly from most literature
examples, this previously unreported feature may reflect an interplay between the overall
film morphology and the presence of the fluoride additive. Prior studies of fluoride
additives in tin halide perovskites describe reaction-limited crystallization, in which
fluoride-bearing species derived from SnF2 and SnF,4 are excluded from the perovskite
lattice and redistributed to interfaces and grain boundaries, where they seal pinholes and
passivate defects [156], [179]. In contrast, the films examined here appear to grow under
diffusion-limited conditions. Under these kinetics, mass transport may be insufficient to
carry fluoride species away from early nuclei, leading to their accumulation at nucleation
sites and persistence during subsequent growth. This localized enrichment could

produce irregular dome-like protrusions at crystal centers.

One final important observation is that adding SnF. did not change the measured open-
circuit voltage. In principle, this suggests that oxidation during fabrication is not the
primary cause of band misalignment, because SnF; is expected to suppress oxidation
during this stage. Therefore, if band misalignment is present, it is unlikely to arise from

perovskite oxidation during fabrication under the conditions employed in this work.
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Figure 26 — Scanning electron microscopy of perovskite films prepared with varying SnF content: (a) 0 mol% SnF, scale bar 200 ym; (b)
10 mol% SnF,, scale bar 200 pm; (¢) 20 mol% SnF,, scale bar 80 pm. (values of mol% are in excess relative to Snl, molarity in
stoichiometrically correct solution). Higher magnifications of panels (a), (b), and (c) are shown in (d), (e), and (f), with scale bars of 50 ym,
50 um, and 10 ym, respectively. (g) Close-up image of a zone with similar crystal formations to the highlighted zone on (d). Panel (h) shows
the boxed region from (e).

3.3. Conclusions and future work

This work initially focused on systematically investigating how precursor oxidation
influences the morphology and device-relevant properties of CsSnls thin films. It was
demosntrated that an oxidized Snl, precursor inhibits the formation of the black-phase
in FASnl3 perovskites and severely compromises the morphology of CsSnls perovskite

films. To address this, a purification protocol was employed to removed Snls and SnO-
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from the oxidized precursor. The resulting oxidation-free Snl, crystals enabled the

production of CsSnls films with larger, well-defined crystals.

In the second part of the study, a commercially available high purity Snl, precursor was
used, and several modifications were introduced to the perovskite film, device
architecture and fabrication process. To assess the stability of tin perovskites, brief, high-
intensity oxygen exposure was compared with prolonged, mild exposure.
Spectrophotometry indicated that oxidation introduces new phases in the perovskite film,
consistent with prior reports, although these effects were minor for approximately one
hour of air exposure. Under prolonged, mild exposure inside a glovebox, surface

nanocrystals consistent with a Cs>Snls phase formation were observed.

Electrochemical characterization was conducted using Hall effect and scanning Kelvin
probe (SKP) measurements. Hall effect measurements yielded conductivities of 30 to
100 S/cm, broadly consistent with literature values given the limitations of our
measurement setup. SKP measurements revealed surface work functions of CsSnls and
PCBM that were higher than expected, likely due to strong surface oxidation from air
exposure. The morphology of CsSnls perovskite films was studied using scanning
electron microscopy and atomic force microscopy. Both techniques revealed a rough
topography dominated by cruciform dendritic growth, characteristic of diffusion-limited
crystallization. This growth is likely induced by the antisolvent step or by solvent
evaporation. The resulting surface roughness can promote shunting between layers,
contributing to the very low open circuit voltages in the fabricated devices. The
introduction of SnF reduced precursor oxidation and produced more homogeneous films
with a narrower crystal size distribution. However, the additive also produced unwanted
surface features, likely due to the accumulation of fluorine-containing byproducts at

nucleation sites.

Despite repeated fabrication attempts, all devices showed very small open-circuit
voltages (OCVs) and near-linear J-V curves. Measurable OCVs only appeared when
oxygen exposure was minimized, particularly during vacuum backfilling, suggesting that
oxidation-induced band misalignment is a key loss pathway preventing functional
operation. Even so, the observed film morphology likely accounts for most of the OCV

loss by creating shunt connections between layers.

Based on the problems identified and the improvement avenues discussed, we propose

the following directions for future work:
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Morphology improvements

» Implement a two-step annealing protocol: first, a brief low-temperature
anneal to promote uniform nucleation and ionic diffusion during early
growth, then a higher-temperature anneal to ensure crystallization into the
black phase and complete solvent evaporation. [218],[219].

» Reduce the total antisolvent volume to soften the quench and limit dendritic
growth; alternatively use a finer antisolvent mist to improve spatial
uniformity.

» Perform the annealing in a controlled solvent vapor atmosphere to allow a
higher peak temperature while moderating crystal reorganization, which
should improve film uniformity.

» Systematically vary the perovskite ink concentration to tune nucleation
density and grain size.

» Evaluate the effect of additives such as PTM, EDAIl; and sulfur containing

compounds.
Stack compatibility and electrochemical alignment

» Study the effect of precursor stoichiometry beyond simple Sn:Cs ratios,
including halide mixing (I/Br) to tune bandgap and stability.

> Introduce ultrathin interlayers (e.g., 2D perovskites, self-assembled
monolayers) to passivate defects and optimize energy alignment.

» Optimize the PCBM annealing temperature to balance surface smoothing
with interfacial stability and energy level alignment.

» Try alternative hole transport layers such as PEDOT:PSS to improve

wetting and band alignment.
Oxidation control

» Carry out the back contact deposition on an inert atmosphere, to remove

oxygen exposure before this sensitive process.

Although this study yielded several relevant conclusions, including some potentially
novel observations, it also has limitations that warrant further investigation. A more
systematic investigation of degradation is recommended. Perovskite films should be
subjected to accelerated degradation by direct air exposure at controlled relative
humidity for defined durations (10 min, 30 min, 60 min, 2 h). After exposure, samples
should be stored in an inert environment before characterization. Subsequent

compositional analysis by XRD, morphological analysis by SEM and AFM, surface
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energetics by SKP, and electrical characterization by Hall effect should then be
performed under controlled conditions. The same protocol should be applied to films
within complete stacks composed of PTAA, perovskite, PCBM, and BCP to assess the
influence of the transport and buffer layers. In addition, device-level characterization (J-
V curves, SEM, AFM, SKP) should be repeated after thermal deposition to determine
the impact of this process. Together with a parallel optimization of perovskite film
morphology as outlined above, this workflow should provide a robust path toward
fabricating fully functional devices in the laboratory and potentially reveal new strategies

to improve their performance.
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4. Part Il - Background and state-of-the-art

Section 1.1.1 described how the crystal structure of a material determines its electronic
properties through the position of the band gap relative to the Fermi level. It was
explained that electronically connected materials must balance their electrochemical
potential (Fermi level). To this end, charge redistributes until a common electrochemical
potential is reached, which establishes an interfacial electric field. In this section, we
examine how this interaction underpins electrochemical energy storage devices, with a
focus on batteries. We then discuss the role of the active species, the design of solid-
state electrolytes, and how microstructuring of electrodes and interfaces influences ion

transport, reaction kinetics, and overall device performance.

4.1. Fundamental principles of electrochemical energy storage

The concepts presented in this subsection are based on the original ideas and work
Braga et al. [220], and well synthesized in ref. [221].

Let's consider the situation where two materials (electrodes) with a different
electrochemical potential (@ and ;) are placed into electrical contact via a third material
(a separator) which has its own electrochemical potential (jis). In this situation two

scenarios can arise depending on the properties of the separator material.

First, if the separator is a good electron conductor, electrons can move freely between
the electrodes, provided the electrodes are also conductive. A transient electric field
forms at the separator interfaces and then dissipates as charge redistributes by electron

transfer, equalizing the electrochemical potentials. The governing relation is:
L= =W — W+ zed; — zed;

Where 11 is the electrochemical potential (fermi energy), u is the chemical potential, z is
the charge of the mobile charges and ¢ is the electric potential of the material. In the first
scenario, difference in electrochemical potentials is balanced by electron exchange

which changes the chemical potentials of each material.

Second, if the separator is an electronic insulator that blocks electron exchange, the
chemical potentials of the electrodes remain unchanged. Equilibrium is then achieved by

establishing a static potential difference AV;; (i.e. an electric field).

If the separator is an inert material with no mobile charges and a high dielectric constant,
the imbalance in electrochemical potential will lead to the formation of an electric

field across the separator. This is the basic principle of a capacitor, which will
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work even if the electrodes are the same material, because the imbalance is
created by applying a potential difference (voltage) across the device. In this
case, the energy stored is given by E = (CV?)/2, where V is the electronic
potential and C is the capacitance. For a flat geometry C « €eA/d where ¢ is the
dielectric constant of the separator, A is surface area and d is the distance
between each side of the capacitor. Thus, increasing the dielectric constant or

the area will increase the stored energy at a given voltage.

However, If the separator contains mobile charges, that is, an electrolyte, the potential
imbalance drives these charges to the interfaces, where they accumulate and form an
electric double layer capacitor (EDLC). The equilibrium open circuit voltage of the system
is sustained across this double layer. The separation between interfacial electrons in the
electrode and counter ions in the electrolyte is on the order of angstroms, which makes
electron tunneling into the electrolyte possible. When tunneling occurs, electrons reduce
the active ionic species to a neutral form, for example Li* + e~ - Li°. The neutral
species typically nucleates on the electrode as plating or contributes to the growth of a
solid electrolyte interface (SEI). Nonetheless, at thermodynamic equilibrium, the reverse
oxidation reaction proceeds at the same rate at each interface, so no sustained redox

reaction takes place.

In such a device, the electrode with the highest electrochemical potential, referenced to
vacuum with p<0), or equivalently the smallest work function, is the negative electrode
and, during discharge, the anode, where oxidation occurs. The opposite electrode, which
has the lowest electrochemical potential, is the positive electrode or cathode, where
reduction occurs during discharge. The opposite electrode, which has the lowest
electrochemical potential, is the negative electrode or cathode because it's where

reduction reaction occurs during discharge.

Thus when a negative voltage is applied at the negative electrode (positive voltage on
the positive electrode) the electrochemical imbalance is amplified, and the materials can
exchange electrons with the external circuit. The resulting overpotential favors reduction
at the negative electrode and oxidation at the positive electrode. Plating or intercalation

occurs at the negative electrode and energy is stored in the device.

We can utilize the energy stored in the system by connecting the electrodes through an
external circuit. The electrodes can then exchange electrons while the coupled interfacial
reactions proceed. At the anode, active species are oxidized and enter the electrolyte.

At the cathode, electrons from the circuit reduce the active species. Discharge continues
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until the electrochemical potentials re-equilibrate under load or the inventory of active

species is exhausted.

As reactive species are consumed at the interfaces, they must be replenished by ion
migration. Otherwise, the interfacial reactions become transport limited and the current
declines. Therefore, the electrolyte should have high ionic conductivity (o) to sustain
supply at the interfaces. Once the electrochemical potentials are balanced again, or the
available reactive species are depleted, the redox reactions stop and, at open circuit, the

device relaxes to its new OCV.

In the simplest case, where the electrodes are inert metals and therefore provide no
active species, the number of participants in the reaction is limited by the electrolyte.
Thus, the overall energy stored will be limited since E « QV, where Q is the total charge

taking place in the redox reaction.

More complex systems, including those with alkali metal anodes and/or intercalation
cathodes for example, incorporate active species within both electrodes. Consequently,
the total capacity, which is proportional to the amount of redox active species

participating in the reactions, increases substantially [222],[223].

4.2. Sodium based Solid state batteries

Conventional Li ion and Na ion cells use organic liquid electrolytes because these
solvents deliver high room temperature ionic conductivity, about 10 to 102 S cm™,
readily wet and conform to porous composite electrodes without applied pressure, and
are manufacturable at scale through established coating and impregnation steps. These
attributes minimize interfacial impedance, support fast charge transport through tortuous
electrodes, and enable robust high rate performance. The drawbacks are equally clear:
flammability and thermal runaway risks, solvent oxidation at high voltage, parasitic
reactions at reactive anodes that drive SEI formation and growth, and concentration
polarization arising from cation transference numbers well below unity. Together, these
limitations cap practical voltage windows, complicate fast charging, and constrain the
use of metal anodes [18], [221], [224].

Solid electrolytes are electronically insulating, ion conducting solids that include
ceramics such as oxides, sulfides and halides, polymer (such as PEO) based systems,
and their composites. A solid-state battery typically consists of a composite cathode
(active material, solid electrolyte and a conductive additive), a solid electrolyte separator,
and either an alkali metal or an insertion anode. To function effectively, the composite

cathode must provide co-percolation of ions, electrons, and active material. Unlike
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liquids, solid-solid contact and the chemistry of the interface dominate impedance and
cycling behavior [225],[226].

The field builds on fast ion conductors such as Agl and beta alumina and on Armand’s
late 1970s proposal of polymer electrolytes. Sodium ”-alumina enabled commercial
high temperature Na-S and Na-NiCl; cells [227]. Interest accelerated in the 2010s with
ceramics that reach the millisiemens range and with improved polymer and composite
strategies, which reframed Li and Na solid state batteries as credible routes to safer
systems with higher energy [228],[225],[229].

Across Na-ion solid electrolytes, oxide ceramics remain important. NASICON,
Na1xZr:SixP3x0O12, is @ benchmark Na conductor that can reach about 10 S cm™ in well
processed pellets, is chemically robust, and is widely used to study Na and solid
electrolyte interfaces. Although thermodynamics predict some reducibility against Na-
metal, stable cycling is achievable when the interphase is engineered, for example by
creating phosphate rich layers or using thin metals or alloys. [230], [231]. B”-alumina also
provides very high Na mobility with proven durability, historically at elevated temperature,
while room temperature use is limited by interfacial contact issues and by high

temperature sintering requirements during processing [227].

Sulfide electrolytes offer complementary traits. NasPS, and derivatives are soft, readily
densified solids with conductivities around 10 to 10 S cm™, and halogen or dopant
tuning can further enhance transport [232]. Direct Na contact, however, often forms
mixed conducting interphases such as Na:S and NazP, so ultrathin protective or
deliberately reactive interlayers are typically required. [233], [234]. NasSbS., including
tungsten doped variants, reaches some of the highest conductivities among Na sulfides,
greater than 102 S cm™' in some reports, yet it shares the tendency toward Na-reduction,

so interphase engineering is again essential [235].

Halide and oxyhalide electrolytes are another choice. Amorphous or defect rich and
complex halides, for example NaTaCls type, LaCls based, and NaxZrCls family
compositions, now report millisiemens class conductivities together with superior
oxidative stability and deformability. These attributes are attractive for pairing with high
voltage cathodes and for creating compliant interfaces. Processing windows based on
cold pressing and low temperature treatments are improving, which positions halides as
strong Na solid state battery candidates where cathode stability is critical.
[236],[237],[238].
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Polymers and polymer ceramic composites complement these families. Classic PEO:Na-
salt systems are simple and mechanically compliant but show modest room temperature
conductivity, about 10°% to 10% S cm™, and often require elevated temperature,
plasticizers, or nanoscale ceramic fillers. Single ion polymers can mitigate concentration
polarization and improve fast charge behavior [239]. Hybridizing polymers with ceramic
particles or thin film oxides helps to balance the trade off between conductivity and
mechanics [240],[229].

The absence of volatile solvents in solid electrolytes directly mitigates flammability and
thermal runaway risks, which is a central driver for both electric vehicles and stationary
storage. Many solid electrolytes conduct predominantly the cation, which reduces
concentration gradients during fast charging and in principle supports stable alkali metal
anodes that could raise energy density [239]. Several oxide and especially halide or
oxyhalide electrolytes also show wider oxidative stability, improving compatibility with
high voltage cathodes that are relevant for Na based systems. Even so, solid state
batteries are not automatically dendrite free or low impedance, since contact loss,
interphase formation, and pressure dependent kinetics can still cause shorting or high
overpotentials, which has been demonstrated even in Na and NASICON cells, so
interfacial engineering remains the primary challenge [225], [241], [242]. Additionally,
composite cathodes and scalable manufacturing are equally challenging. Because solids
do not self-wet porous electrodes, practical cathodes must manage active material, solid
electrolyte, and electronic conduction, with stable contact across large interfacial areas.
Processing adds further constraints: oxides often require high temperature densification
without grain boundary blocking phases, sulfides and halides are moisture sensitive, and
polymer and ceramic hybrids trade conductivity for mechanics at room temperature
[225],[243].

4.3. Microstructuring in batteries

Besides compositional advancements in battery technology, other areas have been
gaining traction as a potential way to improve performance. One such area is the
topology of the interfaces and more specifically, how the tailoring of topology can
beneficially influence the performance. This is typically performed by creating micron
sized or nano sized structures or features in the relevant interfaces of the device such

as the anode, cathode and current collectors.

Micro and nanostructuring can improve electrochemical performance through several

coupled mechanisms. At small overpotentials, the interfacial Faradaic resistance follows
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RT

R., =
ct TLFiOAeff

, where n is the number of active species in the reaction and F is the

Faraday constant. Increasing the true contact area A« or the local exchange current io
through engineered microtexture lowers Rc. This is the standard linearized Butler-Volmer
and EIS result used to explain how roughness or porosity reduces activation energy.
[244].

In solid-state batteries, particularly at interfaces where intrinsic charge transfer is fast,
the dominant loss often arises from constriction resistance caused by a limited number
of true contact spots. Interface-aware designs such as microtexturing, compliant or three-
dimensional current collectors, and pressure-assisted contact increase the true contact
area and homogenize current paths, which sharply lowers interfacial impedance and
raises the critical current [245] [246],[247]. The hierarchical arrangement of micro and
nanostructures can also strengthen both electronic and ionic transport by addressing
interfacial phenomena across multiple length scales [14], [248], [249], [250]. These
structures may further reduce the alkali-metal nucleation overpotential [145].

The shape of the micro and nanostructures is critical. Architectures that form straight or
graded pores with low tortuosity raise effective ionic conductivity and diffusion, which

mitigates concentration polarization at high rates [251], [252], [253].

Engineered topography can also improve stability by guiding and limiting dendrite
growth. Suitable surface patteming steers dendrites laterally or at a shallow angle, which
extends battery lifetime by limiting penetration into the opposite electrode [254].
Nanostructuring can tailor local electric fields, which can lower dendrite height [255]. It
also reduces structural stress in the deposited metal during alkali-metal plating, helping

to prevent cracks that undermine anode stability [256].

Finally, nanostructured architectures such as one-dimensional or porous particles,
combined with engineered binders or designed void space, accommodate the large
volume changes that occur during normal operation. This limits cracking and
pulverization, preserves electrical pathways, and maintains active interfacial area over
cycling [257],[258].

4.3.1. Microstructuring methods
Ultrafast, short pulse laser texturing uses femtosecond to nanosecond beams to form
micro and nano grooves, cones, or laser induced periodic surface structures on
aluminum and copper [259]. Merits include direct patterning without masks, tunable

roughness, and compatibility with foil collectors. Key challenges are capital cost, beam
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throughput on wide foils, thermal effects on thin substrates, and integration with roll to
roll lines [260].

Mechanical embossing, roll forming, and electroforming can create periodic
microgrooves or pillars on aluminum with good line compatibility. Tooling wear, pattern
fidelity at high web speeds, and alignment are common issues for embossing and roll
forming [261]. Electroforming adds bath chemistry control, thickness uniformity across

width, and waste handling as scale up concerns [262].

Clean room methods such as photolithography, deep reactive ion etching, and
nanoimprint lithography offer precise, repeatable geometries and extreme area
enhancement. They also bring high capital and operating costs, resist and mask logistics,
and yield sensitivity. Among these, imprint lithography is noted for higher throughput
potential [263].

Electrochemical dealloying starts from a copper zinc alloy on copper and selectively
removes zinc to produce a bicontinuous porous copper network. Advantages are
conformal porosity and good metal adhesion. Rate control, structural fragility at very high

porosity, and process time are typical limitations [264], [265].

Colloidal templating yields ordered three dimensional current collectors after
electrodeposition and template removal. The method provides regular pore size and
periodicity but can suffer from template cracking, defect propagation, and additional

steps for complete template removal [266],[267].

Carbon nanotube and graphene films, either grown by chemical vapor deposition or
transferred, provide ultralight, conformal current collectors or interlayers. Benefits include
low mass and surface passivation of aluminum for aqueous binder use. Cost of high
quality films, transfer induced defects, and contact resistance variability remain important
barriers [268], [269].

Metal assisted chemical etching is a wet chemistry route to dense silicon nanowire
forests or porous pillars on silicon or metal supports with modest equipment needs.
Chemical handling, uniformity across large areas, and surface damage that can raise

resistive losses are common concerns [270].

Despite clear electrochemical benefits, extensive micro and nanostructuring remains
uncommon in large format commercial cells because manufacturing cost and throughput

dominate technology selection [14].
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5. Materials and Methods (Part 1)

The fabrication of the microstructured copper current collectors was performed by the
project partners at CENIMAT/i3N — NOVA. However, it is still relevant to this work.

5.1. Fabrication of the Microstructured Copper Current Collectors

The fabrication of microstructured copper current collectors was based on a bottom-up
templating approach combining parylene-C coating, colloidal microsphere assembly,
reactive ion etching, and electron-beam evaporation (Figure 27).

Parylene-C layer

deposition via Chemical
Vapor Deposition (CVD)

Langmuir-Blodgett
%t (LB) microsphere
deposition

Parylene-C Microstructured

i 1 (=5 um) surface
SENYIS T A Y N H
PEN Substrate : s

Polystyrene
microspheres.

Titanium / Copper layers
deposition via Electron
beam evaporation

Reactive ion
etching with 02
plasma

Figure 27 — Diagram of the four-step fabrication process for the microstructured copper current collectors.

5.1.1. Parylene-C Deposition
As a base layer, parylene-C was deposited onto polyethylene naphthalate (PEN)

substrates, which served as flexible supports for subsequent microstructuring. Prior to
deposition, the PEN substrates were cleaned with isopropanol followed by deionized
water. Parylene-C deposition was performed via chemical vapor deposition (CVD) using
a PDS-2010 Labcoater 2 system (Specialty Coating Systems), following procedures
described in Ref. [271].

The final film thickness was controlled by the mass of the parylene-C dimer precursor
and verified using a profilometer. A dimer mass of ~8 g yielded films with thicknesses
ranging from 4 to 5 ym. The parylene-C precursor (chloro-para-xylylene dimer) was

sourced from SCS (Specialty Coating Systems).

5.1.2. Microsphere Deposition

To create a self-assembled etching mask, polystyrene microspheres were deposited
onto the parylene-coated substrates via the Langmuir—Blodgett (LB) technique, as de-
scribed in Ref. [272]. A colloidal suspension was prepared by diluting a 10% microsphere
solution (1.30 £ 0.03 ym diameter, Microparticles GmbH, Berlin, Germany) at a 1:1
volume ratio with a diacetone-based solution containing 1% styrene and 0.1% sulfuric
acid.
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Before deposition, the LB trough (Biolin Scientific KSV NIMA, Gothenburg, Sweeden)
was cleaned with deionized water, followed by ethanol. The tank was then overfilled with
700 mL of deionized water to stabilize the air-liquid interface. A total of 400 uL of the
colloidal solution was gently added to the interface using a microsyringe. The system’s
barriers were closed at 5 mm/min, facilitating self-assembly of the micro-spheres into a
close-packed hexagonal monolayer. This monolayer was then transferred onto the
parylene-coated substrate by vertically withdrawing the substrate from the water surface

at the same speed (5 mm/min).

5.1.3. Reactive lon Etching (RIE)
To modify the geometry of the polystyrene spheres and, thus, tailor the resulting surface
microstructure, oxygen plasma etching was conducted using a Trion Phantom 3 RIE
system. The etching conditions were fixed at 50 W power, 20 mTorr O, pressure, and
100 sccm gas flow, with the etch durations varied at 0, 6, 9, 12, and 15 min to
systematically control the final feature morphology. After RIE, the remaining
microspheres were removed by sequential ultrasonic cleaning in toluene and

isopropanol.

5.1.4. Copper Deposition
Final metallization was performed by electron-beam evaporation in a custom-built
vacuum system. Prior to deposition, the chamber was evacuated to a base pressure of
(1-2) x 1078 mbar. A 20 nm titanium adhesion layer was first deposited, followed by 250
nm of copper. Both metals were deposited using separate crucibles containing high-
purity pellets. Film thickness was monitored in real time using a quartz crystal

microbalance.

This sequence yielded microstructured Cu current collectors with tunable surface

morphology, suitable for interface engineering in solid-state battery configurations.

5.2. Characterization of the Microstructured Copper Current
Collectors

5.2.1. Charge Transport Measurements
The sheet resistivity of the copper current collector samples was measured using the
van der Pauw method, employing a Linseis HCS 1 Hall-effect measurement system.
Each sample was prepared with four collinear electrical contacts placed along the edges.
A constant current of 3 mA was applied between two adjacent contacts, and the resulting
voltage was measured between the remaining two contacts. This configuration allowed

for the calculation of resistivity using standard van der Pauw equations. Charge carrier
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density and mobility were measured using the same setup and equipment, while applying
a 3 mA current for the Hall-effect measurement. Measurements were performed as a
function of temperature, from 25 °C up to 70 °C, in controlled inert conditions. Each
temperature was equilibrated. The chamber was initially evacuated to 1072 bar and then
purged continuously with high-purity nitrogen at 4-5 L/min. This minimized spurious
surface reactions, stabilized the thermal conditions, and reduced electrical noise during

measurements.

5.2.2. Topography and Surface Potential Measurements
Atomic Force Microscopy (AFM) was used to perform topographical and surface
potential analyses of the copper current collectors using an MFP-3D Infinity AFM
(Asylum Research). A minimum of eight regions were imaged per sample (2 x 2 cm),
using Ti/lr-coated silicon tips (radius 25 nm £ 10 nm). Images were captured in tapping
mode over 20 x 20 um? areas (256 x 256 pixels). Scan rates were adjusted individually

to minimize imaging artifacts such as parachuting.

To enhance visual clarity for publication, raw 256 x 256 topography maps obtained from
AFM were upscaled to 1024 x 1024 pixels using cubic interpolation
(skimage.transform.resize, order = 3) with anti-aliasing enabled. This processing was
carried out solely for visualization purposes; all quantitative analysis was performed on
the original-resolution data. Color scaling, scale bars, and labels were applied
programmatically to maintain consistency across images. The processed images were
saved as high-resolution PNG files (300 dpi) using custom Python scripts written in

Jupyter Notebooks.

For each AFM image (minimum of eight per sample type), various quantitative
parameters were extracted to statistically characterize the surface roughness, structure

density, and spatial uniformity:

¢ Root-Mean-Square Roughness (RMS): Automatically calculated using Igor Pro 6
(Asylum Research). RMS quantifies the average deviation in height across the
scanned area and serves as a standard metric for surface roughness. A higher
RMS value indicates a rougher and more topographically varied surface.

e Surface Area Increase (%): Also obtained via Igor Pro. This parameter reflects
the percentage increase in total surface area compared to an ideal flat 2D surface
(20 x 20 ym = 400 um?). It captures the increased electrochemically active area
made available by the 3D structuring.

¢ Number of Particles: Computed via Python 3.11.9 using local maxima detection

(skimage.morphology.h_maxima) with a height prominence threshold of 20 nm
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to isolate individual topographical features (cone-like structures). This metric
provides insight into structural density and inter-sample or intra-sample
consistency. A uniform particle count across zones indicates good fabrication
repeatability.

e Average Distance to Six Nearest Neighbors (Denn): Using the particle centroids
identified above, the average distance to each particle’s six closest neighbors
was calculated. The particles tend to form hexagonal arrangements, and this
metric captures the characteristic spacing between them. This is relevant to
understanding how the electrolyte penetrates between structures, as well as
where sodium deposition may preferentially occur.

e Standard Deviation of Nearest-Neighbor Distance (oonn): For each particle, the
distance to its single closest neighbor was computed, and the standard deviation
of these distances across each image was used to quantify local ordering. Lower
values of opnn indicate high spatial uniformity (ordered structure), while higher
values suggest disorder or irregular spacing. These parameters were computed
individually for each AFM frame, allowing for statistical comparison across

etching conditions using box plots.

All non-native analyses were conducted using custom Python scripts in Jupyter

Notebooks.

Surface potential measurements were obtained via KPFM using the same scan
parameters as AFM (20 x 20 uym, 256 x 256 pixels). Due to occasional tip—sample
disconnection events, observable as abrupt potential drops, data points with values
below 0 V vs. SHE were masked and excluded from the quantitative analysis. These
masked zones typically represent areas where negative charge accumulated and where
there was subsequently a breakdown. To ensure accurate surface potential statistics
(mean and standard deviation), a custom Python script applied a threshold-based mask
(V2 <0 V) to the raw data before calculating these parameters. For visualization, masked
regions were overlaid with a semi-transparent dark blue layer, and the upscaled (1024 x
1024) voltage maps were saved as high-resolution PNGs. Color bars were dynamically

scaled to valid data ranges, with appropriate unit labels (V or mV).

Quantitative surface potential analysis (SKPM) followed the masking for surface potential
< 0V from each SKPM image. Using custom Python code, the average surface voltage
was calculated as the arithmetic mean of all unmasked pixel values. This parameter
represents the average local surface potential of the sample relative to the conductive

AFM tip and provides insight into the average electronic environment at the sample
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surface. These parameters were calculated for each SKPM image individually. With
multiple regions analyzed per sample, statistical comparisons between etching
conditions were carried out using box plots to capture variability within and across
samples. Dual-pass KPFM is used to minimize crosstalk from topography effects. The
first pass acquires topography in tapping mode, and the second pass rescans the

conducting tip at a constant relative height above the surface.

5.2.3. Scanning Electron Microscopy and X-Ray Photoelectron Spectroscopy

An FEI QUANTA 400 FEG ESEM scanning electron microscope was used. The chemical
composition analysis was performed with an EDAX Genesis X4M energy-dispersive X-
ray spectrometer. Magnifications of 1000x and 25,000x were used with an energy of 15
keV in both backscattered electron detection and secondary electron detection. To
perform the X-Ray Photoelectron Spectroscopy analysis, a Kratos Axis Ultra HSA
system was employed. The primary goal was to detect the presence of oxidized copper

(Cu?*, Cu*, Cu®) and residue from the fabrication process.

5.2.4. Separator Preparation and Cell Assembly

The electrolyte used in this study was Na299Bao.00sOCl, a glassy ferroelectric solid-state
conductor synthesized via aqueous solvation, following the procedure described by
Braga et al. [21],[25]. The synthesis utilized NaCl (99.0%), NaOH (anhydrous, 99%), and

Ba(OH). (anhydrous, 94—-98%) as precursor materials.

Following synthesis and thorough drying, the solid electrolyte powder was mechanically
processed using a FRITSCH Planetary Mono Mill PULVERISETTE 6. Milling was
performed in a sealed agate vessel containing five agate balls (20 mm diameter),
operated at 300 rpm for 40 min to achieve uniform particle size reduction under controlled

inert conditions.

The milled electrolyte was subsequently blended with the polyvinyl acetate (PVAc) binder
with a weight ratio of 80:20 (Na2.99Bao.0osOCI:PVACc). This composite mixture was then
re-milled using the same planetary ball-mill configuration to ensure homogeneity and

cohesive powder formation.

To fabricate the separator membrane, the composite powder was dispersed in ethanol
to form a viscous, homogeneous slurry, which was impregnated onto 3 x 3 cm cellulose
sheets serving as mechanical supports. These coated sheets were subsequently placed
in a vacuum oven at 40 °C and -500 mbar (relative to atmospheric pressure) for a

minimum of 24 h, ensuring complete solvent removal and solidification of the membrane.
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Zinc current collectors measuring 25 x 25 mm? were cut from a high-purity zinc sheet

(99.98%) and used as the negative metal electrode in the assembled cells.

Cell assembly was carried out under ambient conditions, outside a glovebox. The
prepared separator was manually positioned between the zinc and copper current
collectors, ensuring that no direct electrical contact occurred between the electrodes.
Teflon tape was applied around the perimeter to mechanically secure the assembly and

maintain alignment.

Finally, the cells were vacuum-sealed using a pilot-scale packaging line. An aluminum-
laminated pouch was first formed using a pouch case-forming machine. Subsequently,
the top and one side of the pouch were sealed using a top-and-side heat-sealing
machine. The partially sealed pouch was placed into a vacuum pre-sealing chamber,
where air was evacuated. The final seal was then applied to the remaining side,
completing the encapsulation and ensuring environmental isolation of the cell

components.

5.3. Pouch Cell Electrochemical Characterization

To assess the electrochemical performance of the Zn/Nazg9Bao 00sOCl/structured Cu
solid-state cells, potentiostatic electrochemical impedance spectroscopy (PEIS) and
cyclic voltammetry (CV) measurements were performed using a Biologic VMP-300
potentiostat. The cells were tested at both room temperature and 40 °C. The cells were
heated up to 40 °C inside a thermostat-controlled sand bath, where they were maintained

for at least 2 h before being tested.

5.3.1. Electrochemical Impedance Spectroscopy (EIS)
The principle of EIS is straightforward: applying a voltage and measuring the resulting
current using a potentiostat connected to the electrochemical system's terminals.
However, using an AC voltage necessitates considering the response of reactive
elements like capacitive or inductive elements. This leads to adopting the more
comprehensive concept of impedance (Z) instead of pure resistance. It takes advantage
of the different responses of capacitive, inductive, and resistive elements to various
frequencies. Importantly, it's non-destructive because it uses small amplitude signals,
from 1 to 10 mV, across a wide frequency range, generally form 1mHz to 1Mhz. Using
small amplitude signals is crucial not only to maintain the system's integrity but also to
ensure a pseudo-linear electrical response. Complex electrochemical systems do not
have a linear response to input signals; for example, doubling the input voltage will not

necessarily double the current, like it would in a resistor. The response of a non-linear
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system cannot be simplified as the weighted sum of the responses of it's constituents,
making analysis challenging. Furthermore, non-linear systems tend to exhibit complex
harmonic signals resulting from higher degree excitations. These harmonics will interfere
with the measurement, which ideally should be the response at a single frequency.
However, if the input signal is small enough, the response of the system can be
approximated as linear which mitigates both non-linearity problems. One of the most
common methods for analyzing EIS data is fitting it to an equivalent electrical circuit
model composed of elements with known impedance. This model should represent the
capacitive, inductive, and resistive properties of the physical system. The usefulness of
these models is often limited by the physical meaning they have. It is then crucial for
each component of the circuit to have a physical basis in the electrochemical system.
For instance, the accumulation of charges can be depicted by including a capacitor and
resistor [273],[274].

PEIS measurements were conducted at open-circuit voltage by applying a 10 mV AC
perturbation across a broad frequency range from 7 MHz down to 100 mHz. The resulting

spectra were analyzed by equivalent circuit fitting, using EC-Lab V11.61.

5.3.2. Cyclic Voltammetry (CV)

Cyclic voltammetry applies a controlled voltage sweep to an assembled cell at a defined
scan rate, while recording the resulting current. The onset and shape of the current
response indicate where the electrodes begin their intended redox reactions, where
parasitic processes at solid electrolyte interfaces arise, and whether alkali metal plating
and stripping are reversible. These traces are then used to estimate a practical stability
window for the solid electrolyte, assess electrode-electrolyte compatibility, and set cut-
off voltages or justify protective layers for later cycling tests [225], [275]. The CV cycles
were performed at a scan rate of 5 mV.s™', and the experiment was repeated five times
to assess cycle-to-cycle reproducibility. The voltage window for each cycle was set
between —0.3 V (discharge limit) and +2.1 V (charge limit).

This testing protocol enabled identification of any irreversible processes or degradation
over the initial cycles, as well as insight into how surface structuring of the current

collector may influence redox kinetics and interfacial stability.

5.3.3. Charge/Discharge Cycles and GITT
Galvanostatic charge and discharge cycling evaluates solid-state cell performance under
a controlled current by tracking delivered capacity, Coulombic efficiency, and voltage

hysteresis over repeated cycles. Trends in these metrics diagnose rate capability and
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reveal progressive resistance growth caused by interfacial reactions or contact loss. The
galvanostatic intermittent titration technique (GITT) complements these tests by applying
small current pulses separated by relaxation periods, from which the quasi-equilibrium
voltage profile can be obtained.

Charge/discharge cycles were conducted with an external material resistance (either
26.4 kQ or 21.7 kQ) connected in parallel to each cell. The charging voltage was set to
2.1V. The GITT measurements were carried out using a Neware CT-4008Tn-5V-20mA
battery tester (Montclair, CA, USA). Each test cycle consisted of charging the cell at 1
MA for 100 s, followed by a 1 h rest period.
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Figure 28 — Examples of electrochemical characterization methods. (a,b) Potentiostatic electrochemical impedance
spectroscopy, PEIS: (a) a Nyquist response with fully resolved features, (b) a typical measurement where features merge,
which introduces ambiguity in analysis. Adapted from reference [273]. Licensed under CC BY 4.0. (c) Cyclic voltammetry.
PA indicates the anodic peak (charge), PC indicates the cathodic peak (discharge). Source: Wikimedia Commons — Cyclic
Voltammetry. Licensed under CC BY-SA 4.0. (d) Typical discharge profile for a battery with a plateau at the equilibrium
potential.
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6. Results and discussion (Part Il)

This section is organized into two subsections: The first presents the results obtained
from the characterization of the microstructured copper current collectors. The second
focuses on the electrochemical performance of pouch cells incorporating these
microstructured current collectors. Given the extensive range of characterizations
conducted, the data have been consolidated into a series of graphs that summarize key

parameters relevant to the analysis.

6.1. Characterization of the Microstructured Current Collectors

The characterization of the copper current collectors is an important step in
understanding their effect on battery behavior. Topographic features change the nature
of electrochemical interfaces between the current collector and the electrolyte. Micro—
nanoscale structures were identified and quantified with the use of Atomic Force
Microscopy, while Scanning Electron Microscopy and Energy Dispersive X-Ray
Spectroscopy were used to assess the presence of surface defects resulting from the
fabrication process. Kelvin Probe Force Microscopy complements the topographic
analysis by measuring surface potential, which again can affect interfacial phenomena.
X-Ray Photoelectron Spectroscopy substantiates the KPFM analysis with compositional
surface analysis of the samples. Finally, the sheet resistance of the samples was
analyzed using the van der Pauw method [276], while charge carrier concentration and

mobility were determined by Hall-effect measurements [277].

6.1.1. Topographical Characterization

The topographical AFM characterization of the copper samples was performed in
multiple randomly chosen spots for each sample. Figure 29 shows that the patterning
process creates a honeycomb-like pattern of cone-shaped “particles”. The well-
structured distribution of the particles, observed for current collectors with 6 (Figure 29b)
and 9 min (Figure 29c) of etching time, is gradually lost at higher etching times (Figure
29d,e). This trend is expected, as etching durations beyond 9-12 min can lead to the
complete removal of the PS spheres, which serve as the mask for the parylene-C
etching. Once the mask is gone, the subsequent etching becomes more irregular and

uncontrolled.
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Figure 29 — Examples of topography images, obtained via AFM, of the copper current collectors with different etching
times: (a) 0 min; (b) 6 min; (c) 9 min; (d) 12 min; (e) 15 min. The images shown were upscaled to 1024 x 1024 pixels,
from the original 256 x 256, for enhanced visual clarity

To quantitatively evaluate the impact of plasma etching time on the surface morphology
of the microstructured copper current collectors, five key topographical parameters were
extracted from the AFM images: (1) RMS roughness, (2) relative surface area increase,
(3) number of particles, (4) average six-nearest-neighbors distance (Dsnn), and (5)
standard deviation of nearest-neighbor distances (oonn). These parameters were derived
from multiple AFM images for each etching condition, and the resulting distributions were
analyzed using box plots to capture both inter-sample trends (e.g., how the mean value
evolves with etching time) and intra-sample variability (e.g., interquartile range and the

presence of outliers) (Figure 30).

RMS Roughness: A systematic increase in RMS roughness was observed with longer

etching times, confirming that extended O, plasma exposure enhances the surface relief.
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This behavior is consistent with the expected deepening of surface features as more
parylene-C-masked material is selectively removed. Notably, the interquartile range
(IQR) narrows at higher etching durations, suggesting that the roughness not only grows

but also becomes more spatially homogeneous across the surface (Figure 30a).

Surface Area Increase: The evolution of surface area follows a similar trend, increasing
steadily with etching time in tandem with RMS roughness, up to an average in-crease of
28.8 £ 1.17% for the 15 min sample. This is expected, as the development of deeper or
taller topographical features increases the actual surface area relative to the projected
2D footprint. The reduced IQR at higher etching times also points toward a more uniform
topographic landscape, which may enhance the consistency of the elec-trochemical
interface (Figure 30b).

Number of Particles: Across most etching times, the average number of detectable
topographic features remains relatively constant, indicating that the lateral pattern fidelity
established by Langmuir—Blodgett deposition of polystyrene (PS) spheres is preserved.
This suggests that O, plasma etching modifies vertical dimensions without substantially
affecting the in-plane distribution of features, at least up to 12 min. At 15 min, however,
the appearance of a small number of outliers suggests the onset of local defects or
dislocations in the particle lattice, pointing to a possible etching threshold beyond which

structural integrity begins to degrade (Figure 30c).

Average Six-Nearest-Neighbor Distance (Denn): The average Denn remains nearly
constant (~1.44—-1.47 um) across all etching durations, indicating that the in-plane
periodicity governed by the initial PS sphere array is maintained throughout the etching
process. This implies that the etching procedure does not significantly perturb the global
spatial arrangement of the features. However, the presence of more outliers at extended
etching times may reflect localized pattern distortions resulting from the long etching

process (Figure 30d).

Standard Deviation of Nearest-Neighbor Distance (oonn): In contrast to Denn, Oonn
exhibits a clear increasing trend with etching time. This indicates growing variability in
local feature spacing, which suggests a gradual degradation of short-range order in the
feature array. While the global lattice symmetry remains intact, local periodicity becomes
less regular, potentially influencing surface potential uniformity and leading to uneven
ion nucleation during subsequent sodium plating. This degradation in spatial order
complements the observed changes in particle count and Denn, emphasizing that
although the layout is nominally preserved, longer etching introduces disorder at the

micro—nanoscale (Figure 30e). It is noteworthy highlight that longer etching corresponds
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to lower information and, therefore, increased entropy. However, Figure 30e shows that

the sample with lowest average opnn is the one etched for 9 min, while the sample

showing the lowest average opnn values is the one etched for 12 min, which will later

correspond to the current collectors/electrodes of the best-performing cells.
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Figure 30 — Extracted parameters from topography images: (a) root-mean-square (RMS) of topography; (b) surface area
increase from flat topography (400 ym?); (c) number of particles; (d) average distance between 6 nearest neighbors; (e)
standard deviation of average nearest-neighbor distance.

Microscale SEM images (Figure A6) highlight some features that are less perceptible

by AFM. Defects such as unmasked areas and particle grain boundaries, although

common in all samples, as highlighted in Figure 31, comprise a small part of the total
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area. Atomic number contrast images (Figure A6, right-hand column) and EDS (Figure

A7) show that, in most cases, copper was still deposited in those areas.

(a)

Topography 225 -

patterning proce:

Grain
% boundaries

Figure 31 — SEM images of the microstructured copper surfaces. Topographic features such as defects, residue from the
patterning process, and grain boundaries are highlighted in red, green, and yellow, respectively. Samples’ etching: (a) 6
min; (b) 9 min.

Additionally, SEM images of the sample etched for 15 min (Figure 32) show a less
homogeneous surface because of the long etching process. This effect contributes to
the increased surface area by creating deeper topographic features besides the cone-
like structures highlighted in AFM. Some “bridges” are observed connecting the cones in
Figure A6i. Where these bridges are more frequent, a brighter phase is found, likely
meaning that charge carriers are exchanged and confined in denser, brighter areas
(Figure 32-right). Finally, the obtained wide XPS spectra (Figure A8) shows small Cl 2s
peaks (from the parylene-C substrate) and no Ti 2p peaks, indicating that copper was

deposited across the entire surface without significant defects or residue.
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ecreased homogeneity

Figure 32 — Atomic number contrast SEM images, obtained with backscattered electrons, for the microstructured copper
samples etched for 12 min (left) and 15 min (right), highlighting the increased inhomogeneity resulting from the prolonged
etching process with particles forming bridges, which result in the formation of two phases with not too dissimilar density,
likely Cu%Cu*/Cu®" based.

6.1.2. KPFM Characterization

The surface potential ¢ of a sample is characterized using Kelvin Probe Force
Microscopy (KPFM). The electrochemical potential of the probe aligns with the
electrochemical potential of the material @ = u + zed, where u is the chemical potential
of the material or species, z is the valency of the mobile ion, and e is the elementary
charge. It depends on the sum of e¢ and the chemical potential u of the material or
species, if z = 1. The work function of a material is WF = —f, accounting for both the
chemical potential and the surface potential; in other words, it accounts for bulk and
surface phenomena. If the material is electrically insulated and shows no ¢, then WF =
—u. The work function of the current collector is a relevant parameter, as it influences
the performance of the cell, including the solid-state electrolyte’s ionic conductivity,
charge transfer, and deposition behavior [278]. It is also an indicator of the level of

oxidation on the copper surface.

Figure 34a show the average surface potential for the different copper samples, all
measured relative to the tungsten WF = 4.44 eV (u = —4.44 eV) of the calibrated tip,
corresponding to 0 V vs. SHE (standard hydrogen electrode). The 0 min sample exhibits
a surface potential in the range of +0.45 V vs. SHE, which aligns with the expected values
for clean, metallic copper surfaces (typically +0.34 V Cu?*/Cu(s) vs. SHE and +0.52 V
Cu*/Cu(s) vs. SHE) [279], suggesting minimal surface oxidation. In contrast, the
microstructured samples show systematically lower average surface potentials,

indicating a decrease in work function relative to the flat vacuum reference. Two
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competing effects may explain this trend: First, the cone-like surface topography
introduced by etching can lead to local charge redistribution. Electrostatic field
concentration at the sharper valleys may promote electron accumulation, thereby
decreasing the work function, while increasing the local surface potential. The planar top
regions between these valleys may exhibit lower electron density, effectively increasing
the local work function. This effect is directly observed in the raw KPFM images, where
the tips of the cones show higher surface potential vs. SHE than the surrounding valleys.
In structured samples, this would lead to lower average surface potential compared to
the unstructured sample. This is also noticeable in Figure 34b, with structured samples
having higher deviation in surface potential. A second important effect is oxidation, which
becomes more significant for microstructured surfaces due to their increased surface
area. The formation of CuO (with Cu?*) would decrease the work function of the material,
thereby lowering the measured surface potential vs. SHE. This oxidation effect likely
contributes to the reduced potential observed even at the cone tips, which do not reach
the same values as the unstructured, presumably cleaner, flat sample. This idea is
substantiated by the XPS Cu 2p ROI spectra (Figure A9, left column), which show
intense CuO peaks for the 0 and 15 min samples, as shown in Figure 35. Still, in all
samples, the Cu LMM Auger ROI (Figure A9, right column) show a strong Cu20 peak,
indicating general surface oxidation. The 6 min samples show a higher relative amount
of Cu®, and the 15 min samples show almost similar relative distribution of Cu?*/Cu*/Cu°.
Native oxidation layers are typically in the order of a few nanometers, which is around
the depth of measurement of XPS, while KPFM can be influenced by charge
accumulation from the unoxidized underlayer. Thus, XPS only measures the native
oxidation layer, while KPFM is influenced by the bulk. This effect is more pronounced on
the flat 0 min sample, given that topological effects are reduced. The latter is also
corroborated by the surface chemical potential of the 0 min sample being the highest
(0.45 V, SHE), corresponding to more Cu*/Cu® (0.52 V, SHE) than Cu?*/Cu°® (0.34 V,
SHE), more pronounced than in the other samples showing lowest chemical potentials
vs. SHE.
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Figure 33 — Maps of surface potentials ¢,,, where ¢, — ey, = 0 = ey — Heip = €(@rip — Pcy), Where the tip is calibrated
to be equal to the standard hydrogen electrode y,;,, = 0 eV vs SHE = —4.44 eV vs electrons atrest in vaccum, obtained via
KPFM, of the copper current collectors with different etching times: (a) 0 min; (b) 6 min; (c) 9 min; (d) 12 min; (e) 15 min.
Areas masked in dark blue represent excluded points where the surface potential dropped below 0 V due to charge

accumulation. These areas were not considered for obtaining the average surface potential, as the focus is herein given
to the background.
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Figure 35 — Comparison of XPS spectra, near Cu 2p3/2 peaks, obtained for the microstructured copper samples etched
for O (left) and 15 (right) minutes. Cu* peaks colored in blue, Cu® peaks colored in rose, Cu®* peaks colored in green and
loss features colored in red.

6.1.3. Charge Transport Measurements

Given that the current collectors were fabricated by copper deposition, it is important to
assess whether this process, along with microstructuring, affects the resistance of the
samples and, consequently, the internal resistance of the battery. To investigate this, we
performed four-point probe sheet resistance and Hall-effect measurements, as shown in
Figure 36. The results in Figure 36a,b display the expected trend of increasing resistivity
with temperature, which is typical of metallic conductors. The values of the
correspondent resistivity at 40 °C fall within the range reported in the literature [280],
[281], generally between 2 and 4.5 uQ.cm. These findings suggest that using copper as
a thin film does not significantly increase the resistivity of the current collectors,
especially when compared to bulk copper, which has a resistivity of approximately 1.68
MQ.cm [279]. At 25 °C, the 0 min and 6 min samples showed similar resistivity values of
approximately 1.96 uQ.cm, increasing slightly to approximately 2.06 uQ.cm at40 °C. The
12 and 15 min samples also exhibited similar behavior, with resistivity values of 2.57 uQ
cm and 2.69 uQ cm at 25 °C, and 2.68 uQ.cm and 2.80 uQ.cm at 40 °C, respectively.
The 9 min sample stood out with the highest resistivity, measuring 4.44 uQ.cm at 25 °C
and 4.60 uQ.cm at 40 °C. Overall, these results indicate that microstructuring shows no
optimal collector based on the resistivity of the copper layers. Conversely, it shows that

the 9 min sample is the worst in terms of resistivity.
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Figure 36 — Electrical properties of copper current collectors for each etching duration (0, 6, 9, 12, and 15 min): (a)
temperature-dependent resistivity measurements for each etching duration; (b) comparison between the resistivity at
room temperature (RT) and 40 °C for each etching duration; (c) temperature-dependent charge carrier mobility for each
etching duration; (d) comparison between the mobility at RT and 40 °C for each etching duration; (e) temperature
dependence of calculated bulk charge carrier concentration (CCCbulk) across etching durations; (f) CCCbulk at RT and
40 °C for each etching duration. Solid and dashed lines in (b), (d), and (f) represent data at RT and 40 °C, respectively.
Note: negative values of the mobility and CCCbulk correspond to negative charges, which are electrons in this case.

Hall-effect measurements show electron mobility between 6 and 18 cm2.V~".s™", which is
lower than typical values for copper (~43 cm?2.V~'.s7") [282], with the highest value being
for the non-structured sample. This indicates that the microstructuring process
influenced electron mobility. Surface roughness exceeding the 250 nm film thickness
introduces local thickness variations, creating an inhomogeneous current path.
Nevertheless, even the unstructured reference sample displays a mobility below the bulk

value, in agreement with earlier reports that thermally evaporated copper films develop
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a high density of grain boundaries, which enhance carrier scattering and, thus, lower
mobility [283]. The grain boundaries for the microstructured samples are well observed
herein in the SEM images (Figure 31). The charge carrier concentration (CCCBulk) is
approximately 1023 cm™, close to typical values for copper [284]. Overall, the
microstructuring has had some impact on the electrical properties of the samples, with
structured samples having higher charge carrier concentrations and lower electron

mobility, as compared to the non-structured sample.

6.2. Pouch Cell Electrochemical Characterization

A total of 15 pouch cells were manually assembled, consisting of three cells for each Cu
current collector type, in the configuration Zn/Na299Bao.00sOCI/Cu (Sections 5.2 and 5.3).
The cells were identified by the copper current collector etching duration (0, 6, 9, 12, and
15 min) and by batch number (three batches in total). After assembly, all pouch cells
showed an open-circuit voltage of approximately 1.1 V. Electrochemical characterization
consisted of a sequence of pre-CV PEIS, CV, and post-CV PEIS (Sections 5.2 and 5.3).
The cell corresponding to the 15 min etching duration, batch 2, degraded after the first
PEIS, and its data were excluded from the analysis. All cells were tested first at RT and
then at 40 °C. RT was not controlled, but it was generally around 25 °C for the days in
question. Charge/discharge cycles were performed at RT after the batteries has
undergone a long period of rest (>30 days) (Sections 5.2 and 5.3). The Galvanostatic
Intermittent Titration Technique (GITT) was performed at RT after more than 30 days of

the charge/discharge cycles.

6.2.1. Potentiostatic Electrochemical Impedance Spectroscopy
The results obtained from PEIS were analyzed using equivalent circuit fitting (EC fit).
Two distinct equivalent circuits, as shown in Figure 37, were used in the analysis. The
circuit EC2 was preferentially used. Circuit EC1 was used if a third, low-frequency
semicircle was present. This analysis allowed for the extraction of key parameters,
including the resistance in series (Rseres), high-frequency capacitance (Cnr), and
resistance (Rur) corresponding to the left-most semicircle, as well as the mid-frequency
capacitance (Cwr) and resistance (Rwr) corresponding to the intermediate semicircle.
Pseudo-capacitances (Cur;ur;Lr) were calculated from the respective CPE and R

elements via:

C= Q(1/a) -R(1 - a)a
where Q is the resulting capacitance of the CPE, R is the associated resistance and a is

the non-ideality factor.

90



FCUP | FEUP | 91
Morphology-Driven Electrochemistry in Energy Devices: Tin-Halide Perovskite Solar Cells and Microstructured
Current Collectors for Solid-State Batteries

:—EC1 CPEWr CPEwE CPEF !
, 3 !
/) /. V4 !
| |
' Reeres !
! |
| RuF Rur Rir M |
! |
= Y |
| EC2 CPEHE CPEye |
I A\ I
| I/ /7 |
! |
| Rseries |
|
| RyF RuF My :

Figure 37 — Two equivalent circuits used for modeling the PEIS. CPE: Constant Phase Element, Ma: modified restricted
diffusion element. Suffixes: HF (high frequency), MF (mid-frequency), LF (low frequency).

The extracted parameters for each cell are displayed in Figures A2—-A4. From these

parameters, the mean values were calculated for comparison across etching durations.

The resistance in series Rseries (Figure 38a) is influenced by multiple factors, including
the electrolyte, electrode materials, and contact resistance. Given the microstructured
thin-film nature of the current collectors used in this study, Rseries is a particularly relevant
parameter for comparison. The samples etched for 0 min, which feature a flat surface,
exhibit Rseries Values comparable to those of the microstructured samples, indicating that
the structuring process has minimal impact on this parameter. The pouch cells etched
for 9 min display a slightly higher average Rseries, Which aligns with the elevated resistivity
observed using the vdP method (Figure 36b). The values shown in Figure 38b are
consistent with the results previous studies employing bulk copper sheet electrodes [25],

indicating that the use of thin films does not significantly alter Rseries.

The high-frequency (HF) semicircle is primarily associated with electrolyte bulk
phenomena, although grain boundary effects may also influence this region [285], [286].
Cur, the ideal capacitor of thickness d and surface area A, in principle is not affected by
the electrodes’ surface except by the bias created by the difference in chemical potential,
which is responsible for the driving force: the electric field that pulls the cations towards

the interfaces while cycling. These bulk cations Na* face a resistance, where p is the

d
Ryr = P

ionic resistivity 1/p = g, and o is the ionic conductivity of the electrolyte.
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Figure 38 — (a) Plots of selected PEIS cycles for different Zn/Na.gsBao 00sOCl/microstructured Cu cells; (b—f) average
values of different PEIS parameters for cells with each current collector type at RT and 40 °C, pre- and post-CV; (b)
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comparison.

92



FCUP | FEUP
Morphology-Driven Electrochemistry in Energy Devices: Tin-Halide Perovskite Solar Cells and Microstructured
Current Collectors for Solid-State Batteries

The corresponding capacitance Cur and resistance Rur values from the HF RC
equivalent circuits are presented in Figure 38c,d. The capacitances at HF range from
0.01 to 0.1 nF, which are typical for bulk processes in solid-state devices; 1/Rur is in the
order of 10 Q™' and exhibits an optimal value 0.5 x 107% Q™'. Notably, the samples

etched for 9 and 12 min show higher capacitance and 1/Rur.

The mid-frequency and low-frequency semicircles are associated with interfacial
processes, including double-layer capacitance and charge-transfer resistance [285],
[286]. The corresponding capacitance Cwr and resistance 1/Rwr from the MF RC
equivalent circuits are shown in Figure 38e,f. The capacitances fall within the range of
10 nF to 10 pF, consistent with typical double-layer capacitor behavior; 1/Rwr is in the
order of 10 to 4.6 x 107 Q", and again, 1/Rur shows a maximum for 9 min etching.
The Cwr varies significantly between pre- and post-CV, unlike the HF parameters, as
expected, and does not show any clear trend. This tendency is even more pronounced
for the LF parameters, where most cells did not show a LF semicircle after the CV, at
both RT and 40 °C. C.r (Figure 38h) is 2 to 3 orders of magnitude higher than Cur.

Similarly, Cur is 2 to 3 orders of magnitude higher than Cyr. All % x % = o0, where o is the

ionic conductivity of Na* in the electrolyte: 1/Rur, 1/Rmr, and 1/Rir are similar, with an
optimal value for the samples etched for 9 min. Curiously the Rseries is maximum for the
samples etched for 9 min, similar to the resistivity previously shown for the current
collectors (Figure 36a,b). This indicates that this etching is beneficial for the mobility of
the ions in the bulk electrolyte (Figure 38c,e,g) within the pouch cell and detrimental to

the mobility of electrons in the Cu current collectors (Figure 36c,d and Figure 38b).

Overall, the use of thin films significantly affects the battery’s performance. Figure A1
shows the PEIS for a Zn/Nazg9Bao00sOCI/Cu cell that used a 0.125 mm copper sheet as
the positive current collector. This cell exhibited impedances in the same order of

magnitude as those using copper thin films.

6.2.2. Cyclic Voltammetry
From the CV, the peak charging and discharging currents for each cycle at RT and 40°C
were extracted and are displayed in Figure 39. This parameter reflects expected battery

performance, with higher absolute values corresponding to better cell performance.
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Figure 39 — (a) Selected CV curves for Zn/Naz gsBao.0osOCl/microstructured Cu cells with each current collector type; (b)
comparison across etching duration of maximum discharge current (red) and maximum charging current (black) at RT
and 40 °C. Note: effective surface area = 6.25 cm?.

The CV data shows peak charging currents of 0.35 mA and discharging currents of 0.85
mA (Figure AS5). Similar to the trend observed for the PEIS, samples etched for 9 and
12 min show slightly higher peak currents, particularly at 40 °C.

6.2.3. Charge/Discharge Cycles and GITT Stability Tests

The effect shown previously for the CV maximum charge and discharge currents is also
observed when the Zn/Na2g9Bao.00sOCl/microstructured Cu cells for each collector type
are set to charge for three minutes (180 s) and discharge for 24 h (86,400 s) with a 26.4
kQ or 21.7 kQ external material resistor (Figure 40). The effective surface area of the
cells is 6.25 cm?2. The maximum discharge current was 0.038 mA, corresponding to a
maximum discharge capacity of 0.56 mAh for the 24 h obtained with the samples etched
for 12 min. It is noteworthy that these cells have no capacity, as there are only current
collectors. The mobile ions that plate on the copper collector upon discharge have their
origin in the electrolyte. The electrolyte is the only source of capacity, and its maximum
capacity is *660 mAh.g™'. However, as the ions plate on both interfaces while cycling, it
is not expected that the maximum capacity of the electrolyte will be reached. The cycling
voltage plateau and capacities for the three batches of cells with different etch times are
in agreement with the C.r, Max lgischarge, and CCCbulk (for the balance of holes): two
features of the cells and one of the individual copper current collectors related to the
available number of charge carriers (herein Cu?*/Cu*). The two 15 min cells show self-
charge, with arrows pointing up. This is a feature commonly observed with ferroionics of
the family As-2xMxOCI (A = Li, Na, K; and M = Mg, Ca, Sr, Ba) [287],[288].
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Figure 40 — Charge/discharge cycle plots of all Zn/Naz gsBag 00sOCl/microstructured Cu cells: (a) Comparison between all
batches and etching times. Discharge was performed through a 26.4 kQ or 21.7 kQ external material resistor.
(b) Cells from batch 2; (c) cells from batch 1; (d) cells from batch 3.

The GITT data (Figure 41 and Figure A10) indicate improved OCV after cycling,
demonstrating that these cells can maintain stable performance over several days,
particularly those with 9 min to 15 min etching. The reduced charging current of 1 yA and

time of 100 s were intentionally left unaltered to allow direct comparison between all of
the cells.

The less response upon charging with a small current, the better, as it shows that the

sample is stable and will support higher charge and discharge currents.

Conversely, these cells polarize immediately under the current collectors’ potential bias
due to the ferroelectric electrolyte, which may indicate that the cells do not support extra
charge. We would have to discharge them for many hours or use a higher discharge
current before proceeding with the GITT analyses to allow the cells to charge more.
However, we wanted to show the response for all of the cells with similar electrochemical

“history”. The 0 min cell charges to about 4 V, which denotes that it does not hold more
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charge and is more unstable, showing an OCV of ~1.5 V. The 9 min cell charges to a
maximum of 1.8 V, with a clear charging trend as well as self-cycling, as shown
previously by the present family of electrolytes studied by the authors. The 12 min cell
shows itself to be very stable when charging between 1.1 and 1.2 V, which is
approximately the regular OCV of these cells. The 15 min cell starts by charging
immediately to ~5 V, which is in accordance with the immediate discharge shown in
Figure 40 and Figure 41e; however, it becomes more stable, with a lower potential
difference amplitude after 100 h, when it also starts to self-charge, with self-charging
steps at approximately 114, 136, and 159 h. After tuming to OCV, the 15 min cell shows
a self-charge trend during ~1 h OCV, unlike the 0—12 min samples.
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Figure 41 — GITT performance of selected Zn/Naz gsBag.00sOCl/microstructured Cu cells with different etching durations:

(a) 0 min; (b) 9 min (140 h); (c) zoom between 110 h and 140 h; (d) 12 min; (e) 15 min; and (f) zoom of 15 min between
110 and 125 h.

6.2.4. Comparison of Correlated Parameters

Although in most cases the relationships between etching duration and measured cell
parameters must be taken carefully, similar trends observed between current collector
parameters and cell parameters across etching times can help identify the factors
underlying the cells’ behavior.

Figure 38c shows that the electrolyte conductivity (represented as 1/Rur) reaches its
highest value after 9 min of etching. When the etching time is extended to 12 min, a
sharp decrease in conductivity is observed. Based on these results, the 9 min etching
condition would be expected to produce a higher maximum current in cyclic voltammetry

(CV) and lead to better overall electrochemical performance during cycling. However,

96



FCUP | FEUP
Morphology-Driven Electrochemistry in Energy Devices: Tin-Halide Perovskite Solar Cells and Microstructured
Current Collectors for Solid-State Batteries

this trend is not confirmed by the data in Figure 39 and Figure 40. In Figure 39, the
highest current is observed for the unetched (0 min) collector, even though its
electrochemical cycling performance was the poorest. The next highest CV currents
occurred for the 9 min and 12 min etched samples. Interestingly, when analyzing the
charge—discharge cycling in Figure 40, the best performance is achieved with the 12
min etched cell. The enhanced performance of the 12 min compared to the 9 min sample
collector can be attributed to the increased surface area (as shown in Figure 30b), which
provides more nucleation sites for sodium metal deposition on the current collector upon

cycling, improving the battery performance.

Figure 42a shows a comparison between the average 1/Rur and surface potential across
all etching durations. Both parameters exhibit similar trends, indicating that higher
surface potential generally corresponds to higher 1/Ryp « oy,+; in other words, the

difference in chemical potentials between the Zn (-0.76 V, SHE) and Cu current

collectors (+0.34 V, SHE for 9-min) AV = —#ERSHEITRCWSHE) _ 4 10 v/ controls the

e

driving force (electric field inside the cell) that influences the ionic conductivity. As

previously discussed, the force acting on charge carriers within the cell is primarily
determined by the difference in chemical potential between the opposing current
collectors/electrodes. A lower surface potential of the copper current collector (higher in
the SHE scale used herein) increases its potential difference relative to the zinc current
collector, effectively enhancing charge carrier mobility (Na*) across the cell and reducing

the cell’s bulk resistance.

Figure 42b presents the average values of Cir, Max ldgischarge, @and CCCbulk (for
electrons). In this case, increased Cr correlates with higher discharge currents. A similar
trend is observed for CCCbulk (for holes or Cu?* and Cu*): lower charge carrier
concentrations of electrons correspond to higher C.r and Max laischarge- This suggests that
the Cul/electrolyte interface influences performance through changes in capacitance,
which are linked to charge concentrations at the interfaces. All of the latter are correlated
with the dynamic tendency to align the Fermi levels (electrochemical potentials f)

between the electrolyte and the Cu current collector/positive electrode.
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Figure 42 - Comparison across etching durations of selected parameters (average values) for the

Zn/Nag g9Bag.00sOCl/microstructured Cu cells (left axis) and microstructured Cu current collector parameters (right axis):
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The bulk resistance of the cell generally makes up a significant portion of the total
resistance. The relationship between bulk resistance (Rxr) and maximum charge and
discharge currents is shown in Figure 43. Overall, lower bulk resistance correlates with
higher peak currents. This correlation highlights the importance of enhancing charge
mobility within the electrolyte by reducing overall resistance, either by increasing the
potential difference across the current collectors or by adjusting the electrolyte

composition and morphology.
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Figure 43 — Correlation between maximum cyclic voltammetry (CV) currents and Ryr: (@) Maximum charging current vs.
R (b) Maximum discharging current vs. Rue. The red dashed line indicates the 1/Ryr trend line; R? denotes the
corresponding coefficient of determination.

Taken together, these observations highlight the interconnected role of the current
collector surface potential, charge carrier concentration, and capacitance in governing
cell performance. While etching time alone does not directly determine cell behavior, its

influence on current collector properties indirectly shapes critical parameters such as
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resistance and maximum discharge current. Understanding how modifications at the
Culelectrolyte interface alter charge transport mechanisms offers a practical pathway to

optimizing cell design and improving overall efficiency.

6.3. Conclusions and future work

In this study, we investigated the influence of microstructured copper current collectors
on the electrochemical performance of Zn/Na2.99sBao.00sCIO/Cu solid-state batteries. By
employing a bottom—up colloidal lithography approach followed by reactive ion etching,
we systematically varied the surface topography of copper films deposited on flexible
parylene-C-coated PEN substrates. Surface characterization revealed that etching times
of up to 15 min led to an increase in surface area of approximately 30%, accompanied
by progressively rougher and irregular topographies. KPFM measurements showed
average surface chemical potential values between 189 mV and 459 mV, comparable to
clean or mildly oxidized copper. The microstructured samples had lower surface
potential, likely resulting from mixed effects of oxidation and topography. However, the
variation in the surface potential matches the variation in the inverse of the bulk
resistance in the pouch related to the ionic conductivity in the bulk electrolyte. Charge
transport characterization demonstrated that the resistivity of the thin-film copper layers
remained within the range of ~1.96 to 4.5 yQ.cm, close to the values of bulk copper. On
the other hand, charge carrier density and mobility seemed to be affected by the
microstructuring, with structured samples showing higher charge carrier density
(electrons), in the order of 102 cm™, but lower electron mobility, between 6 and 18
cm2.V~1.s™'. We highlight that a higher concentration of electrons corresponds to lower
Crp, Max lgischarge, and CCCpyuk (holes or Cu?*, Cu*). Electrochemical characterization of
the assembled Zn/Naz 99Bao.00sOCl/microstructured Cu pouch cells showed that, of all of
the cells, the ones showing higher average deviation of nearest neighbors (oonn) were
the best performing (12 and 15 min). However, SEM analyses actually showed that the
samples showing the lowest absolute opnn (9 and 12 min) seemed to show fewer grain
boundaries and spurious defects. The 15 min sample appears very ordered with
secondary low magnification, but with backscattered electrons it shows two slightly
different phases enabled by “bridges” that form with etching. These cells, showing
average surface potential of +0.214 V vs. SHE, also show similar relative concentrations
of CuO (Cu?*)/Cu,0 (Cu*)/Cu®. Overall, the electrochemical characterization revealed a
strong connection with the electrochemical characteristics of the Cu current collectors.
Higher surface potential of the copper current collector correlates with increased Na*
ionic conductivity, as shown by the parallel trends between surface potential and 1/Rur.

This indicates that the potential difference between the Zn and Cu collectors, governed
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by their chemical potential, directly affects the driving force for ion transport and helps
reduce the cell’'s bulk resistance. Additionally, higher low-frequency capacitance was
correlated with increased discharge currents, while lower charge carrier concentrations
(electrons) in the copper current collector also corresponded to higher capacitance and
discharge currents. These trends indicate that the Cu/electrolyte interface affects cell
performance through variations in interfacial capacitance linked to charge concentrations
and the alignment of electrochemical potentials. Order (information) parameters are also
likely related to the performance of the cell or, even more likely, the increased surface

area at the copper current collector/electrode.

Future work will examine microstructures produced by scalable routes, for example the
use of high roughness and flexible stone paper as a substrate, which removes the need
for a separate structuring step. Additional electrolyte fabrication methods will be
assessed to further improve contact and interface formation. These studies will include
measurements on dummy cells that use a single type current collector and the
acquisition of cross-sectional imaging. The integration of structured current collectors
into structural batteries will also be investigated as a way to improve performance, guided
by trends observed in pouch cells. Finally, the application of these current collectors in
solid state anode-less pouch cells with a cathode containing active species will be

explored to evaluate their effect in a more complex electrochemical system.
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General Conclusion

The direct conclusions from the results of Part | and Part Il, have already been discussed
in sections 3.3 and 6.3, respectively. In this section, | will provide a more holistic overview

of the work developed and lessons learned during this thesis.

From the onset, the objectives were ambitious, and pursuing both research topics
required sustained effort and careful planning. A key challenge was learning the
fabrication process of perovskite solar cells, which involves many steps with strict timing
requirements, all while working under limited access to a shared glovebox. Despite these

constraints, most of the initial objectives were successfully accomplished.

As outlined in the introduction, this thesis was motivated by the need for simple, low cost
and environmentally safer solutions for energy capture and storage. Although it does not
present field ready prototypes, it tackles concept level questions that are essential to
device performance and remain insufficiently studied. In tin based perovskite solar cells,
oxidation is well documented, but its effects on film morphology and on energy level
alignment across device layers are less explored. This work clarifies those links and
reports observations not widely described in the literature. In sodium based solid state
batteries, studies that integrate microstructured copper current collectors into complete
cells are scarce. Here, their integration is detailed and the interplay between collector

morphology and device electrochemistry is established.

In Part |, we were unable to obtain a fully functional device. Although a very small but
detectable OCV was measured, the J-V curves remained linear. The oxidation and
morphology studies point to band misalignment and parasitic short-circuiting paths as
the most likely causes of this behavior. Despite this outcome, the work established a
practical foundation for future development in the laboratory, providing a basis on which

subsequent efforts can build and improve.

In Part Il, we achieved all proposed objectives. Electrochemical and morphological
characterization of the copper current collectors and of the assembled pouch cells
revealed a strong coupling between interfacial energetics, discharge current, and bulk
resistance, primarily linked to the copper electrode work function and charge

concentration.

Taken together, the results from both parts reveal several optimization paths that could
advance each technology toward commercial viability in a growing energy sector.
Combining tin halide perovskite photovoltaics with sodium solid state batteries appears

well suited to applications where safety and low cost are more critical than peak
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efficiency. Agriculture is one such context. Many farms operate far from reliable grid
access, which limits pumped irrigation and other automation. Systems based on the
materials studied here could provide local energy generation and storage at lower cost,
supporting water management and helping to mitigate yield losses under increasing

drought pressure.
Still, this work had some shortcomings that are worth mentioning.

Related to Part I, XRD was difficult to use systematically because samples had to be
transported to Aveiro and often degraded in transit, which compromised data. Without
consistent integrity between preparation and measurement, we used XRD sparingly
rather than as a routine tool, a setback for tracking phase evolution and degradation with

statistical confidence.

My experimental organization slowed iteration. | fabricated 12 to 14 cells per batch,
altering one variable in half, and a single variable study took about a week from
preparation through characterization. Combined with work on the batteries project and
article writing, this cadence limited iterations. Early glovebox work was slow and tracking
multiple changes across substrates risked confusion, so | kept designs simple. With the
experience gained, | am confident a more efficient plan would deliver substantially

greater progress.

Time pressure reduced the depth of my analysis. Weekly reviews were shallow, and |
leaned on first interpretations without checking enough literature. While writing the thesis
| revisited datasets, repeated analyses, and aligned interpretations with prior work, which
clarified my understanding. The clearest case is perovskite morphology: initial SEM
looked acceptable, so | did not probe further, but higher resolution SEM and closer
reading of crystal growth studies revealed inconsistencies. | then revised the morphology
discussion, linking observations to growth modes and film formation. Earlier critical
review might have prompted different process changes and addressed persistent issues

sooner.

In Part I, several aspects could have been improved. First, due to the publication timeline
we did not perform post-mortem analysis of the pouch cells and current collectors. Such
analysis would have clarified how the microstructure accommodated mechanical stress
at the electrolyte interface and how contact evolved during cycling. Cross-sectional

imaging would also have been informative.

Second, electrolyte consistency varied more than desired. We produced several batches

to limit deviations, yet differences in thickness and surface smoothness still introduced
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cell-to-cell variability and added scatter to the data. A dedicated study of the electrolyte
fabrication method is needed to define a protocol that yields reproducible thickness,

tighter tolerances, and smoother surfaces.

Overall, the study addressed the major variables that influence this system and produced
a coherent picture. Even so, tighter process control would reduce sample-to-sample
variability and enable stronger conclusions, particularly because the dataset contained

only three samples per condition, which prevented meaningful statistical analysis.

On a personal note, this thesis period was one of strong character building and growth.
| feel different from a year ago, with a clearer view of how science progresses, how to do
it well, and where my strengths and limits lie. The main lesson is that ambitious objectives
are worthwhile. Even when specific targets are not met, the process deepens capability
and understanding, because the problems and failures faced are learning opportunities

that would not arise under safer choices.
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Figure A1 — PEIS for cycle 3 for the Zn/Naz.9Bag.00sOCIl/Cu-sheet (20.125 mm) pouch cell assembled in batch 1.
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Figure A3 — Fit parameters obtained for PEIS: (a) mid frequency capacitance at RT; (b) mid frequency resistance at RT;
(c) mid frequency capacitance at 40 °C; (d) mid frequency resistance at 40 °C. Values presented in logarithmic scale for
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Figure A4 — Fit parameters obtained for PEIS: (a) High frequency capacitance at RT (b) Log scale High frequency
resistance at RT (c) High frequency capacitance at 40 °C (d) High frequency resistance at 40 °C. Inset plots highlight
zones with lower capacitance/resistance for better visualization.
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Figure A5 — Currents at: (a) anodic (charging) peak and (b) cathodic (discharging) peak function of collector type and
temperature.
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Appendix A.2
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Figure A6 — Scanning electron microscope images of the microstructured current collectors for each etching duration.
(a,b) 0 min, (c,d) 6 min, (e,f) 9 min, (g,h) 12 min, (i,j) 15 min. Left side column shows images obtained with secondary
electrons (topography sensitive), right side columns show images obtained with backscattered electrons (atomic number
sensitive).
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6 min — Z-number contrast

Figure A7 — Scanning electron microscope image of the microstructured copper sample etched for 6 min. Z1 and Z2
identify the spots for Energy-Dispersive X-Ray Spectroscopy analysis. On the right side are the obtained EDS spectra for

each zone.
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Figure A8 — Wide XPS spectra of the microstructured copper samples for each etching duration. (a) 0 min, (b) 6 min, (c)
9 min, (d) 12 min, (e) 15 min.
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Figure A9 — Localized XPS spectra of the microstructured copper samples for each etching duration. (a,b) 0 min, (c,d) 6
min, (e,f) 9 min, (g,h) 12 min, (i,j) 15 min. Cu 2p ROI spectra, used to distinguish Cu+/Cu0 from Cu2+, on the left side
column. Cu LMM (L3M4,5M4,5) Auger ROI spectra, used to distinguish Cu+ from CuO0, on the right side column. Vertical
lines and adjacent labels indicate the lo-cation of identified Cu peaks, labeled according to NIST X-ray Photoelectron
Spectroscopy Database. Cu+ peaks colored in blue, Cu0 peaks colored in rose, Cu2+ peaks colored in green and loss
features colored in red.
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Figure A10 — GITT performance of selected Zn/Na2.99Ba0.0050CI/Microstructured-Cu cells with different etching
durations for the first 20/26 h. (a) 0 min, (b) 6 min (charging current 50 pA), (c) 9 min, (d) 12 min, (e) 15 min batch 3, (f)

15 min batch 1.
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