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Abstract

This dissertation explores the photocatalytic growth and chemical dissolu-
tion of gold structures on titanium dioxide (TiO:) substrates, focusing on their po-
tential as foundational building blocks for neuromorphic systems. Neuromorphic
engineering aims to replicate the adaptability and connectivity of biological neural
networks, with the goal of advancing bio-inspired computing architectures.

The research investigates UV-stimulated photocatalytic processes to drive
the localized growth of conductive gold lines on TiO: templates, offering a method
to form axon-like connections. Complementarily, chemical dissolution using potas-
sium iodide (KI) enables selective pruning of these structures, providing a frame-
work for adaptive reconfiguration. By alternating growth and pruning, the study
introduces a material-based approach to mimic neural plasticity, laying groundwork
for future neuromorphic devices.

Key findings include the identification of critical parameters such as UV
intensity, precursor concentration, and substrate architecture, which govern the
morphology and connectivity of the gold structures. Advanced configurations, in-
cluding patterned TiO. templates and microfluidic systems, were explored to en-
hance precision and functionality. These developments demonstrate the potential
for creating adaptive and reconfigurable structures, contributing to the broader field
of neuromorphic engineering.

This dissertation contributes to the understanding of photocatalytic growth
and dissolution processes, providing insights that could contribute to the develop-
ment of neuromorphic systems. The findings highlight the importance of dynamic
material systems as building blocks for adaptive networks, advancing the explora-

tion of bio-inspired computing architectures.
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Zusammenfassung

Diese Dissertation untersucht das photokatalytische Wachstum sowie die
chemische Auflosung von Goldstrukturen auf Titandioxid (TiO2)-Substraten und
konzentriert sich dabei auf ihr Potenzial als grundlegende Bausteine flir neuromor-
phe Systeme. Die neuromorphe Technik zielt darauf ab, die Anpassungsféhigkeit
und Konnektivitat biologischer neuronaler Netzwerke nachzubilden, um bioinspi-
rierte Rechenarchitekturen voranzubringen.

Im Rahmen dieser Arbeit werden UV-stimulierte photokatalytische Pro-
zesse erforscht, mit denen sich leitfihige Goldlinien lokal auf TiO2-Templates
wachsen lassen — ein Verfahren zur Bildung axonahnlicher Verbindungen. Ergén-
zend ermdglicht die chemische Auflésung mittels Kaliumiodid (KI) eine gezielte
Entfernung dieser Strukturen, wodurch ein Ansatz zur adaptiven Reorganisation
entsteht. Durch den Wechsel von Wachstum und Abbau wird ein materialbasierter
Mechanismus zur Nachbildung neuronaler Plastizitat vorgestellt, der eine Grund-
lage fur zukiinftige neuromorphe Bauelemente bietet.

Zu den zentralen Ergebnissen zéhlen die Identifikation entscheidender Pa-
rameter — wie UV-Intensitét, Vorlduferkonzentration und Substratarchitektur — die
die Morphologie und Konnektivitat der Goldstrukturen maligeblich beeinflussen.
Erweiterte Konzepte, darunter strukturierte TiO.-Templates und mikrofluidische
Systeme, wurden untersucht, um die Prazision und Funktionalitat zu steigern. Diese
Entwicklungen verdeutlichen das Potenzial zur Realisierung adaptiver und rekon-
figurierbarer Strukturen und leisten einen Beitrag zur Weiterentwicklung der neu-
romorphen Technik.

Die Arbeit liefert neue Erkenntnisse ber photokatalytische Wachstums-
und Aufldsungsprozesse und erdffnet Perspektiven fir die Entwicklung neuromor-
pher Systeme. Die Ergebnisse unterstreichen die Relevanz dynamischer Material-
systeme als Bausteine adaptiver Netzwerke und férdern die Erforschung bioinspi-

rierter Rechenarchitekturen.
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Chapter 1

1. Introduction

In this chapter, the foundation and context of this research are established
by exploring the driving motivations, defining the specific aims, and outlining
the structure of the thesis. The content begins with a discussion of the motiva-
tion for investigating photocatalytic growth and chemical dissolution processes
for gold structures on titanium dioxide (TiO:) substrates, highlighting their rel-
evance to advancing neuromorphic systems. The chapter further presents the
aims of the thesis, emphasizing its contribution to the field of neuromorphic
engineering. Finally, the structure of the thesis is outlined, providing an orga-
nized framework for the discussions and findings presented in subsequent chap-

ters.

1.1. Motivation

Neuromorphic systems aim to emulate the complex functionality of bio-
logical neural networks, where neurons are interconnected by synaptic path-
ways to transmit and process information. In biological systems, neurons com-
municate via axons and dendrites, forming highly dynamic and adaptive net-
works capable of learning, memory retention, and signal modulation. Mimick-
ing these processes in artificial systems requires precise engineering of network
connectivity and adaptability [1]. Unlike conventional computing systems, neu-
romorphic systems rely on real-time reconfigurability, demanding innovative
approaches to construct artificial networks that replicate these biological phe-

nomena.



As the demand for energy-efficient, adaptive computing architectures
grows, neuromorphic systems have emerged as a potential solution. These sys-
tems are essential for applications such as artificial intelligence, robotics, and
sensory devices, where dynamic reconfiguration and efficient information pro-
cessing are critical. However, existing methods for fabricating and controlling
neural networks in these systems often lack the precision and adaptability
needed to meet the growing complexity of real-world applications. Developing
advanced techniques that mimic the adaptability and resilience of biological
neural networks is, therefore, a pressing need [2].

Photocatalytic growth and chemical dissolution represent innovative ap-
proaches for creating adaptive and reconfigurable networks in neuromorphic
systems. Photocatalytic processes enable the controlled deposition of gold
structures on substrates, forming pathways with tunable connectivity. Chemical
dissolution, on the other hand, allows for the selective removal of these path-
ways, mirroring the natural processes of synaptic pruning in biological net-
works [3]. Together, these methods provide the precision, scalability, and
adaptability required to fabricate networks capable of mimicking neural
plasticity.

Integrating controlled growth and chemical pruning into neuromorphic
engineering is a significant advancement toward creating brain-like adaptabil-
ity in artificial systems. These processes mimic the neurobiological principles
of growth and pruning, essential for learning and memory [4]. The ability to
dynamically reconfigure networks by sequentially adding and removing con-
nections introduces plasticity into neuromorphic devices enhancing their capa-
bility to respond to environmental stimuli and process complex information ef-
ficiently.

The dynamic plasticity of neural systems in biological organisms serves
as a cornerstone for the development of neuromorphic systems, which aim to
replicate this adaptability in artificial networks. The maturation of neuronal net-
works, as shown in Figure 1, exemplifies the intricate progression of connec-
tivity and complexity that underpins learning, memory, and adaptability in the

brain. Starting with sparse and linear connections in newborns, these networks



grow through branching and densification over time, achieving extensive den-
dritic arborization and synaptic complexity by four years of age. This natural
process of network formation and refinement highlights the importance of
adaptability and connectivity in achieving efficient and robust information pro-
cessing.

In neuromorphic engineering, mimicking this dynamic progression is
crucial for creating systems capable of self-organization and real-time recon-
figuration. The ability to grow and adapt conductive pathways, akin to the bio-
logical processes depicted in Figure 1, forms the foundation of this research.
By leveraging photocatalytic growth and selective pruning of gold nanostruc-
tures, this work seeks to emulate the developmental principles of neural plas-
ticity, advancing the capabilities of neuromorphic systems for bio-inspired

computing applications [5].
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Figure 1. Progressive development of neuronal networks from birth to four

years of age. The images depict the increasing complexity and connectivity of
dendritic and synaptic structures: (Newborn) Sparse and linear connections; (1
Month) Emergence of branching patterns; (2 Months) Enhanced dendritic den-
sity and synaptic connections; (2 Years) Extensive dendritic arborization and
network complexity; and (4 Years) Fully interconnected and mature neuronal
network. This progression exemplifies the plasticity of biological neural sys-
tems and serves as inspiration for developing adaptive neuromorphic architec-

tures. This figure is used with permission from [5].



1.2. Specific Aims

The overarching aim of this thesis is to develop and refine methods for
constructing and dynamically reconfiguring gold conductive pathways on TiO2
substrates, tailored to the unique demands of advanced neuromorphic systems.
By leveraging the dual processes of photocatalytic growth and chemical disso-
lution, this research seeks to emulate biological neural plasticity, enabling the
creation of adaptive, reconfigurable networks for applications in neuromorphic
engineering.

Central to this research is the development of innovative techniques for
the photocatalytic growth of gold structures. This involves investigating the in-
fluence of key experimental parameters such as ultraviolet (UV) light intensity,
precursor concentration, and reaction time on the morphology and connectivity
of the deposited gold. The goal is to achieve precise, localized growth patterns
that support high resolution conductive pathways, critical for emulating the
functionality of biological synaptic connections.

Another critical aim is to establish chemical pruning methods for selec-
tive removal of gold structures, enabling the dynamic reconfiguration of neu-
romorphic networks. Using agents such as potassium iodide (KI), this research
will explore how controlled dissolution processes can refine and adapt network
connectivity, mirroring the biological mechanisms of synaptic pruning. The in-
tegration of these two processes growth and pruning forms the foundation for
constructing dynamic, reconfigurable networks that respond to changing func-
tional demands, much like biological neural systems.

This thesis also aims to implement sequential cycles of growth and prun-
ing to simulate the dynamic processes observed in adaptive neural networks.
By balancing the deposition and dissolution processes, it seeks to demonstrate
how neuromorphic systems can achieve the flexibility and efficiency required
for real-world applications, such as adaptive computing and memory storage.
These processes will highlight the potential of photocatalytic and chemical
methods to mimic the plasticity of biological networks, pushing the boundaries

of current neuromorphic engineering capabilities.



Ultimately, this work aspires to advance the field of neuromorphic engi-
neering by providing scalable, efficient methods for creating adaptive net-
works. The combination of innovative photocatalytic techniques and chemical
dissolution processes addresses the challenges of replicating biological neural
processes, paving the way for next-generation computing systems capable of
real-time adaptability and reconfiguration. This research not only contributes
to fundamental knowledge but also offers practical solutions for developing ro-
bust, cost-effective neuromorphic devices.

The central hypothesis of this thesis is that photocatalysis and chemical
dissolution can be employed to mimic the processes of long-range connection
growth and pruning observed in biological neural networks. This hypothesis is
grounded in the idea that adaptive, reconfigurable networks are fundamental
for neuromorphic systems to emulate the plasticity and functionality of biolog-
ical brains.

To test this hypothesis, a series of experiments were conducted focusing
on the photocatalytic growth of gold structures on TiO: substrates and their
selective pruning using chemical dissolution with KI. These experiments aimed
to evaluate whether these processes could effectively mimic the dynamic adapt-
ability of axonal growth and pruning.

The overarching evaluation of this hypothesis is presented in the conclud-
ing sections of the thesis, where the experimental findings are analyzed to de-
termine the validity of this approach. By integrating material-based techniques
with biological principles, this thesis explores the extent to which photocataly-
sis and chemical dissolution can serve as building blocks for adaptive neuro-
morphic networks, bridging the gap between material science and neural engi-

neering.

1.3. Outline

This thesis is organized to provide a thorough exploration of the devel-
opment and application of photocatalytic growth and chemical dissolution tech-
niques for neuromorphic systems. It begins with a foundational discussion of

the principles and methodologies that form the scientific basis of the research,



followed by an in-depth presentation of the original contributions made through
peer-reviewed publications, and concludes with a synthesis of findings and pro-
posals for future work.

Chapter 2 focuses on the fundamental principles underlying this research.
It introduces the key concepts of photocatalytic growth on TiO: substrates and
chemical dissolution processes, highlighting their relevance to neuromorphic
systems. The theoretical frameworks discussed in this chapter provide the foun-
dation for understanding the experiments and analyses presented in subsequent
sections, with emphasis on the interplay between controlled growth and pruning
in creating adaptive networks.

In Chapter 3, the thesis showcases the original contributions of the re-
search, as published in peer-reviewed journals. This chapter details the experi-
mental approaches, methodologies, and findings, demonstrating the progres-
sion of the work. Each publication highlights a distinct aspect of the research,
such as advancements in photocatalytic techniques, innovations in chemical
pruning methods, and the integration of these approaches for dynamic and re-
configurable network formation.

Chapter 4 presents the key results and provides a detailed discussion of
their implications. This chapter links the experimental findings to the broader
goals of neuromorphic system development, emphasizing their significance in
creating adaptive networks. The analyses presented here address the practical
and theoretical advancements achieved through the research, offering insights
into the role of photocatalytic and dissolution techniques in enhancing neuro-
morphic architectures.

Chapter 5 concludes the thesis with a summary of the main findings and
a discussion of potential future research directions. The first section, Summary
and Conclusions, highlights the contributions of the work and their relevance
to advancing neuromorphic systems. The second section, Proposed Improve-
ments, outlines recommendations for refining current methods and expanding
the scope of the research, with an emphasis on scalability and real-world appli-

cations.



Finally, the thesis concludes with a comprehensive bibliography, docu-
menting all the references used throughout the work. This section not only pro-
vides scientific context but also serves as a resource for further exploration by
readers. Together, these chapters form a cohesive narrative, guiding the reader
through the motivations, methodologies, and contributions of this research, and

its potential impact on the field of neuromorphic systems.



Chapter 2

2. Fundamentals

The Fundamentals section of this thesis lays the scientific groundwork
essential for understanding the methodologies and theoretical principles that
inform this research. Neuromorphic engineering, inspired by the structure and
adaptability of biological neural networks, is an evolving field aimed at devel-
oping bio-inspired computational systems with enhanced flexibility and effi-
ciency. The goal of such systems is to replicate the brain’s synaptic dynamics,
including the formation, strengthening, and pruning of connections in response
to external stimuli and internal demands, thus enabling artificial systems to pro-
cess information in more sophisticated ways than conventional computers [6].

In biological neural networks, adaptability is achieved through a balance
of synaptic plasticity mechanisms, which include both fast, localized changes
and slower, global structural modifications within the network. Synaptic plas-
ticity is a fundamental concept in neuromorphic engineering, as it provides the
basis for creating artificial systems capable of real-time reconfiguration [7],
which is critical for applications ranging from learning algorithms to adaptive
signal processing.

To mimic these adaptive qualities, various methods have been explored
within neuromorphic engineering. Among the promising approaches is photo-
catalysis, which enables precise control over the growth and dissolution of na-
noscale structures through light-induced chemical reactions. Photocatalytic
processes allow the emulation of synaptic dynamics by enabling both the con-

trolled growth of conductive pathways and the selective pruning of these



connections [8]. This dual capability has positioned photocatalysis as a power-
ful tool for achieving the dynamic reconfigurability essential in neuromorphic
networks.

This section begins by exploring the principles of neuromorphic engi-
neering, emphasizing the key processes of synaptic plasticity that form the basis
of biological adaptability. Following this, an overview of methods for mimick-
ing brain networks in artificial systems is presented, with a focus on the ad-
vantages of photocatalysis as a mechanism for adaptive connectivity.

The components of the photocatalytic system are then analysed in detail,
starting with TiO2, a semiconductor widely used for its stability, non-toxicity,
and capacity to generate electron-hole pairs upon UV light exposure. TiO: is
instrumental in this research as a substrate for gold nanoparticle growth [9],
providing a controllable platform for structuring conductive paths. The role of
gold precursor solutions, such as HAuCly, is also discussed, with attention to
how factors like solution concentration, pH, and additive presence influence
nanoparticle morphology and growth Kinetics.

Additionally, the influence of UV light and illumination conditions is in-
vestigated, as UV exposure is a fundamental aspect of photocatalytic activity.
Factors such as UV intensity, exposure duration, and patterning techniques are
analyzed to illustrate their effects on nanoparticle growth and morphology. Be-
yond illumination, environmental and external parameters such as temperature,
ambient atmosphere [10], and applied electrical bias are explored to provide
insight into the controllability and adaptability of these systems for neuromor-
phic applications.

Finally, attention is given to the controlled pruning of nanostructures, a
process which emulates the selective elimination of neural connections ob-
served in biological networks. In this work, pruning is achieved through chem-
ical dissolution using KI, where conditions such as Kl concentration and expo-
sure time are modulated to allow precise control over the removal of gold struc-
tures. These processes, when applied sequentially with photocatalytic growth,

create a dynamic cycle of growth and pruning, simulating the adaptive



processes inherent to neural networks and establishing a foundation for recon-
figurable, neuromorphic networks.

In summary, this section provides a comprehensive foundation on neuro-
morphic engineering principles, photocatalytic processes, and dynamic
nanostructure control methods, forming the basis for the experimental and an-

alytical components of this thesis.

2.1. Neuromorphic Engineering and Bio-inspired System De-
sign

Neuromorphic engineering is an interdisciplinary field that aims to repli-
cate the structure and functional dynamics of biological neural networks within
artificial systems. By emulating the brain’s efficiency and adaptability, neuro-
morphic engineering provides a pathway toward computing architectures that
can perform tasks such as pattern recognition, adaptive learning, and autono-
mous decision-making with a level of efficiency and flexibility unattainable by
traditional computing systems [2], [11].

One of the central challenges in this field is achieving the kind of adaptive
connectivity found in biological systems, where neural networks reorganize in
response to stimuli through processes such as synaptic plasticity. This plasticity
enables networks to form, strengthen, or remove connections, supporting learn-
ing and memory formation at both local and network-wide levels [12]. Mim-
icking these processes within artificial systems allows neuromorphic devices to
dynamically reconfigure, adapting to new inputs and evolving with use, thereby
establishing a foundation for robust and versatile bio-inspired computing sys-
tems [13].

While numerous approaches, including memristive devices, nanowire
networks, and electrolyte gating, have been investigated to replicate these adap-
tive qualities, photocatalytic methods present a distinctive advantage. Photoca-
talysis enables precise, controlled growth and dissolution of microscale con-
ductive pathways, simulating the processes of synaptic formation and pruning
observed in biological networks. This research employs photocatalytic tech-

niques to grow and selectively remove gold nanostructures on TiO: substrates,

10



forming dynamically reconfigurable networks that closely mimic adaptive neu-
ral connectivity [14], [15].

This thesis builds upon these principles of neuromorphic engineering by
implementing a photocatalytic system that supports cyclic growth and pruning
of conductive pathways. This capability is fundamental for creating bio-in-
spired computing systems capable of self-organization, reconfiguration, and
adaptability in real-time. In the following sections, we will further explore the
core principles of neuromorphic engineering, including an in-depth look into

synaptic plasticity and its role in establishing adaptable neural networks.

2.1.1. Principles of Neuromorphic Engineering

Neuromorphic engineering, as a concept, is rooted in the ambition to rep-
licate the computational principles observed in biological neural networks, aim-
ing to achieve brain-like efficiency, adaptability, and robustness. At its core,
neuromorphic engineering seeks to bridge the gap between the human brain’s
capacity for complex cognitive tasks and the rigid architectures of conventional
computing systems. Traditional von Neumann architectures, where data storage
and processing are separate, face significant limitations when attempting to em-
ulate the brain’s highly interconnected and adaptive network. By contrast, neu-
romorphic architectures integrate storage and processing, enabling real-time
adaptability and localized learning, key characteristics that define biological
neural networks [2], [11].

In neuromorphic systems, one essential principle is the ability to mimic
synaptic plasticity, where connections between nodes (analogous to synapses
between neurons) are dynamically reconfigured based on learning processes.
This adaptability is fundamental to functions such as memory formation, recog-
nition, and decision-making, allowing the system to evolve with each new piece
of information. Synaptic plasticity within neuromorphic devices can be
achieved through memristive elements, which emulate the behavior of biolog-
ical synapses by changing their resistance states in response to electrical stim-
uli, thereby “remembering” past interactions [16]. Memristors, first theorized

and later demonstrated by Strukov et al., act as resistive memory components
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that adjust their resistance based on previous electrical activity, making them
ideal candidates for neuromorphic computing systems [17].

Moreover, the design of neuromorphic architectures goes beyond hard-
ware components and seeks to emulate neural processes at various scales, from
individual synaptic connections to complex, network-wide behaviors. In this
framework, brain-inspired architectures provide models that leverage connec-
tivity patterns and computational efficiency found in the brain, such as hierar-
chical processing, parallelism, and redundancy, to achieve advanced functions
with low energy consumption [18]. The work of Kendall and Kumar on brain-
inspired computing explores how these principles can be translated into elec-
tronic circuits, presenting a foundation for neuromorphic devices that not only
replicate structural aspects but also emulate functional behaviors seen in bio-
logical networks [6].

Neuromorphic engineering also incorporates advanced materials and de-
vice architectures designed to simulate the complex signaling and learning dy-
namics of neurons and synapses. Sangwan and Hersam’s research into neuro-
morphic nanoelectronic materials has shown how materials with specialized
properties can replicate synaptic functions, enabling localized adaptability and
high-density storage in compact systems [7]. The field has also seen develop-
ments in devices utilizing nanoionic materials, which leverage ionic movement
within the material to produce resistive switching, thereby allowing controlled
changes in connectivity that are critical for adaptive, reconfigurable systems
[8].

In summary, the principles of neuromorphic engineering emphasize cre-
ating systems capable of adaptive learning, low-energy computation, and struc-
tural flexibility. These systems are intended to emulate the functional organi-
zation and efficiency of the brain, thereby offering promising advancements in
fields such as artificial intelligence, sensory processing, and autonomous deci-
sion-making. The next section will delve into the mechanisms of synaptic plas-
ticity, a foundational concept that enables the adaptability essential for neuro-

morphic systems to perform complex, dynamic computations.
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2.1.2. Mechanisms of Synaptic Plasticity

Synaptic plasticity is a core mechanism that enables the adaptability and
learning capabilities of biological neural networks, allowing connections be-
tween neurons (synapses) to strengthen or weaken in response to experience.
This adaptability supports processes like memory formation, learning, and de-
cision-making, and is a crucial concept for neuromorphic engineering, where
the goal is to emulate the brain’s functionality. Research has shown that neuro-
morphic systems can replicate synaptic plasticity by using adaptable materials
and architectures, which enable real-time reconfiguration based on previous in-
teractions [19].

Plasticity in biological systems is generally divided into short-term plas-
ticity and long-term plasticity. Short-term plasticity involves temporary adjust-
ments in synaptic strength, typically on the order of milliseconds to minutes,
which are essential for immediate signal processing. In contrast, long-term
plasticity results in sustained changes that can last from hours to a lifetime,
forming the basis for long-term memory and learning. Advanced neuromorphic
devices are designed to emulate these two types of plasticity through different
materials and mechanisms. For instance, short-term plasticity can be achieved
through volatile switching in nanoionic devices, where ionic movement tempo-
rarily alters conductivity [20]. Long-term plasticity, on the other hand, is often
achieved in non-volatile devices that retain their state over extended periods,
which is fundamental for applications requiring stable memory [20].

Recent innovations in memristive materials and nanoionic devices have
provided a platform to mimic these plasticity mechanisms effectively. Memris-
tive devices, known for their ability to “remember” previous states, exhibit re-
sistance changes in response to electrical stimuli, similar to synaptic adjust-
ments in biological systems. For instance, a previous study [21] demonstrated
that by modulating ionic diffusion within memristive devices, it is possible to
emulate both fast and slow changes in synaptic strength, enabling neuromor-
phic systems to replicate short-term and long-term plasticity in one device.

In addition to memristive materials, neuromorphic research has explored

heterosynaptic plasticity, a form of plasticity where changes in one synapse
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influence neighboring synapses. This property is vital for associative learning,
where related information becomes linked through experience, a function that
is fundamental to human cognition. Recent studies [22] have demonstrated het-
erosynaptic plasticity in artificial synaptic networks, showing that neuromor-
phic devices can achieve complex, biologically realistic behaviors through in-
terconnected memristive arrays.

Architectural designs in neuromorphic systems also play a crucial role in
accurately replicating synaptic plasticity. Many neuromorphic devices now in-
corporate layered or hierarchical architectures that support spatial and temporal
pattern recognition, similar to the processing functions in biological neural cir-
cuits. These devices develop architectures that allow neuromorphic systems to
perform hierarchical processing, enhancing their ability to handle tasks like
sensory data analysis and decision-making in real-time, further mimicking
brain-like adaptability [23].

In conclusion, the mechanisms of synaptic plasticity provide the founda-
tion for building neuromorphic systems capable of adaptive learning and
memory. By incorporating short- and long-term plasticity, as well as heter-
osynaptic interactions, neuromorphic engineering achieves a level of complex-
ity and adaptability akin to biological systems. These mechanisms are essential
for advancing neuromorphic applications, particularly in fields requiring high

adaptability and real-time processing.

2.2. Methods for Mimicking Brain Networks in Neuromorphic

Engineering

Replicating the adaptability and connectivity of biological neural net-
works within artificial systems is central to neuromorphic engineering. Biolog-
ical networks achieve this adaptability through synaptic plasticity, enabling
connections between neurons (synapses) to strengthen, weaken, form, or dis-
solve based on interactions and experiences. This capacity for continual adap-
tation supports essential cognitive processes such as learning, memory, and de-

cision-making [24]. Achieving similar plasticity in artificial systems is

14



fundamental to creating neuromorphic systems that can operate with real-time
reconfigurability and efficiency [25].

Various methods have been developed to emulate these adaptable prop-
erties in neuromorphic networks. Memristive devices are among the most
widely explored, known for their ability to emulate both short- and long-term
synaptic changes via resistive switching. Through ionic movement within the
memristor material, these devices can simulate the formation and modification
of conductive pathways, mirroring synaptic plasticity at a hardware level [21].
Additionally, nanowire networks provide self-organized conductive pathways
that reconfigure based on applied electrical fields, simulating neural adaptation
processes. While these methods allow some degree of reconfiguration, many
conventional techniques struggle with selective, reversible control over synap-
tic pathways, which limits the potential for fully dynamic neuromorphic sys-
tems [26].

Photocatalytic methods offer a promising alternative due to their ability
to control the growth and dissolution of conductive nanostructures using light.
By utilizing photocatalytic growth of gold nanostructures on TiO: substrates,
this approach enables on-demand creation of conductive connections under UV
exposure, while selective dissolution of these structures facilitates adaptive
pruning. This growth-pruning cycle directly emulates biological synaptic plas-
ticity, establishing pathways that can be selectively created or removed, thereby
creating a dynamically reconfigurable network [27]. Such an approach closely
mirrors the functionality and connectivity of biological neural networks, sup-
porting adaptive learning processes within artificial systems [7].

The following sections will introduce current techniques for mimicking
neural networks and examine how photocatalysis uniquely enables the devel-

opment of adaptive, bio-inspired systems capable of real-time reconfiguration.

2.2.1. Overview of Current Techniques

Replicating the adaptive qualities of biological neural networks within
artificial systems is central to neuromorphic engineering, where synaptic plas-

ticity enables learning and reconfigurable connectivity. Various methods have
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been developed to emulate this plasticity in neuromorphic networks, with each
method offering a unique mechanism to achieve dynamic, responsive behavior.

Memristive devices are among the most extensively studied components
for neuromorphic systems due to their inherent ability to emulate synaptic be-
havior by adjusting resistance based on previous electrical inputs. This resistive
switching mimics the process of “learning” by encoding past interactions in the
device’s conductance state. The dynamic modulation of resistance in memris-
tive devices enables both short-term and long-term plasticity, which are essen-
tial for adaptive neuromorphic networks [28]. By providing energy-efficient
and scalable solutions, memristors are integral to the design of compact, brain-
inspired systems.

Nanowire networks represent another promising approach due to their
self-organizing properties, where microscale conductive pathways emerge and
reconfigure in response to external stimuli. These networks consist of intercon-
nected nanowires that form, strengthen, or dissolve connections depending on
applied electrical fields, thereby mimicking the flexible connectivity of biolog-
ical neural networks. The capacity for self-organization and collective switch-
ing allows nanowire networks to demonstrate adaptive responses similar to syn-
aptic plasticity, although precise control over individual synaptic pathways
within these networks remains a challenge [29].

Electrolyte gating is another method that has gained attention for its abil-
ity to mimic synaptic behavior via ionic transport. In electrolyte-gated devices,
ions in an electrolyte solution are directed toward specific pathways under an
applied voltage, modifying conductivity in a manner similar to biological syn-
apses. This ionic modulation enables low-energy operation and tunable, re-
versible connections, making it suitable for applications where adaptability and
low power consumption are critical. However, maintaining long-term stability
in electrolyte-gated systems is an ongoing area of research for neuromorphic
applications [30].

Each of these techniques, i.e., memristive devices, nanowire networks,
and electrolyte gating, plays a critical role in advancing neuromorphic engi-

neering by providing mechanisms for reconfigurable, adaptive connectivity.
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Yet, challenges remain in achieving precise, repeatable control over individual
connections, which is necessary for fully dynamic, brain-inspired computing
systems. As these methods continue to evolve, they serve as the foundation for
innovative hybrid approaches that push the boundaries of adaptability in neu-

romorphic systems.

2.2.2. Advantages of Photocatalysis for Adaptive Networks

Photocatalysis offers a unique approach in neuromorphic engineering for
creating adaptive networks, leveraging light-driven chemical reactions to con-
trol the growth and dissolution of conductive pathways. This method stands out
due to its precise, reversible control over network connectivity, making it an
ideal solution for emulating synaptic plasticity and adaptability in artificial neu-
ral networks. By enabling both the formation and selective removal of conduc-
tive paths, photocatalysis provides an analogue to biological processes of syn-
aptic strengthening and pruning, allowing for real-time reconfigurability [27].
Figure 2 illustrates photocatalytic growth process of gold structures on a TiO:
substrate under UV light.

Photocatalytic activity (%/h)

o uv Ilght mtenslty (mw/cmz)
Figure 2. Photocataly‘uc growth process of gold structures on a TiO: substrate

under UV light. (a) A schematic illustration showing the stages of nucleation,
growth, and needle formation as Au*" ions are reduced to gold by photogener-
ated electrons. (b) SEM image displaying the initial nucleation sites on the TiO:
substrate. (c) SEM image highlighting the mature, needle-like gold nanostruc-
tures after growth. (d) Graph showing the relationship between UV light inten-
sity and photocatalytic activity, demonstrating how higher intensities lead to
increased growth rates. This figure is reproduced with permission from [27].
Copyright 2018 John Wiley and Sons.
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One of the primary advantages of photocatalytic methods is spatial pre-
cision in connection growth. Conductive pathways can be initiated and ex-
tended along predefined patterns on a TiO: substrate by controlling exposure to
UV light. This targeted growth process emulates the synaptic connectivity ob-
served in biological neural networks, where connections form dynamically in
response to environmental stimuli. For instance, recent studies demonstrated
that localized UV irradiation on TiO: induces gold nanoparticle deposition
along desired paths, providing a controllable and reproducible way to structure
neuromorphic networks [7].

Another significant advantage of photocatalysis is the ability to control
connection dissolution, which mimics synaptic pruning in biological systems.
Using specific chemical agents, such as KI, grown gold structures can be selec-
tively dissolved, allowing for the removal of connections no longer needed.
This dual capability of growth and dissolution in a single system supports adap-
tive networks capable of reconfiguration based on functional requirements or
changes in input, much like neural networks in the brain that continuously re-
organize to optimize processing efficiency [7].

Photocatalysis also operates with relatively low energy requirements, as
the primary drivers are light and simple chemical agents, making it energy-
efficient compared to electrical or heat-based processes for altering conductiv-
ity. This low-energy operation aligns with the efficiency seen in biological pro-
cesses and is essential for scalable neuromorphic systems intended for real-
world applications [25]. Additionally, the use of light as an external stimulus
provides a non-invasive way to control network connectivity, reducing wear on
the device and potentially increasing its longevity [31].

In summary, photocatalysis offers several distinct advantages for creating
adaptive networks in neuromorphic systems, including precise control over
growth, reversible pruning capabilities, low energy demands, and non-invasive
operability. These qualities make photocatalytic methods particularly promis-
ing for developing flexible and scalable neuromorphic architectures capable of

real-time adaptability.
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2.3. Photocatalysis as a Method for Dynamic Network For-
mation

Photocatalysis has emerged as a promising approach in neuromorphic en-
gineering due to its capacity to enable dynamic, adaptable network formation
using light-driven chemical reactions. This method offers an innovative way to
control the growth and dissolution of conductive pathways, allowing for real-
time reconfiguration of network connectivity. In neuromorphic systems, where
adaptability and self-organization are crucial, photocatalysis provides a con-
trolled mechanism for emulating synaptic plasticity, i.e., the ability to form,
strengthen, or prune connections based on stimuli, similar to processes in bio-
logical networks [32].

The core of photocatalytic network formation lies in the selective depo-
sition of conductive materials, such as gold, on a semiconductor substrate like
TiO2. When exposed to UV light, TiO2 generates electron-hole pairs, which
facilitate the reduction of metal ions (e.g., Au*") in solution, depositing them as
conductive metal on the substrate surface. This photo-induced process enables
the precise formation of conductive paths that can act as “synapses” in neuro-
morphic networks, responding dynamically to external light stimuli. Through
careful control of light intensity, exposure time, and chemical environment,
photocatalysis allows for customizable and reversible network configurations,
addressing the need for flexible, reconfigurable systems in neuromorphic com-
puting [27].

One of the distinctive advantages of photocatalysis in dynamic network
formation is its ability to support sequential growth and pruning cycles. The
conductive pathways formed on TiO: can be selectively dissolved using chem-
ical agents, such as KI, which facilitates the removal of connections, emulating
the synaptic pruning seen in biological networks. This cyclic growth and prun-
ing capability enable adaptive connectivity within the network, reflecting
changes in input and environmental conditions, which is crucial for tasks like

learning and memory [7].
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The non-invasive, low-energy operation of photocatalysis also aligns
well with the goals of neuromorphic engineering. Light-based control over the
network reduces the physical wear that may result from electrical or mechanical
control methods, potentially increasing the system’s durability. Furthermore,
the energy requirements for photocatalysis are relatively low, making it a suit-
able approach for scalable neuromorphic systems intended for real-time adapt-
ability and efficiency in artificial intelligence applications [31].

In the following sections, we will describe the specific mechanisms un-
derlying the photocatalytic process and examine how this approach is applied

within neuromorphic systems to achieve dynamic, adaptive network formation.

2.3.1. Photocatalytic Process and Mechanisms

The photocatalytic process leverages light-driven chemical reactions to
create and modify conductive pathways on semiconductor surfaces, a method
well-suited for dynamic network formation in neuromorphic systems. TiO: is
commonly used as a substrate for these reactions due to its photocatalytic prop-
erties, stability, and non-toxicity. Under UV light exposure, TiO: generates
electron-hole pairs; electrons in the conduction band and holes in the valence
band can participate in reduction-oxidation (redox) reactions. These reactions
enable the deposition of conductive materials, such as gold, onto the TiO: sur-
face, forming customizable pathways that act as synaptic connections in neuro-
morphic networks [25].

The formation of conductive pathways through photocatalysis begins
with the photogeneration of electron-hole pairs on the TiO: surface when ex-
posed to UV light. These electrons can reduce metal ions, such as Au*" ions in
solution, leading to the deposition of metallic gold on the substrate. The photo-
catalytic reduction of metal ions is influenced by several parameters, including
UV light intensity, exposure duration, and the concentration of metal ions.
Studies have demonstrated that higher light intensities and longer exposure
times can increase deposition rates and alter the morphology of the gold struc-
tures, allowing for precise control over the shape and distribution of the con-

ductive pathways [10].
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Nucleation and growth dynamics play a critical role in the photocatalytic
process, affecting the connectivity and stability of the deposited structures. In-
itial nucleation sites form as Au*" ions are reduced, and subsequent growth of
these nucleation sites can be modulated by adjusting the photocatalytic condi-
tions. This growth process can produce different morphologies, including
spherical, needle-like, or branched structures, depending on the photocatalytic
environment. For instance, gold nanostructures grown under controlled UV
light intensities and ion concentrations have shown needle-like formations,
which are suitable for forming interconnected networks that mimic synaptic
connectivity in biological systems [7].

Another essential aspect of the photocatalytic mechanism is the ability to
dissolve these structures selectively, which is analogous to synaptic pruning in
biological neural networks. By introducing a chemical agent like KI, which can
dissolve the deposited gold, selective pruning of connections becomes possible.
This dissolution process allows for reversible and adaptive changes in network
connectivity, supporting a cyclic process of growth and pruning that enhances
the network’s ability to adapt to new stimuli or conditions [33].

Photocatalytic processes are also energy-efficient and non-invasive, pri-
marily driven by UV light without the need for high temperatures or electric
fields, which aligns well with the goals of neuromorphic engineering. This low-
energy, light-driven method reduces wear and potential damage to the device,
thus improving durability and making it scalable for real-world applications.
Furthermore, the precision in photogenerated pathways enables the creation of
adaptable, high-density networks, which are essential for neuromorphic sys-

tems aiming to emulate complex neural behaviors [31].

2.3.2. Applications of Photocatalysis in Neuromorphic Systems

Photocatalysis is emerging as a powerful method in neuromorphic sys-
tems, providing a means to establish and modify adaptive networks in a manner
analogous to biological neural systems. This approach leverages light to initiate
chemical reactions that can dynamically alter conductive pathways, enabling

neuromorphic networks to reconfigure in response to environmental inputs.
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This capability for real-time adaptability supports applications in artificial in-
telligence, where systems require continual learning and evolution [34].

One significant application of photocatalysis in neuromorphic systems is
in the formation of highly customizable conductive pathways. Using UV light
on photocatalytic materials like TiO, researchers can generate electron-hole
pairs that facilitate the growth of metallic nanoparticles along desired paths.
This process mimics synaptic strengthening in biological systems and provides
spatial control over connectivity, an essential factor in creating neuromorphic
networks that can reconfigure dynamically as learning progresses [35].

In addition to connection formation, photocatalytic methods allow for se-
lective pruning of these conductive pathways, analogous to synaptic pruning in
the brain. This selective dissolution process is achievable through specific
chemical agents that break down previously formed connections. The ability to
remove unnecessary or redundant pathways on-demand enables the system to
optimize its structure over time, enhancing both efficiency and adaptability
[36].

Photocatalysis is particularly advantageous because it is a non-invasive
and low-energy process. Using light rather than electrical currents minimizes
wear on the system, increasing its durability. This quality is especially valuable
in applications requiring long-term stability, such as sensory systems in robot-
ics, where minimal intervention is preferred for sustained operation [37].

Finally, photocatalytic processes are energy-efficient, aligning with the
requirements of scalable neuromorphic systems. Unlike other methods that
consume considerable power and generate heat, photocatalysis requires only
light and basic chemical agents, making it a highly efficient choice for low-
power neuromorphic devices intended for applications such as wearable tech-

nologies and environmental sensing [38].

2.4. Components of the Photocatalytic System

The construction of adaptive neuromorphic systems using photocatalysis
requires a combination of specific components, each playing a distinct role in

enabling responsive, reconfigurable behavior. Central to this process are the
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selection of a photocatalytic substrate, usually TiO2, a gold precursor solution
that provides metal ions for the creation of conductive pathways, a UV light
source to initiate the photocatalytic reactions, and controlled environmental
conditions that influence reaction efficiency and stability. These components
together enable the creation of dynamic networks that mirror the synaptic plas-
ticity found in biological neural networks, offering a pathway to real-time re-
configuration in neuromorphic devices [39].

Photocatalytic substrates need to support efficient photo-induced elec-
tron-hole pair generation, with TiO2 being one of the most commonly used ma-
terials due to its high stability, availability, and strong oxidative potential under
UV light. When illuminated, TiO2 generates electron-hole pairs that drive re-
duction-oxidation reactions, which are essential for the deposition and modu-
lation of conductive pathways on its surface [40]. This ability to facilitate con-
trolled nanoparticle deposition aligns with the synaptic connectivity found in
neuromorphic architectures, where connectivity can be spatially managed to
emulate biological neural networks [41].

The gold precursor solution, typically consisting of gold ions (Au*), is
introduced to interact with the photogenerated charges on the TiO- surface, pro-
moting the reduction of Au** ions to metallic gold. This reduction forms con-
ductive gold nanoparticles selectively along illuminated regions, enabling the
formation of precisely patterned conductive pathways. These pathways are cru-
cial for emulating the adaptable synaptic links within artificial neural networks,
allowing for growth and dissolution in response to stimuli [42].

The UV light source is integral to initiating the photocatalytic process by
providing the energy required for electron excitation within TiO.. Key param-
eters such as wavelength, light intensity, and exposure duration—must be care-
fully controlled to regulate the rate of electron-hole generation and, conse-
quently, the growth and dissolution of conductive pathways [43]. Optimizing
these illumination conditions allows the system to achieve efficient, low-power
reconfiguration, essential for neuromorphic applications.

Finally, environmental factors, including temperature, humidity, and sur-

rounding gas composition, have a significant impact on photocatalytic activity
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and device stability. Elevated temperatures and controlled humidity levels can
enhance reaction kinetics, while certain gases, such as oxygen, influence the
longevity and stability of the photocatalytic process. Proper control over these

conditions ensures reliable and reproducible neuromorphic functionality.

2.4.1. Titanium Dioxide (TiO:) as the Photocatalytic Substrate

Titanium dioxide (TiO-) has emerged as the substrate of choice in photo-
catalytic applications, and its use in neuromorphic systems is well-founded due
to a unique set of chemical and physical properties that align closely with the
demands of dynamic, adaptive network formation. The robustness of TiO- as a
substrate in photocatalytic processes stems from its chemical stability, high ox-
idation potential, and the efficient generation of electron-hole pairs under UV
illumination. These characteristics are particularly beneficial in neuromorphic
engineering, where the goal is to emulate synaptic behaviors like strengthening,
weakening, and pruning of connections in a highly controlled, reversible man-
ner [44].

Under UV illumination, TiO: absorbs photons with energy greater than
or equal to its bandgap (~3.2 eV for anatase TiO-), which excites electrons from
the valence band to the conduction band, leaving behind holes in the valence
band. This electron-hole pair generation is the catalyst for redox reactions on
the surface of TiO2, which can induce deposition or removal of materials like
metal nanoparticles in a spatially controlled manner. The photogenerated elec-
trons reduce metal ions in the surrounding solution to form conductive nano-
particles, creating pathways that can mimic the synaptic connections between
neurons in a biological brain. This substrate, therefore, allows for patterned,
customizable connectivity in neuromorphic systems, responding dynamically
to UV exposure [45].

In practical terms, TiO2 serves as a stable base on which metal nanopar-
ticles, often gold, are deposited to form conductive paths. The deposition is
achieved by illuminating TiO2 with UV light in the presence of a metal precur-
sor solution, allowing electrons to drive the reduction of metal ions at specific

locations. This process is analogous to synaptic strengthening and provides a
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means for forming new connections within the artificial network. Through care-
ful control of UV illumination patterns, researchers can specify where conduc-
tive paths form, introducing a high level of spatial control that is vital for adap-
tive neuromorphic architectures [46]. TiO2’s photoactivity thus provides the
substrate with an innate programmability, facilitating configurations that can
change over time, akin to learning in biological systems.

Beyond facilitating the formation of conductive paths, TiO: is renowned
for its durability, maintaining functional integrity over extended periods of UV
exposure without degrading, a crucial property for systems designed for long-
term neuromorphic operations. The resistance of TiO: to photocorrosion en-
sures that the substrate can sustain numerous cycles of network reconfiguration
without significant wear, making it suitable for applications like environmental
monitoring or wearable electronics, where consistent performance over long
periods is necessary [47]. Additionally, the wide bandgap of TiO: limits its ac-
tivation to UV light, which allows precise on/off control over its photocatalytic
activity, reducing unintended activation under visible light. This selectivity en-
hances the energy efficiency of TiO2-based neuromorphic systems, contrib-
uting to the low-power requirements essential for portable and wearable neuro-
morphic applications [48].

In summary, TiO:’s role as a photocatalytic substrate is foundational in
the creation of neuromorphic systems that aim to emulate the brain’s adaptabil-
ity. Its stability, controllable electron-hole pair generation, and selective reac-
tivity under UV light collectively make TiO: an ideal substrate for systems re-
quiring real-time adaptability and reconfiguration with low power consump-

tion.

2.4.2. Gold Precursor Solution

The gold precursor solution, primarily chloroauric acid (HAuCla), is fun-
damental in the photocatalytic growth of gold nanoparticles on TiO: substrates,
supporting the development of neuromorphic systems through the creation of
adaptive, conductive pathways. HAuCl. offers significant advantages due to its

stability in aqueous solution and its well-defined reduction pathway, which
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enables precise control over the morphology and distribution of gold nanopar-
ticles. This level of control is essential for constructing neuromorphic networks
that emulate biological synaptic behavior, as it allows the formation of con-
sistent, reliable conductive paths that can adjust and reconfigure based on ex-
ternal stimuli, mimicking the adaptive nature of neural connections in the brain
[49] active precursor ions, such as Ag* and Pt*, have been explored in photo-
catalytic applications, yet HAuCls remains preferred in neuromorphic designs
due to the chemical stability and superior conductivity of gold. Silver ions can
lead to less stable structures, as they are prone to oxidation and dissolution,
which can reduce the long-term reliability of neuromorphic pathways. Platinum
ions, while conductive, often require harsher reduction conditions and higher
energy inputs, making them less practical for low-energy systems. Gold pre-
cursors thus offer a unique combination of stability, efficiency, and ease of re-
duction, facilitating the formation of durable, conductive networks that are crit-
ical for neuromorphic functionality [50].

The concentration of HAuCls and the pH of the solution play crucial roles
in determining the morphology, density, and growth rate of gold nanostruc-
tures. High precursor concentrations can produce denser nanoparticle layers,
increasing conductivity but risking agglomeration if not carefully controlled.
Lower concentrations offer finer control over particle size, ideal for neuromor-
phic systems that require precision in network formation. The pH of the solu-
tion is another factor; acidic conditions accelerate reduction by providing an
abundance of protons, which can speed up nanoparticle formation. However,
too low a pH can destabilize the TiO: substrate and cause uneven growth. Typ-
ically, a pH range of 2-4 is found to balance growth rate with particle stability,
maintaining the uniformity required for high-performance neuromorphic sys-
tems [51].

Additives, such as isopropanol, serve as hole scavengers, enhancing the
efficiency of photocatalytic reactions by stabilizing photogenerated holes on
TiO:. This stabilization prevents rapid electron-hole recombination, allowing
for a more efficient reduction of Au** to Au, and in turn, facilitating the con-

sistent growth of nanoparticles. Stabilizers, such as citrate ions, can further
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control nanoparticle shape, which may influence the conductive properties of
the networks formed. This level of control is instrumental in creating neuro-
morphic pathways that can respond dynamically to electrical inputs, supporting
a range of synaptic behaviors critical to neural network simulation [52].

Other parameters, such as UV illumination intensity, and the surface
properties of the TiO: substrate, also significantly affect gold nanoparticle for-
mation. Elevated temperatures enhance the reduction rate of HAuCls, leading
to faster nanoparticle growth, although they can cause irregularities in particle
shape if not precisely regulated. Intense or prolonged UV illumination can ac-
celerate electron-hole generation, thereby boosting reduction rates, but it may
also increase agglomeration risks. The TiO: substrate’s surface roughness and
morphology impact the nucleation and growth of gold particles; a rougher sur-
face provides more nucleation sites, leading to denser networks, which may
enhance connectivity but reduce the uniformity crucial for neuromorphic appli-
cations [27].

2.4.3. UV Light Source and Illumination Conditions

The choice of UV light source and precise control over illumination con-
ditions are pivotal in photocatalytic applications, particularly when using TiO:
substrates for controlled gold nanoparticle growth. The intensity, wavelength,
duration, and angle of UV illumination significantly affect the photocatalytic
processes, influencing the morphology, size, and distribution of gold nanostruc-
tures. These parameters are essential in applications that require high precision,
such as neuromorphic system development, where structured, predictable path-
ways of nanoparticles are required to simulate synaptic behavior. UV wave-
length selection plays a primary role, as the energy provided must be sufficient
to excite the TiO: substrate, typically requiring UV light in the 300-400 nm
range. This excitation leads to electron-hole pair formation in TiO2, essential
for the reduction of HAuCl.s and subsequent deposition of gold nanoparticles.
Studies have shown that shorter UV wavelengths (e.g., 300-350 nm) offer more
energetic excitation, leading to more rapid electron-hole generation and, con-

sequently, faster nucleation and growth of gold nanoparticles [53], excessive
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energy can sometimes lead to agglomeration or uneven deposition, which must
be managed to maintain uniformity in particle growth.

Light intensity, commonly measured in mW/cm2, directly influences the
rate of electron-hole pair production in the TiO: substrate. High-intensity UV
illumination increases the density of available charge carriers, facilitating faster
reduction rates and denser particle deposition. However, if the intensity is too
high, it can cause rapid growth that lacks fine control, resulting in larger, less
defined nanoparticles. For applications requiring high-resolution neuromorphic
patterns, moderate UV intensity is often preferable to allow for controlled,
gradual deposition [54].

The UV exposure is another critical factor. Prolonged UV exposure can
lead to larger particle sizes due to continued growth, which may enhance con-
ductivity but reduce the spatial resolution necessary for neuromorphic applica-
tions. Shorter exposure times, on the other hand, allow for the formation of
smaller, more precisely defined particles, which are better suited for creating
complex networks. Experiments demonstrate that exposure times of 5-15
minutes achieve a balance between sufficient deposition and controlled particle
size [55].

The angle of illumination also impacts nanoparticle formation, especially
in systems where 3D structural control is desired. Direct illumination perpen-
dicularly onto the substrate ensures uniform growth across the surface, while
angled illumination can be used to create anisotropic growth patterns, essential
for forming asymmetrical structures that mimic synaptic pathways. Studies in-
dicate that slight angling of the light source can promote directional growth,

beneficial in creating neuromorphic networks with directional conductivity.

2.4.4. Environmental and External Parameters

The process environment, including ambient temperature and humidity,
influences the photocatalytic reaction rate and particle morphology. Controlled
environments with stable temperature and low humidity are often preferred to
reduce unwanted variability in growth patterns, as higher temperatures can ac-

celerate nanoparticle growth and humidity can affect the stability of TiO:’s
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surface states. Maintaining ambient conditions ensures reproducibility and con-
sistency across experiments, critical for scalable neuromorphic systems [56].

The reaction temperature is one of the most impactful parameters on pho-
tocatalytic activity, influencing growth kinetics and morphology of nanostruc-
tures. Increased temperatures can enhance the kinetic energy of particles, lead-
ing to accelerated electron-hole pair formation on the TiO: surface under UV
illumination, thereby speeding up the reduction of gold ions to form nanostruc-
tures. Studies have shown that higher temperatures often produce larger or more
complex gold nanostructures, which may be beneficial for conductivity but can
compromise spatial resolution. Typically, temperatures between 25°C and
50°C are optimal for achieving a balance between growth rate and structural
stability in neuromorphic networks [57].

The ambient humidity and atmospheric composition, particularly oxygen
levels, play significant roles in the photocatalytic growth process on TiO: sub-
strates. High humidity enhances the adsorption of water molecules on the TiO:
surface, providing a source of protons that aid in the reduction process, which
is essential for controlled nanoparticle formation. However, excessive moisture
can increase diffusion rates on the substrate surface, potentially leading to ag-
glomeration of nanoparticles, which could compromise the spatial resolution
required in neuromorphic applications. An oxygen-rich atmosphere, while pro-
moting recombination of electron-hole pairs, tends to slow down the reduction
process, thereby allowing for controlled particle growth and reducing the risk
of over-deposition. Thus, an environment with controlled low humidity and
moderate oxygen levels is generally ideal for maintaining a balance between
growth rate and particle stability, optimizing the performance of photocatalytic
processes in neuromorphic device applications.

The local pH around the substrate surface can significantly influence the
deposition process by affecting the availability of protons, which in turn accel-
erates the reduction of gold ions. However, when the pH is too low, it can de-
stabilize the TiO: surface, resulting in uneven growth patterns. A balanced pH,
typically around 3-4, supports stable nanoparticle formation while avoiding

substrate degradation. Additionally, the concentration of ions in the
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surrounding environment, such as Cl™ ions from the gold precursor, plays a cru-
cial role in growth kinetics. Higher ionic concentrations promote faster particle
nucleation, which can be advantageous for growth speed but may compromise
uniformity. Achieving the right balance between pH and ion concentration is
essential for ensuring reliable formation of synapse-like connections on the
TiO: surface, which are critical for neuromorphic applications [58].

Applying external electric or magnetic fields during the photocatalytic
growth process can refine the alignment and orientation of gold nanostructures,
enhancing their applicability in neuromorphic systems. Electric fields influence
ion migration, promoting the directional growth of nanostructures that mimic
neural pathways, which is especially beneficial for creating aligned pathways
with enhanced connectivity precision [59]. This controlled, directional growth
is valuable for neuromorphic applications, where precise pathway alignment
improves network functionality. Although magnetic fields are used less fre-
quently, they can also impact particle distribution and aggregation, depending
on the properties of the ions in the solution. These external fields provide an
additional layer of control over structural orientation and spatial arrangement,
which is crucial for constructing complex, hierarchical connectivity in neuro-
morphic networks.

Stabilizing agents in the surrounding medium play a crucial role in en-
suring the stability and uniformity of nanoparticles during the growth process.
Additives like isopropanol or ethylene glycol act as hole scavengers, which help
in stabilizing electron-hole pairs generated on the TiO- surface, thereby con-
trolling the growth rate of nanoparticles. These agents not only moderate the
growth process but also prevent nanoparticle agglomeration by maintaining ad-
equate spacing between particles. This spacing is critical for achieving the pre-
cise connectivity required in neuromorphic devices, where uniform particle dis-
tribution directly impacts device performance. Optimizing the concentration of
stabilizing agents is essential, as too much can excessively slow down growth,
while too little may compromise particle stability and lead to aggregation, un-

dermining the desired uniformity in the network structure [60].
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2.5. Photocatalytic Deposition and Control of Gold Nanostruc-
tures

Photocatalytic deposition of gold nanostructures on substrates like TiO2
represents a critical method for fabricating conductive pathways in neuromor-
phic systems. The gold nanoparticle formation process leverages photocatalytic
properties to drive reduction reactions at specific sites, enabling highly local-
ized growth. This method is particularly beneficial for neuromorphic applica-
tions due to its ability to form controlled, reconfigurable networks that mimic
biological synaptic connections. By adjusting experimental conditions such as
light intensity, precursor concentration, and reaction time, it is possible to
achieve precise control over the morphology and connectivity of gold
nanostructures, which is essential for constructing adaptive neuromorphic net-
works [8].

The photocatalytic deposition approach is highly tunable, allowing for
real-time adjustments to control the growth rate and structural properties of
gold nanostructures. By modulating factors such as light wavelength and tem-
perature, researchers can influence the rate of electron-hole pair generation on
the TiO: surface, which directly impacts the nucleation and growth kinetics of
gold particles. This tunability is essential for creating structured, high-fidelity
networks that can be dynamically altered, an advantage over more static ap-
proaches like electrochemical deposition [61].

In addition to direct control over deposition rates, photocatalytic methods
also facilitate patterned growth, a technique that is especially useful in creating
spatially organized neural networks. By combining photocatalytic deposition
with lithographic patterning, it is possible to establish predefined pathways for
gold nanoparticle growth, enhancing the precision and functionality of neuro-
morphic systems. This patterning capability is advantageous in applications
that require high connectivity and minimal crosstalk between pathways, such

as in memory devices or complex computing architectures [62].
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Moreover, the use of gold as the primary nanoparticle material is partic-
ularly advantageous for neuromorphic devices due to its excellent conductivity
and resistance to oxidation, ensuring long-term stability. Gold nanoparticles of-
fer high tunability in size and shape, factors which can be adjusted to optimize
electronic properties like conductivity and plasmonic effects, which are crucial
for effective signal transmission in neuromorphic architectures. The stability of
gold nanostructures under environmental conditions also adds to the robustness
of the photocatalytic approach, making it suitable for both laboratory-scale ex-
periments and potential industrial applications [63].

Primary advantage of photocatalytic deposition is its energy efficiency
compared to conventional heating or current-driven processes, which often re-
quire significant energy input. Photocatalytic growth, driven by light and sim-
ple chemical agents, aligns with the low-energy demands necessary for scalable
neuromorphic systems. As such, this method stands out as a promising pathway
for the development of adaptive, energy-efficient devices for next-generation

computing [64].

2.5.1. Mechanism of Gold Nanoparticle Formation

Upon UV illumination, the TiO: substrate absorbs photons, resulting in
the excitation of electrons from the valence band to the conduction band, leav-
ing holes in the valence band. These electron-hole pairs serve as reactive sites
where gold precursor ions, such as AuCla™, are reduced to elemental gold (Au°)
by the excited electrons. The holes in the TiO: oxidize scavenger molecules in
the surrounding solution, which maintains charge neutrality and allows for con-
tinuous gold deposition [47].

In the initial stages, gold ions adsorb onto the TiO: surface, where they
are reduced and begin to nucleate as small clusters. The concentration of gold
ions, UV intensity, and the presence of stabilizing agents all influence the size
and shape of the forming particles. With controlled deposition, it is possible to
produce nanoparticles with tunable sizes, which can influence electronic prop-
erties such as conductivity and plasmonic resonance. This tunability is essential

for tailoring the interconnectivity of neuromorphic networks, where the size of
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nanoparticles impacts signal transmission efficiency and overall network dy-
namics [44].

A key aspect of this process is the growth mechanism, which can proceed
through either layer-by-layer or island growth, depending on the conditions.
Lower precursor concentrations and shorter illumination times promote island
growth, resulting in isolated, well-defined nanoparticles, while higher concen-
trations and longer illumination yield larger, continuous structures. For neuro-
morphic applications, where synaptic behavior relies on discrete, spatially sep-
arated connections, maintaining island growth is often preferred. Controlling
these conditions allows for fine-tuning of network characteristics, such as con-
nectivity density, which is pivotal for creating adaptive, reconfigurable neuro-
morphic systems [64].

Furthermore, additives such as isopropanol can act as hole scavengers,
improving the reduction efficiency of gold ions and preventing agglomeration
by promoting a uniform distribution of nanoparticles. This effect is especially
beneficial in neuromorphic applications, where uniform particle spacing and
controlled distribution contribute to precise emulation of synaptic networks
[44]. Such additives enable the formation of consistent pathways with minimal

crosstalk, which is essential for high-performance neuromorphic architectures.

2.5.2. Patterned Growth Using Lithography

In advanced neuromorphic engineering, achieving precise spatial control
over conductive pathways is essential to emulate the complex connectivity of
biological synaptic networks. Patterned growth through lithographic techniques
allows for the selective deposition of gold nanoparticles on TiO: substrates in
designated regions, enabling the spatial organization necessary for complex
neural architectures. This method facilitates the precise placement of conduc-
tive pathways, minimizing crosstalk between network connections and enhanc-
ing device functionality, an aspect critical for the high fidelity required in neu-
romorphic applications [65].

Photocatalytic lithography combines photocatalysis with photomask-

based patterning, achieving localized growth of gold nanoparticles. In this
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method, a photomask is applied over the TiO: substrate, selectively exposing
regions to UV light. This targeted illumination activates the photocatalytic
properties of TiO: in specific areas, promoting the reduction of gold ions ex-
clusively in the patterned regions, thus facilitating precise nanoparticle growth.
This technique is particularly effective for creating high-resolution, structured
pathways essential for neuromorphic computing applications, where connectiv-
ity precision is paramount [66].

Experimental parameters such as UV exposure time, mask design, and
precursor concentration are critical in defining the resolution and uniformity of
the patterned deposition. Shorter UV exposure times result in finer patterns with
smaller nanoparticles, while well-designed masks allow for various structural
configurations, from linear pathways to complex network-like patterns. These
configurations can be tailored to improve connectivity and emulate synaptic
structures in artificial neural networks, thereby advancing neuromorphic device
performance [67].

A significant advantage of lithography-assisted photocatalytic growth is
its compatibility with scalable and reproducible manufacturing processes. Un-
like other methods that involve high-temperature or complex procedures, pho-
tocatalytic lithography operates under mild conditions, making it suitable for
integration with flexible substrates and scalable production techniques. This
adaptability supports the broader goal of developing neuromorphic systems that
are both cost-effective and efficient for practical applications in computing and

memory storage [68].

2.6. Role of Indium Tin Oxide (ITO) in Directing Gold
Growth

Indium Tin Oxide (ITO) is commonly utilized as a transparent conducting
layer in photocatalytic systems due to its excellent electrical conductivity and
optical transparency. In the context of photocatalytic gold deposition, the ITO
layer serves multiple functions. It not only enhances electron transport effi-
ciency but also creates an interface that influences the growth patterns of gold

nanoparticles on TiO.. This property is particularly relevant in neuromorphic

34



systems, where conductive pathways must be formed with high precision and
stability to mimic biological synaptic functions [69].

The thickness of the ITO layer is also a critical parameter that affects gold
deposition patterns. Thicker ITO layers provide a higher density of conduction
pathways but may also introduce resistance to electron flow at larger thick-
nesses, which can influence the morphology and distribution of gold nanopar-
ticles. Optimizing the thickness of the ITO layer is therefore essential to achiev-
ing a balance between conductivity and patterning precision. Research indi-
cates that ITO layers within a specific thickness range (typically 20-100 nm)
are optimal for maintaining efficient charge transfer while supporting stable
gold nanoparticle growth [70]. The ITO thickness affects not only the overall
deposition pattern but also the uniformity and stability of gold pathways in neu-
romorphic applications, where reliability and repeatability are crucial.

In addition, ITO’s role extends beyond its conductive properties. The in-
teraction between ITO and TiO: surfaces also impacts the adhesion and stability
of deposited gold particles, making it crucial in applications where durability
and longevity of conductive pathways are required. This factor is particularly
relevant for neuromorphic devices intended for real-world environments, as ro-
bust and stable connections are necessary to ensure device performance over

extended periods.

2.6.1. Formation of Schottky Barrier at TiO:-1TO Interface

The formation of a Schottky barrier at the TiO2-1TO interface plays a im-
portant role in directing gold nanoparticle growth by influencing charge trans-
fer dynamics and enhancing photocatalytic activity. The Schottky barrier is a
potential energy barrier formed when a semiconductor (TiO2) comes in contact
with a conductor or a conductive oxide (ITO). This barrier is essential in neu-
romorphic systems, as it regulates electron flow between the TiO2 and ITO lay-
ers, effectively separating photogenerated electron-hole pairs and preventing
rapid recombination [9]. By reducing recombination rates, the Schottky barrier

enables a more sustained and controlled reduction process for gold ions on the
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TiO: surface, facilitating localized and directed nanoparticle growth crucial for
creating defined conductive pathways.

The Schottky barrier also serves to enhance the photogenerated charge
separation by acting as an electron sink, where electrons from the TiO: semi-
conductor can transfer to the ITO layer. This electron transfer mechanism is
particularly beneficial under UV illumination, as it increases the concentration
of holes on the TiO: surface, which in turn accelerates the reduction of gold
ions and promotes uniform nanoparticle nucleation. The presence of ITO not
only stabilizes the charges generated in TiO: but also allows for precise control
over where gold nanoparticles form, which is essential for structured connec-
tivity in neuromorphic applications that mimic biological synapses [71].

Additionally, the physical properties of the ITO layer, such as thickness
and transparency, further influence the formation and efficacy of the Schottky
barrier. Optimal thicknesses of ITO facilitate efficient electron transfer without
compromising transparency, ensuring that enough light reaches the TiO: layer
for photocatalysis. Excessively thin ITO layers may lead to insufficient electron
transfer capabilities, reducing the stability of the Schottky barrier, while overly
thick layers can impede light penetration, thus decreasing photocatalytic effi-
ciency. Achieving an appropriate balance in ITO thickness is therefore crucial,
as it affects the Schottky barrier’s effectiveness and, subsequently, the growth
patterns of gold nanoparticles on the TiO: substrate [72].

In summary, the formation of a Schottky barrier at the TiO.-I1TO interface
is a key factor in controlling gold nanoparticle growth, impacting both the lo-
calization and stability of particle formation. This controlled deposition pro-
cess, facilitated by the Schottky barrier, is integral to the development of neu-
romorphic architectures that rely on precise, reconfigurable networks for opti-

mized signal transmission and processing.

2.6.2. Heterojunctions in ITO-TiO: Interfaces: Theoretical Insights and
Applications

The interface between ITO and TiO: forms a heterojunction that plays a

critical role in influencing the photocatalytic and electronic properties of the
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material system [73]. A heterojunction is created when two dissimilar semicon-
ductors are brought into contact, leading to the alignment of their energy bands
and the establishment of a built-in electric field. This phenomenon facilitates
efficient charge carrier separation, which is crucial for enhancing photocata-
lytic activity [74].

The ITO-TiO: system forms a Type-II heterojunction due to the higher
work function of ITO compared to TiO. This band alignment facilitates the
transfer of photogenerated electrons from the conduction band of TiO- to ITO,
while holes remain confined in the TiO: valence band. This efficient charge
separation reduces recombination losses, significantly enhancing the photo-
catalytic efficiency of TiO.. Additionally, the conductive properties of ITO as
a sublayer improve electron collection and transport, further augmenting the
system’s performance in applications such as photocatalysis and neuromorphic
systems [73].

The heterojunction interface in the ITO-TiO: system significantly influ-
ences key parameters, including the creation of a built-in electric field that fa-
cilitates the separation of photogenerated electron-hole pairs, enhanced carrier
mobility through the conductivity of ITO for faster charge transfer, and im-
proved optoelectronic properties as the ITO layer affects light absorption and
transmission in the TiO: layer, crucial for photocatalytic and photoelectronic
applications [75]. These properties make the ITO-TiO: heterojunction particu-
larly suitable for advanced applications such as neuromorphic engineering. In
this study, the heterojunction enables controlled photocatalytic growth of gold
nanostructures along the edges of TiO: patterns under UV illumination, mim-
icking axonal connections in biological neural networks. The ITO layer ensures
efficient electron transfer, localizing gold deposition at the interface and form-
ing conductive pathways critical for adaptive neuromorphic systems [76].

The theoretical insights into the heterojunction dynamics provide a foun-
dation for understanding its role in enhancing the material’s performance. By
optimizing parameters such as the thickness of the ITO layer and the quality of
the interface, the heterojunction can be tailored for specific applications, rang-

ing from renewable energy to bio-inspired computing [77].
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2.6.3. Influence of ITO Layer Thickness on Growth Patterns

The thickness of the ITO layer plays a significant role in directing the
growth patterns of gold nanostructures on TiO2 substrates. ITO thickness af-
fects both the electric field distribution at the interface and the photocatalytic
efficiency of TiO-, thereby influencing the deposition and morphology of gold
nanoparticles. A well-calibrated ITO layer enables controlled electron transfer
and more uniform gold growth, essential for achieving the precise structural
arrangement required in neuromorphic applications [70].

In thin ITO layers (less than 10 nm), the electron mobility is generally
limited, leading to reduced photocatalytic efficiency. Such layers are less effec-
tive at facilitating the charge separation required for efficient gold ion reduc-
tion, resulting in sparse or uneven nanoparticle distribution. Thicker ITO layers,
however, tend to enhance electron mobility and reduce recombination rates,
creating a favorable environment for uniform nanoparticle growth. Studies
have shown that an ITO thickness between 10 and 50 nm provides an optimal
balance, allowing for sufficient electron transfer while maintaining the trans-
parency needed for UV light penetration [78].

Moreover, increasing the ITO thickness beyond a certain point may hin-
der UV light transmission, reducing the photocatalytic activity of the underly-
ing TiO:2. As the ITO layer grows thicker, it begins to act as a partial barrier to
UV light, attenuating the energy needed to excite electron-hole pairs in TiO:
and thus slowing down the nanoparticle growth process. For neuromorphic ap-
plications, where consistent and controlled patterning is necessary, maintaining
an ITO thickness within an optimal range is crucial. This balance supports the
development of conductive pathways with high spatial precision, essential for
high-functionality neural network emulation [79].

2.7. Controlled Pruning of Grown Nanostructures for Neuro-
morphic Systems

The controlled pruning of nanostructures is pivotal in neuromorphic en-
gineering, enabling dynamic reconfiguration within artificial synaptic networks

to mimic the adaptive plasticity seen in biological brains. In this context,
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pruning refers to the selective removal or refinement of grown nanostructures,
enhancing connectivity precision within the network. This controlled process
allows for an optimized, adaptive response to changing stimuli or functional
requirements, ensuring that only essential pathways remain active while redun-
dant or inefficient connections are eliminated. Such pruning is fundamental in
reducing signal interference and enhancing processing efficiency, ultimately
leading to improved neuromorphic device performance [80].

Gold nanostructures, grown on substrates like TiO: via photocatalytic
methods, form conductive pathways necessary for signal transmission in neu-
romorphic systems. However, as network complexity increases, excessive con-
nectivity may lead to unintended crosstalk and reduced efficiency. Selective
pruning helps maintain connectivity precision, supporting network adaptability
by reorganizing pathways in response to new input, a mechanism reminiscent
of synaptic plasticity in natural neural systems. This selective connectivity ad-
justment is integral to achieving neuromorphic networks that can functionally
reorganize in real-time [81].

Various techniques in neuromorphic engineering replicate biological
pruning through controlled physical and chemical means. These include meth-
ods like localized laser ablation, chemical dissolution, and voltage-induced dis-
connection, which selectively reduce or reshape conductive pathways within
the network. Such approaches afford high precision over connectivity density
and morphology, a necessity for emulating the neurobiological mechanisms of
learning and memory adaptation in artificial systems. By modulating the con-
nectivity, these techniques enable networks to undergo controlled "learning”
and "forgetting"” processes, a defining feature of intelligent neuromorphic de-
vices [82].

Subsequent sections examine targeted pruning techniques, such as the re-
finement of axonal-like structures to enhance network efficiency, various engi-
neering approaches to emulate biological pruning, and chemical dissolution us-
ing agents like KI. KI enables selective gold structure removal by dissolving
specific regions within the network, thereby enhancing spatial resolution and

adaptability. Such pruning strategies are instrumental in creating neuromorphic
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systems capable of real-time adaptability, an essential attribute for advanced
computing architectures designed to operate efficiently under dynamic condi-
tions [83].

2.7.1. Pruning of Axonal Structures in Neuromorphic Systems

The selective pruning of axonal structures in neuromorphic systems is a
key mechanism to emulate the efficiency and adaptability of biological neural
networks. Axonal pruning allows for the targeted reduction of connections
within a network, refining signal pathways to enhance computational efficiency
and adaptability. This process is modeled after biological synaptic plasticity,
where redundant or weak axonal connections are removed to optimize learning
and memory functions. By implementing controlled pruning in neuromorphic
architectures, engineers can maintain high processing accuracy while reducing
energy demands, crucial for developing neuromorphic devices capable of real-
time adaptation and efficient information processing [84].

In neuromorphic systems, axonal-like connections often consist of gold
or other conductive nanostructures grown on semiconductor substrates like
TiO2. The deliberate removal of these structures helps manage connectivity
density, which is essential in avoiding excessive crosstalk and improving signal
integrity within complex circuits. This targeted pruning not only aids in en-
hancing processing efficiency but also increases the system’s robustness to
noise, acommon challenge in densely connected networks. Pruning techniques
can be tailored to control specific network parameters such as connection
strength and distribution, providing a high degree of flexibility in circuit design
and operation [84].

Pruning methods in neuromorphic engineering range from physical tech-
nigques, such as laser ablation, to chemical methods involving selective dissolu-
tion agents like KI. For instance, laser ablation offers high precision in elimi-
nating specific axonal structures, allowing for selective connectivity adjust-
ments that mirror neurobiological processes of axonal trimming and synaptic
reconfiguration. Similarly, Kl-based chemical dissolution facilitates the tar-

geted removal of gold pathways, preserving the desired connectivity while
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eliminating superfluous routes. Such techniques are invaluable in neuromor-
phic systems where high fidelity and reconfigurability are required to adapt to
changing functional demands and environmental stimuli [83].

Additionally, voltage-induced pruning provides another promising ave-
nue by applying localized electric fields to weaken or disconnect certain path-
ways selectively. This approach simulates natural processes in the brain, where
synaptic strength adjusts in response to electrical signaling. By selectively ad-
justing voltages, neuromorphic systems can dynamically adapt their network
configurations, achieving on-demand reconfiguration similar to brain-like
learning and forgetting. Voltage-based pruning, along with chemical and phys-
ical methods, presents a comprehensive toolkit for creating neuromorphic sys-
tems that are resilient, adaptable, and capable of performing complex tasks with
high efficiency [80].

2.7.2. Techniques for Mimicking Pruning in Neuromorphic Engineering

In neuromorphic engineering, mimicking the biological process of prun-
ing is essential for creating adaptable and efficient artificial neural networks.
Various techniques have been developed to emulate pruning, each contributing
to the reduction or reconfiguration of connections within a neuromorphic net-
work. These techniques are designed to simulate the selective elimination of
synaptic connections observed in biological systems, where the brain prunes
unnecessary or underused connections to enhance functionality and reduce en-
ergy consumption. By incorporating pruning mechanisms, neuromorphic sys-
tems can dynamically optimize connectivity, enhancing processing speed and
accuracy while lowering overall power requirements [84].

Laser ablation is one of the most precise physical methods for pruning in
neuromorphic systems, enabling the targeted removal of individual nanostruc-
tures or clusters. By using focused laser beams, engineers can achieve sub-mi-
cron resolution in disconnection, which is essential for applications requiring
intricate network reconfigurations. Laser ablation also allows for real-time
pruning adjustments, an advantageous feature for neuromorphic devices need-

ing adaptability in response to changing tasks or input signals. This technique’s
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precision and adaptability make it highly effective for creating complex net-
works that can adjust their connectivity patterns on demand [83].

Chemical dissolution techniques, such as the use of Kl, offer an alterna-
tive approach to selective pruning. Kl acts as a reducing agent, dissolving gold
nanostructures on substrates like TiO: in a controlled manner. By applying KI
solutions to specific areas, it is possible to selectively prune connections with-
out affecting the overall network structure. This selective dissolution not only
facilitates precise pruning but also maintains the structural integrity of sur-
rounding connections, making it ideal for applications in neuromorphic systems
that require high connectivity and minimal interference between pathways [27].

Voltage-induced pruning provides another method for emulating biolog-
ical pruning processes by selectively applying localized electric fields to
weaken or disconnect specific connections. This approach simulates neuroplas-
ticity, wherein synaptic connections are strengthened or weakened in response
to activity levels. Voltage-based pruning allows for the real-time adjustment of
connectivity patterns in response to environmental stimuli or changing compu-
tational demands. This method is especially valuable in neuromorphic systems
designed for continuous learning and reconfiguration, as it enables adaptive re-
sponses that mirror the dynamic nature of biological neural networks [24].

Together, these pruning techniques offer a robust toolkit for designing
neuromorphic systems capable of real-time adaptability and energy-efficient
operation. By integrating laser ablation, chemical dissolution, and voltage-
based disconnection methods, engineers can create networks that not only learn
and remember but also “forget” redundant connections, optimizing functional-

ity in a manner reminiscent of the human brain’s efficiency and flexibility [29].

2.7.3. Chemical Dissolution for Pruning Using Potassium lodide (KI)

In the context of neuromorphic systems, chemical dissolution using KI
offers a precise, controllable method for pruning gold nanostructures grown on
TiO: substrates. This approach involves selective application of KI as a reduc-
ing agent, allowing for the targeted dissolution of specific connections within a

neuromorphic network. By introducing Kl into the system, engineers can
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achieve localized removal of gold structures without disrupting the surrounding
network, thus enabling the fine-tuning of connectivity essential for adaptive
learning and memory processes in artificial synaptic networks [10].

The mechanism by which KI induces selective dissolution is based on its
ability to act as a reducing agent in the presence of gold nanoparticles. When
Kl is applied to gold-coated TiO- substrates, it facilitates the reduction of gold
ions, effectively dissolving the metallic structures. This process is particularly
beneficial for neuromorphic systems, as it enables precise pruning of over-
grown or redundant pathways that could otherwise interfere with network effi-
ciency and increase energy consumption. The KI dissolution method, therefore,
plays a critical role in maintaining a streamlined network configuration, opti-
mizing both connectivity and signal fidelity [69].

Experimental parameters such as the concentration of Kl, the application
area, and the duration of exposure can all be finely controlled to determine the
extent and specificity of dissolution. Higher concentrations of Kl result in faster
dissolution rates, allowing for rapid reconfiguration of network patterns. How-
ever, for applications requiring gradual adjustment, lower concentrations and
controlled exposure times are preferred. This adjustability offers flexibility in
network design, making Kl-based dissolution an invaluable tool for creating
dynamic, adaptive neuromorphic systems that can continuously modify their
structure in response to new inputs or changing functional requirements [58].

In comparison to other pruning techniques, Kl-based chemical dissolu-
tion is relatively simple to implement and does not require high temperatures
or complex equipment, making it a scalable solution for both laboratory and
industrial applications. This technique’s compatibility with low-cost and ambi-
ent-condition processing further supports its potential for integration into large-
scale neuromorphic device production, where scalability and cost-effectiveness
are critical. Overall, KI-driven chemical dissolution is a practical and efficient
method for emulating synaptic pruning in artificial networks, enhancing both

the adaptability and robustness of neuromorphic systems [41].
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2.7.4. Parameters Affecting the KI Dissolution Process

Chemical pruning using Kl provides a precise and adaptable approach for
controlling the connectivity of neuromorphic networks by selectively removing
gold nanostructures grown on TiO: substrates. This method leverages the se-
lective dissolution properties of KI, allowing targeted pruning of conductive
pathways within a neuromorphic network. The introduction of K1 facilitates the
dissolution of gold structures through its ability to act as a reducing agent,
which is especially useful for refining network patterns to minimize crosstalk
and optimize synaptic-like connectivity in artificial neural networks [23].

The selective action of Kl is attributed to its redox potential, which, when
applied to gold-deposited TiO: substrates, reduces gold ions and dissolves ex-
isting nanostructures. This selective dissolution helps manage network density,
retaining essential pathways while eliminating redundant connections[85]. For
neuromorphic systems that aim to mimic the adaptive plasticity of biological
synapses, Kl-assisted dissolution provides a controllable method for structural
reorganization, maintaining the balance between connectivity and signal clarity
essential for optimized performance [14].

Adjustable parameters in the KI dissolution process, such as concentra-
tion, exposure duration, and application method, enable precise control over
pruning outcomes. Higher concentrations of Kl accelerate dissolution, benefi-
cial for rapid reconfiguration, while lower concentrations provide gradual ad-
justments for sensitive network modifications. The flexibility of KI concentra-
tion and application timing makes it an efficient method for tuning network
structures in response to evolving functional requirements or environmental
stimuli, akin to synaptic plasticity in biological systems [47].

Compared to physical pruning techniques, Kl-based chemical pruning is
cost-effective and operates under mild conditions, making it feasible for scala-
ble applications. The simplicity of the KI dissolution process, requiring neither
complex equipment nor extreme conditions, supports its integration into scala-
ble neuromorphic device fabrication, making it suitable for both experimental

and potential commercial applications. This method offers a pathway to create
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adaptive and resilient networks that can self-optimize through selective prun-

ing, providing a foundation for robust neuromorphic computing platforms [29].

2.8. Sequential Growth and Pruning Cycles for Adaptive
Neuromorphic Networks

Sequential growth and pruning cycles are critical for constructing neuro-
morphic networks that can adapt to changing conditions, similar to synaptic
plasticity observed in biological neural networks. This dynamic approach, com-
bining growth phases with targeted pruning, allows the network to restructure
and refine its pathways over time, enhancing the adaptability and functionality
required for complex computations. By alternating between photocatalytic
growth of gold nanostructures and selective dissolution through agents like KiI,
these systems can emulate the natural processes of strengthening and weaken-
ing connections, which are foundational for learning and memory in biological
systems [26].

The process begins with a growth phase, where UV-activated photocatal-
ysis induces the formation of conductive gold pathways on TiO: substrates.
These initial structures establish foundational connections, forming conductive
routes that facilitate signal transmission within the network. Following this
phase, a controlled pruning stage using Kl is introduced, selectively dissolving
redundant or inefficient pathways. This cycle of growth and pruning enables
the neuromorphic network to optimize its structure, maintaining only the most
efficient and necessary pathways for current processing needs [69].

Sequential cycles also allow for continuous structural adaptation in re-
sponse to environmental stimuli or shifting functional demands. This adapta-
bility is essential for neuromorphic applications, where system requirements
evolve over time. Repeated cycles of growth and pruning ensure that the net-
work remains flexible, providing a balance between stability and reconfigura-
bility. Each cycle reinforces pathways that are frequently utilized while dimin-
ishing those that are underused, which supports an adaptive architecture that

can self-organize in response to diverse inputs and operational demands [24].
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These growth-pruning cycles establish a feedback mechanism that im-
proves network performance over time, similar to the biological processes of
synaptic plasticity and memory consolidation. This adaptive functionality is
particularly relevant for applications such as machine learning and data pro-
cessing, where dynamic reconfiguration enables efficient handling of complex
tasks and evolving data inputs. The ongoing restructuring offered by these se-
quential cycles holds potential for creating neuromorphic networks with lifelike

learning capabilities and long-term functional stability [84].

2.8.1. Integration of Growth and Pruning for Dynamic Networks

The integration of growth and pruning cycles is essential for constructing
neuromorphic networks that demonstrate dynamic, adaptive behaviors similar
to biological neural systems. This integrated approach balances the expansion
and refinement of network pathways, enabling the system to respond flexibly
to varying functional requirements. By coupling photocatalytic growth with se-
lective pruning through chemical dissolution, such as KI, the network can un-
dergo continuous reconfiguration. This adaptability supports applications
where real-time changes in connectivity and network structure enhance perfor-
mance, such as adaptive computing and real-time learning systems [86].

During the growth phase, UV-activated photocatalysis induces the depo-
sition of gold nanoparticles on TiO: substrates, creating conductive pathways
necessary for signal transmission. These growth pathways form the founda-
tional structure of the network, which can be expanded to increase connectivity
or intensified to enhance signal strength. Following growth, a targeted pruning
phase uses agents like K1 to selectively dissolve unnecessary or redundant path-
ways, refining the network’s connectivity. This balance between creation and
removal of pathways is essential for sustaining efficient information processing
and resource optimization within the network [27].

The dynamic nature of these integrated growth and pruning cycles ena-
bles the network to adapt to shifts in operational demands, a feature that is in-
creasingly vital in neuromorphic engineering. This process mimics synaptic

plasticity in biological systems, where synaptic strengths are continuously
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modified in response to learning and memory requirements. Through controlled
growth and selective pruning, neuromorphic networks can dynamically evolve,
allowing for an efficient distribution of resources and maximizing performance
in changing environments [87].

Repeated growth and pruning cycles allow the network to "learn” by
strengthening frequently used pathways and weakening or removing those that
are seldom utilized, much like Hebbian learning principles in neuroscience.
This self-organizing capability is particularly advantageous for developing net-
works that require minimal external intervention for reconfiguration, making
them suitable for autonomous systems. The combination of adaptive growth
with selective pruning enhances the network's ability to perform complex, con-
text-dependent computations, opening new avenues for implementing ad-

vanced learning algorithms within neuromorphic hardware [88].

2.8.2. Balancing Photocatalytic Growth with KI Dissolution

Balancing photocatalytic growth with Kl-induced dissolution is crucial
for creating neuromorphic networks that can dynamically adjust their connec-
tivity in response to operational demands. Photocatalytic growth, facilitated by
UV light on TiO: substrates, provides a mechanism for controlled deposition of
gold nanoparticles, forming conductive pathways essential for neuromorphic
signaling. However, as network complexity increases, excess or redundant
pathways may arise, requiring selective pruning to maintain efficient connec-
tivity. The addition of Kl as a dissolution agent enables targeted removal of
specific pathways, ensuring that the network remains optimized for signal
transmission without unnecessary interference [14].

The process of balancing growth with dissolution involves carefully con-
trolling experimental parameters such as light intensity, KI concentration, and
exposure duration. High UV intensities accelerate the photocatalytic reduction
of gold ions, leading to rapid nanoparticle growth, but can also cause agglom-
eration and reduced spatial resolution. By introducing Kl at controlled concen-
trations, it is possible to selectively dissolve overgrown structures, restoring the

precision needed for high-performance neuromorphic applications. The
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interplay between these two processes allows for real-time adjustments to net-
work structure, crucial for adaptive behaviors in neuromorphic computing [42].

The advantage of integrating photocatalytic growth with KI dissolution
lies in its ability to mimic biological mechanisms of synaptic strengthening and
weakening. Just as biological neurons reinforce essential connections while
pruning less-used pathways, neuromorphic networks benefit from this dual
mechanism by adapting their connectivity patterns based on usage and function.
This capability is essential for applications requiring a high degree of plasticity,
such as artificial intelligence systems that benefit from real-time learning and
forgetting cycles. In this way, balancing growth and dissolution not only sup-
ports the physical structure of the network but also enhances its functional
adaptability [24].

In applications where high-resolution pathways are essential, such as pat-
tern recognition and memory storage, fine-tuning the balance between gold na-
noparticle growth and Kl-induced dissolution ensures optimal performance.
The resulting network can maintain structural flexibility while avoiding issues
related to signal interference or excess connectivity. This careful balance allows
for the creation of scalable, reconfigurable systems capable of handling com-
plex information processing tasks with minimal external intervention, a key re-

quirement for next-generation neuromorphic devices [13].

2.8.3. Simulating Adaptive Neural Processes through Sequential Cycles

Simulating adaptive neural processes in neuromorphic networks requires
integrating sequential cycles of growth and pruning, emulating the natural pro-
cess of synaptic plasticity. In biological systems, synaptic connections are con-
stantly remodeled based on neural activity, allowing the brain to adapt to new
information and experiences. Translating this adaptability into neuromorphic
systems involves developing mechanisms that facilitate both the formation and
selective removal of conductive pathways. Sequential cycles of photocatalytic
growth and Kl dissolution have shown promise in mimicking this process, al-
lowing networks to dynamically reorganize in response to varying stimuli and

functional demands [18].
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Sequential growth-pruning cycles begin with controlled photocatalytic
deposition of gold nanoparticles on substrates like TiO2, forming conductive
pathways that establish initial network connectivity. As the system operates,
certain pathways may become overgrown or less critical, potentially creating
interference and reducing efficiency. Introducing targeted pruning via Kl dis-
solution addresses these issues, dissolving specific gold structures to refine con-
nectivity. By repeating this cycle, the network achieves a balance between
structural stability and functional adaptability, supporting complex information
processing while maintaining optimal performance [25].

These cycles enable the neuromorphic network to undergo continuous
self-optimization, adjusting its connectivity patterns based on use and environ-
mental input. Just as neurons in the brain strengthen or weaken connections
through repeated experiences, neuromorphic systems utilizing sequential
growth and pruning can adapt to operational demands, reinforcing frequently
used pathways and dissolving those that are redundant. This adaptability is vital
for applications such as machine learning and real-time data analysis, where
rapid responsiveness and the ability to reorganize based on new data inputs are
crucial [19].

Sequential cycles not only support adaptability but also enhance the lon-
gevity of neuromorphic devices by preventing overgrowth and ensuring that
only necessary connections persist. This approach aligns with the goal of cre-
ating low-maintenance, long-lasting systems capable of emulating biological
intelligence through hardware-based plasticity. By simulating these adaptive
neural processes, neuromorphic devices can achieve more realistic cognitive
functions, offering new possibilities for advanced computing and artificial in-

telligence that closely resemble human learning and memory retention [12].

2.9. Flowchart of Lithography Process

The following flowchart illustrates the steps involved in the lithography
process using the AZ 5214E photoresist. This photoresist is an image reversal

resist, specifically utilized to create negative patterns on substrates. The
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detailed methodology and experimental conditions for this process are thor-

oughly discussed in my published paper, which serves as a reference for repli-

cating the experiments accurately.

Nr.

process step

Process parameters

1

w

= ©O© 00N O Ol

Substrate cleaning

Dehydrate

Oxygen treatment
Spin coating

Soft bake
Exposure
Second bake
Flood exposure
Developing
Hard bake

3 min acetone (grade 9)

2 min isopropanol (grade 9)
Wash with DI

Dry with N2 gas

2 min 120 °C on hotplate

2 min for cooling

HDMS 100

3ml Az5214

Spin-coat parameters: 30 sec, 4000 rpm
Desired thickness: 1.4 um
50 sec @ 110 °C

32 mj, 1.3 sec

2min @ 120 °C

300 mj, 13.1 sec

AZT726,1 min

1 min @ 120 °C
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Chapter 3

3. Publications in Peer-Reviewed Journals

This chapter presents an overview of the three research papers that con-
stitute the core contributions of this thesis. These publications collectively in-
vestigate the photocatalytic growth and chemical dissolution of gold structures
on titanium dioxide substrates as foundational processes for neuromorphic sys-
tems. Each paper addresses distinct aspects of this topic, ranging from under-
standing the mechanisms of growth and dissolution to the development of ex-
perimental methodologies and techniques for creating adaptive and reconfigu-
rable networks. Together, these studies lay the groundwork for advancing the
design and functionality of neuromorphic architectures, providing valuable in-
sights into the parameters and processes that govern these systems.

The first paper explores the role of ITO-TiO: heterojunctions in directing
photocatalytic gold growth, emphasizing their potential for enhancing neuro-
morphic connectivity. By systematically investigating the impact of the ITO
layer beneath patterned TiO: substrates, the study highlights how heterojunc-
tions facilitate electron transport and concentrate photocatalytic activity along
the edges of defined patterns. These findings underscore the significance of
material layering and microstructural optimization in achieving precise and
controlled gold deposition, paving the way for advanced methods in neuromor-
phic network fabrication.

The second paper builds on the findings of the first study by systemati-
cally investigating the influence of ITO layer thickness and UV light exposure

on photocatalytic gold growth. This research provides an in-depth analysis of
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how variations in these parameters affect the morphology of gold structures and
introduces innovative methods to achieve more uniform patterned growth. The
study emphasizes the critical role of template design in controlling the spatial
organization of conductive pathways, offering valuable insights for the precise
fabrication of neuromorphic networks.

The third paper explores the integration of sequential growth and pruning
cycles as a novel strategy to emulate neural adaptability. By combining photo-
catalytic deposition with controlled chemical dissolution using K, this research
demonstrates a method for iteratively refining gold structures. This approach
transitions from static network fabrication to dynamic, reconfigurable architec-
tures, effectively mimicking the synaptic plasticity observed in biological sys-
tems. The findings underscore the potential of this dual-process methodology
to advance adaptive neuromorphic networks.

Together, these publications collectively contribute to the overarching
goal of advancing scalable and energy-efficient neuromorphic systems.
Through innovative material engineering and experimental methodologies,
they establish a foundation for adaptive and reconfigurable network architec-
tures. The subsequent sections provide a detailed exploration of the findings,
emphasizing their significance in the broader context of neuromorphic engi-

neering and dynamic system design.
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3.1. Photocatalytic edge growth of conductive gold lines on mi-

crostructured TiO:-1TO substrates

3.1.1. Introduction

F. Abshari, S. Veziroglu, B. Adejube, A. Vahl, and M. Gerken, “Photocatalytic
Edge Growth of Conductive Gold Lines on Microstructured TiO>—1TO Sub-
strates,” Langmuir, vol. 40, no. 36, pp. 19051-19059, Sep. 2024, doi:
10.1021/acs.langmuir.4c02106.

Copyright © 2024 by the authors. Published by American Chemical Society.
This article is an open access article distributed under the terms and conditions
of the Creative Commons Attribution (CC BY) license (https://creativecom-

mons.org/licenses/by/4.0/).

Statement about the own contribution:

For this publication, | contributed by writing the manuscript, collecting data,
analyzing the results, and performing SEM, AFM, and conductance measure-
ments of the samples. Additionally, | participated in developing the research

idea.

Conceptualization | Planning | Implementation | Manuscript Preparation
Medium Medium High High

3.1.2. Abstract

In the first paper, titled "Photocatalytic Edge Growth of Conductive Gold
Lines on Microstructured TiO2-1TO Substrates,” the research aimed to explore
the directed growth of conductive pathways by harnessing photocatalytic prop-
erties. This study directly contributes to the thesis's overarching goal of creating
adaptive and efficient networks for neuromorphic systems by presenting a
mechanism to precisely control the spatial deposition of conductive materials.
By introducing an innovative approach to growing gold structures along the
edges of TiO.-ITO microstructures, the research enhanced the precision and

control of growth patterns. These advancements are pivotal for minimizing
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crosstalk and maximizing connectivity in neuromorphic architectures, address-
ing critical challenges in the field.

The methodology employed a novel approach by integrating an 1TO sub-
layer beneath a titanium dioxide (TiO-) thin film. This configuration facilitated
the formation of a Schottky barrier, which effectively directed photogenerated
electrons towards the edges of the patterned region. Using UV-stimulated pho-
tocatalytic reduction, gold deposition was precisely confined to the edges,
while suppressing undesired surface growth. The experimental framework em-
phasized the critical interactions between material thickness, substrate design,
and illumination conditions, providing a robust pathway for achieving dynamic
and localized deposition. This approach underlines the potential for precise
control in fabricating neuromorphic networks.

This paper directly contributes to the thesis objectives by presenting a
technical method to tackle challenges in creating directional and controlled
conductive networks, which are fundamental to neuromorphic engineering. The
findings demonstrate the feasibility of achieving precise material deposition
and lay the groundwork for applying these concepts to more intricate network

architectures in future research endeavors.

3.1.3. Published Paper
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ABSTRACT: Titanium dioxide is well-known for its excellent photocatalytic properties. UV-
controlled photodeposition of gold on TiO, is achieved by photocatalytic reduction of precursor

ions from a tetrachloroauric solution, During the growth process on the surface, clusters grow from \
nucleation centers and coalescence is observed for sufficiently long UV illumination times,
resulting in gold structures with complex shapes. Here, we hypothesize and demonstrate that the
growth process is altered by employing an ITO sublayer below the TiO, layer. Photocatalytic gold
growth experiments on a microstructured thin film stack of 6 nm ITO and 70 nm TiO, lead to
strongly localized gold growth along the edge of the patterned area. A conductive gold line with a
height of 3.8 gm is achieved along the edge of the TiO,-coated region, while gold growth on the
surface of TiO, is effectively suppressed. For substrates coated only with ITO or TiO,, no edge growth is observed. Furthermore, for
an 845 nm thick TiO, layer, either with or without ITO sublayer, gold growth on the TiO, surface is dominant. Thus, for the
effective steering of electrons to the edge, both the ITO sublayer and a sufficiently thin TiO, layer are necessary. This modified
method of photocatalytic deposition—electrons photogeneration in a thin layer, collection in a dedicated conductive sublayer, and
growth by reduction at a different position—opens opportunities for localized material deposition. We are in particular aiming at
extending the toolbox of neuromorphic engineering by providing a technical implementation of stimulus-controlled dynamic
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formation of directional conductive interlinks.

Bl INTRODUCTION

Neuromorphic engineering aims to develop efficient comput-
ing approaches inspired by biological neural networks.'
Synaptic connections between individual neurons in a neural
network are reconfigured dynamically. These connections
develop over different time scales: Fast synaptic plasticity
involves changes at the local level of synaptic connections
between two neurons, whereas slow blooming and pruning
take place globally throughout the neural network. Many
studies have focused on mimicking the fast synaptic plasticity
using memuristive devices owing to their unique capability of in-
memory compm:ing.2 Investigation of synaptic connections at a
global scale in biological neural networks as well as
development of efficient approaches to integrate them into
future bioinspired systems remain ongoing areas of research.’
Recently, neuromorphic nanowire networks with memuristive
properties have been studied."™® These networks are self-
organized, with the nanowires as one-dimensional (1D)
conductive pathways. Collective switching properties arise
from a complex network topology suitable for memristive
architectures. In neural networks, the capacity to dynamically
regulate stimuli and control the formation and dissolution of
network connections is a crucial factor.” Mimicking the global
interactions of neuron assemblies was initially achieved by
investigating global connectivity through electrolyte gating
within a liquid medium.” In this paper, our focus lies on the
slow-growing formation of 1D long-range connections that are
potentially suitable for the on-demand adaptability of a

© 2024 The Authors. Published by
American Chemical Society

WACS Publications

network topology. For this purpose, we investigate the
photocatalytic deposition of conductive gold lines from
solution on UV-stimulated TiO,.

TiQO, has been widely utilized as a semiconductor photo-
catalyst owing to its remarkable properties including excellent
photocatalytic properties, simple and cost-effective processing,
nontoxicity, and chemical inertness.”'* Gold growth on the
surface of TiO, thin flms has been demonstrated by
photoreduction of HAuCl, in the presence of UV light."*~"*
Numerous studies have focused on investigating the factors
that influence the morphology of the resulting gold structures.
In addition to the crystal structure and morphology of the
underlying TiO, thin film, the composition and pH of the
precursor solution, illumination intensity, and duration play an
important role in determining the morphology and coverage of
the deposited gold structures.'™'® Our recent study'® revealed
that UV illumination time and intensity significantly influence
the growth and morphology of Au clusters on TiO, thin films.
The growth process begins with the formation of stable Au
nuclei on the TiO, surface. Extended UV exposure facilitates
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Figure 1. Schematic illustration of the substrate preparation process and the growth illumination setup. (a) Lithography process steps using
AZS214E photoresist on a Si wafer substrate with a 1 ym thermal oxide layer. (b) Illustration of the sputtering and lift-off steps, presenting resulting
substrate patterns (type 1: ITO (6 nm), type 2: TiO, (70 nm), type 3: TiO, (845 nm), types 4-a and 4-b: ITO (6 nm) and TiO, (70 nm) and type
5: ITO (6 nm) and TiO, (845 nm). (c) Schematic representation of the cyclic photocatalytic growth experiment. Each cycle begins with UV
illumination, followed by substrate washing with deionized water, drying with N, gas, and refreshing the solution, leading to another round of

illumination.

the reduction of additional Au® ions, resulting in a larger
cluster formation. Higher UV intensity accelerates Au cluster
nucleation and growth, leading to needle-like structures. This
results in locally increased electric fields and electron densities
at the sharp tips, promoting the preferential reduction of Au*
ions in these regions. Here, we demonstrate that the UV
illumination time affects the width and height of the gold lines.
Longer UV illumination times lead to more photocatalytic
reduction of HAuCl, on the TiO,—ITO substrate. Over time,
we observe the growth of larger clusters and coalescence to a
conductive gold line.

The photocatalytic deposition of gold nanoparticles on a
TiO, thin film with a columnar morphology was demonstrated
under ultraviolet (UV) light irradiation using a gold precursor
solution.'” Lateral selectivity in the deposition of metallic
structures has been achieved by selective illumination using
shadow masks and by patterning the underlying TiO, thin film
using lithography techniques.”'®'® In a recent study, Au/
TiO,—C;N4 composites with plasmonic gold nanoparticles
were developed, showing superior photocatalytic performance
due to the high visible light absorption and prolonged lifetime
of photoexcited charge carriers.”® A similar work has
demonstrated the coalescence of gold clusters under UV
light, emphasizing photon energy-dependent pathways that
influence photocatalytic behavior. These findings provide
additional context for understanding the role of UV
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illumination in the growth and morphological modification
of gold particles.”’

Here, we utilize photocatalysis to grow gold lines on TiO,
thin films patterned by lithography. The addition of a thin layer
of indium tin oxide (ITO) below TiO, is investigated. Owing
to the higher work function of ITO compared to TiO, a
Schottky barrier is formed at the TiO,—ITO interface.”>*’ We
hypothesize that the transfer of photogenerated electrons from
TiO, to ITO changes the photocatalytic growth process on the
microstructured TiO,—ITO substrates. In this study, the gold
growth is investigated experimentally with and without the
ITO sublayer and two TiO, layer thicknesses.

B EXPERIMENTAL SECTION

Substrate Preparation. UV photolithography was used to create
microstructures on silicon wafers, as illustrated in Figure la. Five
types of substrates, designated as types 1—35, were subsequently
prepared by physical vapor deposition (PVD) of ITO and/or TiO,
coatings. To obtain the type 1 substrate, a thin layer of ITO (6 nm)
was deposited, whereas the type 2 substrate was created by deposition
of a 70 nm thick TiO, layer. The type 4-a and type 4-b substrates
were fabricated by depositing a 6 nm layer of ITO followed by a 70
nm layer of TiO,. Then a lift-off process was carried out to remove
the remaining photoresist together with the ITO or TiO, layers on
top of it. The fabrication processes of different substrate types,
including sputtering and lift-off steps, are summarized in Figure 1b.
To convert the TiO, thin films to the anatase phase, the substrates

https://doi.org/10.1021 /acs.langmuir.4c02106
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underwent a heat treatment process. To achieve thicker TiO, with a
different morphology, a second TiO, sputtering method was exploited
for the type 3 and type 5 substrates (see Supporting Information for
details).

Photocatalytic Gold Growth Experiment. In this section, the
photocatalytic gold growth experiment is detailed. The photocatalytic
reduction of precursor ions from a HAuCl, solution was achieved by
utilizing UV-illuminated TiO, and ITO patterns. To prepare the
precursor solution, 99.99% pure Gold(IlI) chloride powder (Sigma-
Aldrich) was carefully mixed with deionized water in a ratio of 15 mg
to 60 mL. The components were thoroughly blended to achieve a
homogeneous solution. The substrate was positioned at the bottom of
a glass beaker with a diameter of 5 cm, and 15 mL of the prepared
solution was added subsequently. Above the beaker, a UV LED
(Nichia) with a wavelength of 365 nm was positioned at a distance of
~7 cm to provide an intensity of ~3.7 mJ/cm® (measured using a
Newport optical power meter). The illumination process on the type
1,2, 3, 4-a, and S substrates was conducted in two steps: an initial 150
min of illumination, followed by refreshing the precursor solution and
another 60 min of illumination. The type 4-b substrate underwent a
three-step illumination, with each round lasting 150 min. After each
illumination round, the substrate was thoroughly washed and dried.
Figure 1c schematically illustrates the cyclic illumination of the
substrates in the photocatalytic growth experiment, and Table 1
summarizes the key parameters for each of the samples.

Table 1. Material Compositions and Illumination Times for
Each Type of Substrate”

illumination time

150 min, 60 min 3 X 150 min
Material composition ITO Type 1
TiO, Type 2 and 3
ITO/TiO, Type 4-a and § Type 4-b

“Type 4-b substrates were illuminated three times for 150 min. All
other substrates were first illuminated for 150 min followed by a
second 60 min illumination.

Sample Characterization after Gold Growth. After the gold
growth, the morphology and chemical composition of the samples
were examined using scanning electron microscopy (SEM,
Supra$SVP-Carl Zeiss) at an acceleration voltage of 3 kV (with a 3
mm working distance) and EDX (Oxford Instruments, Ultim Max
65). Additionally, atomic force microscopy analysis in tapping mode
(cantilever description: spring constant 2 N/m and resonance
frequency ~70 kHz) was carried out utilizing an atomic force
microscope (Renishaw, MODEL alpha300 A) equipped with a Leica
DM2500 microscope. Conductance measurements were performed
using the Everbeing BD-6 modular probe station, equipped with
micromanipulators for precise contacting, a PSM-1000 microscope,
and a Motic Moticam 3+ CCD camera for high-quality image
acquisition. A Keithley 2400 Sourcemeter, configured in a two-contact
setup, facilitated accurate and reliable conductance measurements by
recording the current response to voltage ramps.

B RESULTS AND DISCUSSION

Morphological Characterization via SEM. For each
substrate type 1—5, several samples were fabricated and
analyzed. Figure 2 shows representative SEM images of the
different types of substrates after the photocatalytic gold
growth process. SEM images of two different samples of each
substrate type are included in Figure S1. In the first row of
Figure 2, SEM images of type 1 substrates are shown. The
SEM images are taken such that an edge between the uncoated
wafer, i.e, the brighter region in the upper section of the
image, and the ITO-coated wafer, i.e., the darker region in the
lower section, is visible. The formation of randomly distributed

gold islands with dimensions less than 1 gm is observed on the
ITO surface.

The type 2 substrates exhibit island growth of gold on the
TiO,-coated regions, and some spherically grown structures
are also observed. Larger spherical structures, with an average
dimension of approximately 400 nm, and smaller spheres,
averaging around 120 nm in size, are observed. Furthermore,
some of the grown particles take on shapes that resemble
triangles and polygons. One can observe instances of
superposition in certain areas, wherein spherical particles are
found on top of planar particles. The edge appears brighter in
the SEM image, but does not show enhanced gold growth.

The type 3 substrates also show gold growth in the TiO,-
coated region. The morphology of the grown particles reflects
that of the type 2 substrate, featuring two main categories:
spherical and polyhedral planar particles. Notably, the three-
dimensional structure of spherical particles is more prom-
inently visible on these substrates. The grown polyhedral
planar particles exhibit triangular and polygonal forms, with
instances of superposed stacks evident in SEM images. For
none of the type 1 to 3 substrates, the photodeposited gold
structures reach the percolation threshold within the
illumination time of 210 min.

A very different growth situation is observed for the type 4-a
and 4-b substrates with a thin TiO,—ITO layer and two
different UV illumination times. On these substrates, gold
growth is solely observed at the edge between the uncoated
and the coated region. No considerable gold growth is
observed on the surface of the TiO,—ITO thin film stack
apart from the edge region. The morphology of the grown
particles on the type 4 substrates differs significantly from the
previous observations. Instead of spherical and planar
formations, flower-shaped structures are formed at the edges.
These structures consist of crossed plates of grown gold closely
arranged to create a uniform line. For the type 4-b substrate
with a total illumination time of 450 min, a continuous gold
line is formed along the edge of the microstructured TiO,—
ITO thin film stack.

SEM images of type 5 substrates with a thick TiO, layer on
ITO reveal that particles are mostly grown on the surface.
Three of the four investigated type 5 substrates show only little
growth along the edge, whereas more gold growth along the
edge is observed for one substrate (see Figure S$2). The
meorphology of the particles on the TiO, surface resembles that
of type 2 substrates. While planar particles are also observed,
the distinguishing feature lies in the spherically grown particles.
Nanostars are formed here, featuring a 3D structure with
needle-like protrusions.

From the SEM images, the gold surface coverage for the
different substrate types was estimated. For this purpose, two
different methods were implemented: (1) manual counting
and (2) automated image analysis. Figure 3b showcases the
SEM image of a type 4 substrate overlaid with a grid for
manual counting. The gold surface coverage was estimated
within each section of the displayed grid, and the acquired
values were integrated in the x-direction. This results in the
surface coverage plot as a function of the y-position depicted in
Figure 3a. The edge between the uncoated and coated wafers is
set to y = 0. The procedure is repeated for all substrate types,
and more data are given in the Supporting Information.

As previously observed, the type 4 substrates exhibit a
distinct behavior compared to the other substrates with
dominant gold growth along the edge and insignificant growth

https://doi.org/10.1021 /acs.langmuir.4c02106
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Figure 2. SEM images of the five different types of substrates (type 1—type 5), as listed in Table 1, following gold growth. In each of the SEM
images, an edge between the uncoated wafer, i.e., the upper section of each image, and the coated wafer, i.e., the lower section, is visible. The 3D

schemes on the left side visualize the structural details of each substrate.

on the TiO,-coated surfaces. For the other substrate types,
however, significant gold growth is observed on the TiO,-
coated surfaces. The gold coverage on the surface away from
the edge, ie., from y = =20 to y = —10 um in Figure 3¢, is
summarized in Table 2. It is highest for the type 3 and type 5
substrates with approximately 12 and 15% gold coverage on
TiO, surface, respectively. The type 1 and type 2 substrates
exhibit roughly 5% surface coverage, whereas the coverage

away from the edge in the type 4-a and 4-b substrates is almost
negligible.

Morphological Characterization via AFM Analysis. In
this section, we investigate the topography images obtained
from atomic force microscopy and perform 3D visualization of
the grown gold lines on type 4-a and 4-b substrates. Both
substrates share a common structure, featuring the combina-
tion of ITO and TiO, patterns. The distinguishing factor lies in
the variation of the illumination time during the photocatalytic

https://doi.org/10.1021/acs.langmuir.4c02106
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Figure 3. Evaluation of the gold surface coverage (see Figure S2 for details). (a) Averaged surface coverage per row for the SEM image in (b) is
plotted. Method 1 uses manual estimation of surface coverage with an overlaid grid on the SEM image as seen in (b). Method 2 exploits an
automated image evaluation. (c) Surface coverage results obtained by manual counting for all of the different substrate types. The edge is

positioned at y = 0.

Table 2. Surface Coverage (%) of Gold on the TiO,-Coated
Substrate Away From the Edge”

substrates type 1 type 2 type3 type 4-a type 4-b type 5
surface coverage 5.2 5.7 12 0 0.2 15

%

“The coverage is averaged for the section from y = —20 to y = —10
p#m in Figure 3c.

growth process. The AFM analysis generates detailed top-
ography images showcasing the surface features of the gold
lines grown on the type 4-a (Figure 4a,b) and type 4-b (Figure
4d,e) substrates. Additionally, height profiles are extracted

along the red lines indicated in Figure 4a,d, depicting the
approximate height of the grown lines on each of the two
substrates. For type 4-a, a peak height of ~3.5 ym and a full
width at half-maximum (fwhm) of ~4.9 ym are obtained for
the grown gold line as depicted in Figure 4c. For the type 4-b
substrate with a longer illumination time, a height of ~3.8 ym
and a fwhm of ~4.7 ym are observed. The type 4-a substrate
shows a higher spatial variability of the height along the grown
line compared to the type 4-b substrate.

Characterization of Chemical Composition via EDX
Analysis. Energy-dispersive X-ray spectroscopy (EDX) was
carried out to investigate the elemental composition of the
lines grown on type 4 substrates. In Figure 5a the EDX
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Figure 4. AFM images of the grown gold lines on the (a, b) type 4-a and (d, e) type 4-b substrates. (a, d) Top view topography images, (b, e) 3D
visualizations, and (c, f) height profiles extracted along the red lines indicated in (a) and (d).
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Figure 5. (a) EDX elemental map of a type 4-a substrate, showing the distribution of Au. (b) SEM image of the marked area in (a) with a gap in

the grown Au line.
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Figure 6. Conductance measurement of gold lines. (a) Optical microscopy image of the type 4-b substrate featuring gapless grown gold lines.
Three needles of the hard contact probe station are precisely arranged to form three lines with distinct lengths: L1 (180 pm), L2 (60 gm}, and L3
(120 pm) for conductance measurements. (b) Measured I—V diagrams for the three lines indicated in (a) with their corresponding conductance

values: L1 (8 m$), L2 (34 mS), and L3 (14 mS).

elemental map highlights the distribution of gold (Au),
providing clear evidence that the grown line is indeed
composed of gold. Furthermore, the absence of gold signals
in the areas away from the edge is noted, confirming that
growth is concentrated at the edge for these samples. For a
better understanding of the line’s morphology, Figure 5b
presents the SEM image of the marked region in Figure Sa,
revealing a gap within the grown gold line. Additional EDX
results are provided in Figure S3 for more detailed analysis.
Conductance Measurement. Here, the conductivity of
the gold lines at the edges of the type 4-a and type 4-b
substrates is investigated. This examination serves to analyze
the electrical properties important for application in neuro-
morphic networks. A hard contact probe station device was
employed for conductivity measurements. Due to the micro-
scopic sizes of the photodeposited gold structures and the
limited visibility under the microscope, only three probes were
brought into contact with a photodeposited gold line at a given
time. The application of a voltage ramp ranging from —5 to +5
V allowed for the recording of current between two probes, as
illustrated in Figure 6. Given the narrow width of
approximately 5 um of the gold lines, which closely matches
the size of the measurement needle tips, obtaining accurate and
reliable contacting imposed experimental challenges. Addition-
ally, the delicate nature of the grown gold lines and their
tendency to detachment from the substrate during measure-
ments posed a recurring challenge, necessitating careful
handling to preserve the sample integrity. Given the presence
of gaps in the grown line of the type 4-a substrates, achieving a
uniform and gap-free line also posed a challenge. However, we
successfully identified a line with a length of 180 um and
measured its conductance. To ensure a trustworthy compar-
ison, the conductance of a line with an identical length of 180
pum was measured in the type 4-b substrate. The conductances
of the lines are 3 mS for the type 4-a substrate and 8 mS for the
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type 4-b substrate, as determined from the slope of the I-V
curves (see Figure 54). Reference conductance measurements
on the surface of the TiO, lines without gold confirmed their
nonconductive nature.

Additionally, conductance measurements were carried out at
varying line lengths for the type 4-b substrate. Three needles of
the hard contact probe station were arranged along a line as
shown in part a, resulting in three distinct lines indicated as L1,
L2, and L3. The I-V diagrams for each of the three lines are
demonstrated in Figure 6b. Line L1, situated between the two
outer needles with a length of 180 pm, demonstrated a
conductance of 8 mS. For line L2, with a length of 60 ym, a
conductance value of 34 mS was measured. Meanwhile, line
L3, with a length of 120 ym, exhibited a conductance of 14 mS.
The approximate values for the lengths are attributed to the
substantial size difference between the needle tips and the line
width. Analysis of the I-V diagram for these three lines reveals
a noteworthy pattern: as the length increases, the conductance
decreases, aligning with expectations.

In combination, the SEM, AFM, and EDX images reveal
distinct gold growth patterns on the type 4 substrates
compared to the other substrate types. While gold growth is
observed on the TiO,—ITO-coated surface for the other
substrate types, type 4 substrates show gold growth only along
the edge between the coated and uncoated surface areas. Given
that there is no edge growth for the reference substrates with a
single ITO layer (type 1), a single 70 nm TiO, layer (type 2),
and a single 845 nm TiO, layer, we conclude that the
combination of the ITO and TiO, layers is essential for gold
growth along the edges. On the other hand, the type 5
substrate, comprising a 6 nm ITO layer and a thick TiO, layer,
does not exhibit significantly enhanced edge growth or
suppressed surface growth. Here, two effects need to be
considered: the electron diffusion distance to the ITQ interface
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and the layer morphology. The illumination is conducted from
the top. Considering the TiO, anatase refractive index as

n(d = 365 nm) = 3.0 — i0.0012 (1)

The absorption coefficient is approximately 400 em™ at the
peak wavelength of 365 nm.”* Hence, even with the 845 nm
thick TiO, layer, electron generation is expected to occur
throughout the depth of the layer. Transfer-matrix simulations
for normal-incidence illumination predict a UV-light intensity
drop of approximately 10% within the 845 nm TiO, layer. The
LED has a spectral half-width of about 9 nm and the
absorption increases toward 350 nm. Thus, a larger fraction of
the short-wavelength photons is absorbed (50% intensity drop
within the 845 nm TiO, layer calculated for an excitation
wavelength of 355 nm). Once gold growth starts, part of the
light is reflected on the gold and the absorption is decreased in
this area. Also, additional scattering effects are expected due to
surface roughness and gold nanoparticles that are not included
in the simulation.

The distribution of electrons within the TiO, layer is
additionally influenced by thin-film interference effects. The
wavelength of the UV excitation light in TiQ, is approximately
122 nm (365 nm divided by the refractive index). Thin-film
interference maxima are expected to have a spatial distance of
61 nm at normal incidence. For the 845 nm TiO, layer,
approximately 14 maxima (and minima) in electron generation
are expected to pass from top to bottom. The 70 nm TiO,
layer just exceeds one period in the spatial interference pattern.

The photogenerated electrons diffuse in the TiO, layer. For
the 845 nm thick TiO, layer, the carrier generation occurs at a
greater average distance to the ITO interface. Only for
electrons reaching the ITO layer, changes are expected in the
gold growth. We estimate the diffusion length as the
characteristic length as

J—
x, = \J4Dtp (2)

where the exponent of the one-dimensional diffusion result™ is
equal to —1. Due to the thin-film geometry and homogeneous
illumination, one-dimensional diffusion is a good model. Once
the islands of gold start growing, additional effects occur. For
analyzing the onset of gold growth, the one-dimensional model
is sufficient. Considering, e.g,, an electron diffusion constant™
D =1x 107° m?/s and a diffusion time of f, = 10 ns before
recombination, x. = 200 nm is obtained.

The expected diffusion length of approximately 200 nm
suggests that electrons generated in the 70 nm TiO, layer
efficiently pass the Schottky barrier into the ITO. This
estimation explains the quenched gold growth on the TiO,-
coated surface of type 4 substrates. Photogenerated electrons
are efficiently collected into the ITO layer and are thus not
available for photocatalytic deposition of geld at the surface.
Only part of the electrons generated in the 845 nm thick TiO,
layer are expected to reach the ITO layer. This is in line with
the observed gold growth on the surface of the type 5
substrates.

In addition to suppressing gold growth on the TiO, surface,
the I'TO sublayer also promotes electron transport to the edge
and gold growth along the edge of the microstructured region.
Gold growth along the edge starts from gold islands at the
edge. The islands show coalescence as they grow, forming a
conductive gold line along the edge. Just considering the
discussion so far, more electrons are expected to reach the ITO
layer for the type S substrates than for the type 4 substrates

due to the thicker Ti0, layer. Thus, for the type 5 substrates,
surface and edge growth are expected. Experimentally, only
one of the four type 5 substrates exhibits significant edge
growth. Therefore, another factor influences gold growth.

We attribute the additional effects to the different deposition
methods for the thick 845 nm TiO, layer. Cracking of the layer
is desired and induced in the fabrication to allow for the
efficient transfer of carriers to the TiO,-solution interface. This
different layer morphology reduces the diffusion time to the
solution and fosters gold growth at the surface. As gold growth
at the surface is dominant in the type 5 samples, the carrier
transfer to the solution appears additionally enhanced, while
the edge growth is suppressed. It needs to be noted that the
different TiO, film morphologies will also have an eftect on the
optical properties and thus on the electron generation rate as a
function of depth in the layer. For an enhanced edge growth, a
TiO, layer deposition method generating homogeneous layers
without cracks appears preferable. This reduces the electron
recombination rate and enhances the transfer of electrons to
ITO.

By using the proposed approach with an ITO sublayer, all
photocatalytically deposited gold contributes to the formation
of a conductive line. Compared to simply depositing gold on a
line-shaped microstructured TiO, layer, this approach has the
advantage that electrons are collected from a larger region,
achieving faster coalescence of the conductive line. This effect
is clearly observed by comparing the type 4-a and type §
substrates. For both substrates, the same UV illumination time
is used and the type 4-a substrates already have significantly
longer conductive segments.

B CONCLUSIONS

In summary, our study introduces an approach to grow gold
lines along the edges of patterned TiQ,—ITO substrates
through the photocatalytic reduction of precursor ions from
HAuCl, solution by UV-stimulated TiO,. We further
investigated the impact of two different TiO, layer
thicknesses—70 and 845 nm—on the gold growth properties.
EDX analysis confirmed the composition of the grown line as
gold. Comprehensive SEM and AFM analysis of the physical
morphology shows a gold line approximately 7 ym wide and 4
#m high. The conductance is approximately 8 mS for a 180 gm
long section.

Our main application focus is the on-demand formation of
long-range connections in neuromorphic networks. Photo-
deposition of conductive gold lines along the edges of a
photocatalytically active ITO/TiO, thin film stack comple-
ments the toolbox of neuromorphic engineering by providing a
technical implementation of stimulus-controlled dynamic
formation of directional conductive interlinks. With this type
of functionality, the grown gold lines show a certain
resemblance to the role that axons take in signal transmission
in neural networks. For neuromorphic computing, time scales
on the order of minutes to hours are suitable to mimic the slow
evolution of the topology of biological neuronal networks.

The proposed approach to photocatalytic deposition—
photogeneration of electrons in a thin-film layer, collection in a
dedicated conductive sublayer, and growth by reduction at a
different position—opens opportunities for localized material
deposition. It is also promising for other shapes of micro-
structures, and it will be interesting to investigate how far this
effect of localized deposition extends to the nanoscale. While
our main aim was to achieve uniform conductive gold lines, the
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different types of TiO,—ITO substrates investigated here are
also of high interest for photocatalytic applications as well as
for biosensing applications. Charge carriers are collected for
localized enhancement of photocatalysis at the ITO/TiO,
edges of type 4 substrates. On the other hand, a uniform
photocatalytic performance is achieved across the surface of
the type 5 substrates. This approach may be utilized for other
types of photocatalytic reactions in microreactors. Also, the
localized gold microstructures may be functionalized for
biosensing allowing for localized sensing.
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Substrate preparation

As the first step to prepare the substrates, single-side polished 4-inch silicon wafers (111
orientation, Microchemicals GmbH) with a SiO» thermal oxide layer (1000 nm thick, wet thermal
oxide) were diced into 10x10 mm pieces (Aurotech company, Wafer Dicing DAD3350 model).
The resulting substrates were cleaned with acetone and isopropanol (both Sigma-Aldrich) in an
ultrasonic bath (Martin Walter Ultraschalltechnik) at grade 9. They were then thoroughly dried
using pure nitrogen gas,

A 5-inch lithography mask including reflective chromium structures (Rose Fotomasken) with
feature sizes down to 50 pm and different line shapes was used to create microstructures on the
substrate via UV photolithography. To enhance adhesion, hexamethyldisilane (HDMS) was first
applied to each silicon substrate at 100°C. Next, 200 pL of AZ5214E photoresist (Microchemicals
GmbH) was spin coated at 3000 rpm for 30 seconds (ST22model, Robotechnik). The substrates
were prebaked on a hot plate at 110°C for 50 seconds. Utilizing a mask aligner (SUSS MicroTec),
they were exposed to UV light with an energy of 32 mJ/em? through the designed lithography
mask. A reversal bake was performed on a hot plate at 120°C for 2 minutes. Subsequently, a flood
UV exposure with an energy of 320 mJ/cm? was conducted. The final step in the lithography
process was to develop the non-exposed areas during the first illumination, using AZ726 developer
(Microchemicals GmbH). Hence, the substrates were immersed in the developer for 50 seconds.
To eliminate any remaining developer on the substrates, they were washed with deionized water
and subsequently dried with a pure nitrogen gas gun. The schematic of the UV photolithography
process is illustrated in Figure la.

To deposit the ITO coatings, a 3-inch In203/SnO2 (90/10 wt%) target with a purity of 99.99%

was used (Kurt J. Lesker). The deposition process was conducted by a sputtering machine with a
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tooling factor of 191. Meanwhile, the TiO; coatings were deposited using a 3-inch TiO; target with
a purity of 99.99% (Kurt J. Lesker) by a sputtering machine with a tooling factor of 28. The base
pressure in the vacuum chamber was set at 3.6x107 Pa (3.6 x 10" mbar). This low base pressure
was crucial for achieving high-quality film deposition and minimizing contamination. During the
sputtering of TiO; layer, the pressure of the sputtering chamber was maintained at 2.1 x 10~ mbar.
The distance between the titanium target and the substrate during sputtering was approximately 10
cm. This distance was carefully controlled to ensure uniform film deposition across the substrate
surface. For lift-off, the substrates were placed vertically in a beaker containing acetone, secured
with a holder, and were subjected to ultrasonic agitation for 10 minutes. Subsequently, they were
immersed in isopropanol for an additional 5 minutes. The substrates were thoroughly rinsed with
deionized water and dried using nitrogen gas. To convert the TiO> thin films to anatase phase, the
substrates underwent a heat treatment process. The four substrates were heated at 400°C in a

muffle furnace for 90 minutes. Following this step, they were promptly cooled using a metal plate.

To achieve thicker TiO> with a different morphology, a second TiO: sputtering method was
exploited for the type 3 and type 5 substrates. To build the type 5 substrate, a 6 nm ITO sublayer
was coated by PVD prior to the deposition of an 845 nm = 20 nm TiO> layer using a sputtering
system equipped with a DC planar magnetron source (Advanced Energy, MDX 500). Metallic
titanium target (Ti-Goodfellow, 99.99%, 5 cm diameter) was used for sputtering, with argon (Ar)
and oxygen (QO2) as process and reactive gases, respectively. The substrates were placed into the
vacuum chamber and the base pressure was set to about 5x107° Pa using a turbo molecular pump
(Pfeiffer Vacuum, HiPace 400) and a rotary pump (Agilent Technologies, SH-110). An Ar/O; gas
mixture with a constant ratio of 250:10 sccm was supplied using a precise mass-flow-control

system (MKS, Multi Gas Controller 647C) at a DC power of 120 W (BeamTech DC Pulse Power
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Supply MPS1500P). The substrates were rotated at 30 rpm to ensure homogeneous film deposition.
Following the 2-hour sputtering process, the prepared TiO; thin films underwent heat treatment in

a muffle furnace at a temperature of 400°C for 90 minutes and then directly quenched in air.
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Figure S1. SEM images of the different types of substrates (type 1 — type 5). For each substrate

type, two different samples (a and b) are demonstrated for comparison.
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corresponding gold surface coverage evaluation. Two samples of type 3 and four samples of type

5 substrates are studied and the results are shown for comparison.
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[S1]. When the sample is exposed to UV light (hv = EGm2 ), electron-hole pairs are generated

within the TiO; layer causing a shift in its Fermi level. To re-establish equilibrium, the
photogenerated electrons flow across the junction from TiO: to ITO. This results in a continuous

flow of photogenerated electrons from TiO; towards ITO.
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3.2. ITO-TiO: Heterojunctions on Glass Substrates for
Photocatalytic Gold Growth along Pattern Edges

3.2.1. Introduction
F. Abshari, M. Paulsen, S. Veziroglu, A. Vahl, and M. Gerken, “ITO-TiO, Het-

erojunctions on Glass Substrates for Photocatalytic Gold Growth Along Pattern
Edges,” Catalysts, vol. 14, no. 12, p. 940, Dec. 2024, doi:
10.3390/catal14120940.

Copyright © 2024 by the authors. Published by MDPI, Basel, Switzerland. This
article is an open access article distributed under the terms and conditions of
the Creative Commons Attribution (CC BY) license (https://creativecom-

mons.org/licenses/by/4.0/).
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3.2.2. Abstract

The second paper, titled "ITO-TiO2 Heterojunctions on Glass Substrates
for Photocatalytic Gold Growth along Pattern Edges," explores the relationship
between ITO layer thickness and photocatalytic gold deposition on TiO: sub-
strates. The study aimed to investigate how different ITO configurations influ-
ence gold nanostructure growth, particularly along pattern edges, to establish
highly conductive and spatially resolved pathways. This research aligns closely
with the thesis' overarching goal of advancing adaptive and reconfigurable neu-
romorphic systems through precise photocatalytic techniques that emulate neu-

ral connectivity.
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This study contributes to the broader thesis objectives by offering a com-
prehensive understanding of how ITO-TiO: heterojunctions can be engineered
to optimize photocatalytic performance. By examining the interplay between
material properties and photocatalytic activity, the research addresses the criti-
cal challenge of achieving uniform and controlled gold growth, a foundational
requirement for designing neuromorphic networks. The findings underscore the
role of ITO layer thickness in shaping gold nanoparticle formation, directly
supporting the thesis's focus on developing bio-inspired electronic systems with
enhanced adaptability and precision.

The methodology involved the fabrication of six distinct glass substrates,
each with varying ITO layer thicknesses combined with a uniform TiO: layer,
to systematically investigate the influence of ITO configurations on gold dep-
osition. Photocatalytic experiments utilized UV illumination to activate the
TiO- substrate, facilitating gold ion reduction and the formation of nanoparti-
cles. Scanning electron microscopy (SEM) was employed to characterize the
resulting gold structures, evaluating their morphology, uniformity, and conduc-
tivity. The study revealed that a 6-nm ITO layer beneath a 70-nm TiO: film
provided optimal conditions for uniform gold line formation with enhanced
edge-specific growth, highlighting the potential of this configuration for neu-

romorphic applications requiring precise and reliable connectivity.

3.2.3. Published Paper
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Abstract: This study investigates the effects of varying indium tin oxide (ITO) layer thicknesses and
the patterning of the ITO layer on the growth of metallic gold (Au) nano- and microstructures on
titanium dioxide (TiO;) templates. The ITO-TiO; heterojunction serves to collect photogenerated
electrons in the ITO sublayer, facilitating their transport to the pattern edges and concentrating
photocatalytic activity at these edges. Six template types were fabricated on glass substrates, with
systematic variations in ITO thickness (0, 3, 6, 10, and 30 nm) and different ITO patterning methods
(either continuous or patterned with the TiO; layer). Photocatalytic gold growth was carried out
on each of the substrates, and morphological analysis was conducted using scanning electron mi-
croscopy (SEM). Results showed that a 6 nm ITO layer beneath a 70 nm TiO; layer yielded the most
uniform gold lines, characterized by 3D flower-shaped structures and enhanced edge growth. Con-
ductance measurements indicated a value of 23 mS, suggesting potential applications in bio-inspired
electronics. These findings provide insights into optimizing gold structure growth for advanced
neuromorphic devices.

Keywords: photocatalytic deposition; heterojunction; titanium dioxide; indium tin oxide; gold;
microstructure; glass substrate; neuromorphic engineering; ITO-TiO; heterojunction

1. Introduction

Neuromorphic engineering is dedicated to designing advanced computing systems
that are inspired by the structure and function of biological neural networks, aiming for
greater efficiency and innovation [1]. In neural networks, synaptic connections between
neurons are continuously and dynamically reconfigured. These connections evolve across
various time scales: rapid synaptic plasticity causes local changes at synaptic junctions
between two neurons, while slower processes such as synaptic blooming and pruning
occur more broadly across the entire neural network. Numerous studies have concentrated
on replicating rapid synaptic plasticity using memristive devices due to their distinctive
ability to mimic key synaptic behaviors. Memristive devices have demonstrated prop-
erties such as spike-timing-dependent plasticity (STDP), long-term potentiation (LTP),
and long-term depression (LTD), which are essential mechanisms underlying synaptic
plasticity in biological systems. These characteristics make memristive devices particularly
promising for use as electronic synapses, enabling the emulation of dynamic brain-like
processes [2,3]. Research continues to explore synaptic connections on a global scale in
biological neural networks as well as to develop new methods for integrating these mecha-
nisms into future bio-inspired systems [4]. Neuromorphic nanowire networks exhibiting
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memristive properties have become a subject of study [5-8]. These networks are inherently
self-organized, with nanowires forming one-dimensional (1D) conductive pathways. The
complex topology of these networks leads to collective switching behaviors, making them
well-suited for memristive architectures. In neural networks, the ability to dynamically
adjust stimuli and manage the formation and dissolution of connections is essential [9].
Initially, replicating the global interactions of neuron assemblies was accomplished by
exploring global connectivity via electrolyte gating in a liquid medium [10]. In this pa-
per, we concentrate on the slow development of one-dimensional long-range connections,
which may enable flexible adaptation of network topology. To achieve this, we examine
the photocatalytic deposition of gold lines utilizing heterojunctions of UV-activated TiO,
and ITO.

To achieve this, TiO,, a highly effective photocatalyst, was chosen for its excellent
properties in photocatalytic processes [11]. The combination of TiO; with an ITO layer
forms a heterojunction that can enhance electron collection and transport, which is crucial
for efficient growth processes [12]. This heterojunction, under UV illumination, facilitates
the photocatalytic deposition of gold nanoparticles, enabling the creation of gold lines on
the TiO; surface. The ability to control and modify the growth of these lines opens up
potential applications in bio-inspired electronics, such as neural interfaces and devices for
bioelectronics [13].

TiO; is extensively used as a semiconductor photocatalyst due to its exceptional
photocatalytic efficiency, straightforward and economical processing, non-toxicity, and
chemical stability [14-17]. The growth of gold on TiO; thin films has been achieved through
the photoreduction of HAuCly under UV light [18-20]. A range of studies has examined
the factors affecting the morphology of the resulting gold structures. The morphology
and coverage of the deposited gold structures are significantly influenced by several
factors, including the crystal structure and morphology of the underlying TiO, thin film,
the composition and pH of the precursor solution, and the intensity and duration of
illumination [21-23].

Under UV light, TiO; generates electron-hole pairs, with electrons moving to the
conduction band. These electrons reduce Au®* ions from HAuCly to form neutral gold
atoms, which aggregate into conductive gold deposits on the TiO; surface. The holes
oxidize surrounding molecules, completing the photocatalytic process [24]. A recent study
developed Au/TiO;—C3Ny composites incorporating plasmonic gold particles, which
demonstrated enhanced photocatalytic efficiency due to increased visible light absorption
and extended lifetimes of the photoexcited charge carriers [25]. A related study highlighted
the coalescence of gold clusters under UV light, focusing on photon energy-driven mecha-
nisms that affect photocatalytic activity. These results offer further insight into how UV
illumination contributes to the growth and morphological changes of gold particles.

Previous research has investigated TiO,-ITO heterojunctions on glass substrates
and demonstrated rectifying behavior at the semiconductor-semiconductor heterojunc-
tion [11,26]. To accurately describe the interface between TiO; and ITO, we refer to it as
a heterojunction, as both TiO, and ITO are semiconductors. An ITO-TiO, heterojunction
is expected to form at this semiconductor-semiconductor interface, which influences the
photocatalytic growth of gold particles. This terminology aligns with the focus of the
special issue on heterojunctions and enhances the precision of our description [27]. ITO
was found to serve as an acceptor for electrons photogenerated in TiO; [11,26]. Recently,
we suggested the idea of collecting photogenerated electrons with an ITO sublayer for
transport to pattern edges and concentration of photocatalytic activity to these edges [13].
In that study, we utilized a 6-nm ITO sublayer beneath a 70-nm TiO; on a silicon substrate
and demonstrated successful photocatalytic growth of gold lines along pattern edges.

Here, we present a systematic study of the influence of ITO thickness in the ITO-TiO,
heterojunction on photocatalytic gold growth, as depicted schematically in Figure 1. This
work builds upon previous studies, but with a key distinction: while the earlier research
utilized silicon wafers with thermal oxide as substrates, this study investigates the effect of
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glass substrates. The transparency of the glass substrates introduces new considerations
for gold growth, particularly in terms of UV illumination and the ability to observe and
monitor the process. We aim to investigate the influence of varying ITO thicknesses while
maintaining uniformity in other parameters, such as UV intensity and the gold solution.
By controlling these variables, we can better understand the impact of ITO thickness on
gold nanoparticle growth. Six distinct template types were prepared with varying ITO
thicknesses, and growth experiments were conducted under identical conditions. Relevant
data for each template type can be found in Table 1, and the substrate preparation details
are provided in Section 4. For each template type, two substrates were prepared and
analyzed.

(a) (b)
» UV LED
Glass

365 nm

* Sample\
l Class

HAuCl4 solution

Figure 1. Schematic illustrations of template structures and the illumination setup. (a) Three types of
TiO; patterns on glass substrates: the top shows a TiO, pattern on glass, the middle shows a TiO5
pattern with a thin ITO layer beneath TiO; on glass, and the bottom shows a TiO; pattern with a thin
ITO layer covering the entire glass substrate. (b) Schematic of the illumination setup, showing the
template placed in a beaker with HAuCly solution under UV LED illumination (365 nm).

Table 1. Different template types and their corresponding ITO and TiO; thicknesses.

Template Type ITO Thickness ITO Extend TiQ; Thickness

Type 1/TiO,-70_1TO-0 0nm none 70 nm

Type 2/TiO,-70_ITO-3 3nm under TiO, 70nm

Type 3/TiO,-70_1TO-6 6 nm under TiOy 70 nm

Type 4/TiO,-70_ITO-10 10 nm under TiO; 70nm
Type 5/TiO,-70_ITO-30 30 nm under TiO» 70 nm

. substrate coated
Type 6/TiO;-70_ITO-6-unstr. 6 nm completely 70 nm
2. Results

2.1. Morphological Characterization via SEM

In this section, the morphology of the gold particles grown for ITO-TiO; hetero-
junctions with different ITO layer thicknesses is characterized using scanning electron
microscopy (SEM). The SEM measurements were conducted using a Supra55VP instrument
from Carl Zeiss, operated at an acceleration voltage of 3 kV and a working distance of
3 mm. This method provides high-resolution imaging to examine the size, shape, and
spatial distribution of the particles across the substrates.

Each sample type is analyzed individually, highlighting the variation in nanoparticle
growth across the different template structures. For each type of template, two samples
were prepared, and the corresponding SEM images are presented as (a) and (b). The
analysis aims to capture the effects of different ITO layer thicknesses and configurations on
particle growth, providing a comparative study of the samples.
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2.1.1. SEM Analysis of Type 1/TiO,-70_ITO-0: TiO, Patterns

As anticipated and previously reported in studies on photocatalytic growth on
TiO;, [28], two distinct types of gold particles were observed on the surface of the TiO,
patterns. The first type consisted of 2D stacked structures, exhibiting various geometrical
shapes such as rectangles, hexagons, and polygons. Interestingly, several of these 2D stacks
appeared incomplete, as highlighted by a red square in Figure 2, where a partially formed
stack is clearly visible.

20 um

Figure 2. SEM images of Type 1/TiO,-70_ITO-0 template showing two types of grown gold particles
on the surface of TiO;: (a) Sample 1, and (b) Sample 2, highlighting the presence of 2D stacks and
smaller spherical particles. A partially formed 2D stack is indicated by a red square in (a).

The second type of particles observed were spherical, smaller in size compared to the
2D stacks. Notably, no particle growth was detected along the edges of the TiO; patterns.
The overall quantity of particles on the TiO, surface was relatively low. The spherical
particles were largely isolated, with only a few instances where they were found clustered
together. In addition, in some areas, spherical particles were seen growing on top of the 2D
stacks, further illustrating the variability in particle formation across the surface.

2.1.2. SEM Analysis of Type 2/TiO,-70_ITO-3: TiO, Patterns with 3 nm ITO Layer

The morphology of the gold particles grown on the Type 2 template, consisting
of TiO, patterns with a 3 nm ITO layer, closely resembles that observed in the Type
1/TiO,-70_ITO-0 samples. Two distinct morphologies are present: spherical particles and
2D stacks, predominantly hexagonal in shape shown in Figure 3. Additionally, several
incompletely formed stacks can be observed, similar to those seen in Type 1/TiO,-70_ITO-0.
However, a notable increase in the quantity of gold particles is evident, particularly with
the spherical morphology.

All observed particles are grown on the surface of the TiO, patterns, with no significant
particle growth along the edges of the patterns. While some spherical particles are also
found atop the 2D stacks, the overall distribution remains dispersed, with the particles still
largely separated from one another, as seen in earlier samples. This indicates that despite
the increased particle count, significant aggregation or clustering has not occurred.
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500 nm

Figure 3. SEM images of Type 2/TiO,-70_ITO-3 template showing the morphology of grown gold
particles on the surface of TiOy: (a) Sample 1 and (b) Sample 2 depicting the distribution of 2D stacks
and smaller spherical particles. A partially formed 2D stack is indicated by a red square in (a).

2.1.3. SEM Analysis of Type 3/TiO,-70_ITO-6: TiO; Patterns with 6 nm ITO Layer

In the Type 3 template, which includes a 6 nm ITO layer beneath the TiO, patterns,
a third morphological shape of gold particles was observed (see Figure 4), adding to the
previously identified spherical and 2D stack formation.

20 um

50 um

Figure 4. SEM images of Type 3/TiO,-70_ITO-6 template after gold growth: (a) Sample 1 and
(b) Sample 2, highlighting the emergence of 3D flower-like structures along the edges of the TiO,
patterns, alongside isolated spherical particles and limited 2D stacks.

While spherical gold particles were still present on the surface of the TiO,, their
quantity was notably low, with only isolated instances observed across the substrate. These
spherical particles were small in number and remained separated, showing no significant
clustering or attachment.

2D stacks, primarily hexagonal in shape, were also detected, and in several instances,
they were seen growing on top of each other, forming stacked structures. Despite the
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growth of these 2D stacks in layered formations, their overall quantity on the surface of the
TiO; remained limited. Additionally, no significant growth of either the spherical particles
or 2D stacks was observed along the edges of the TiO; patterns; both morphologies were
restricted to the surface of the patterns.

The most distinctive feature of this template was the emergence of a new, third
morphology, a 3D flower-like structure. These particles, resembling hedgehog shapes
with needle-like branches, were found growing predominantly along the edges of the
TiO; patterns. In some regions, these flower-shaped particles aligned next to each other,
forming a near-continuous line along the pattern’s edge, though there were occasional gaps
between them. This suggests a strong preference for edge growth, which was more uniform
compared to the surface. The SEM images of the Type 3 template, which features a 6 nm
ITO layer beneath the TiO patterns, reveal the presence of two distinct morphologies of
gold particles: 2D stacks and 3D flower-like structures. The 2D stacks, primarily hexagonal
in shape, are observed in small quantities, while the 3D flower-like particles, which exhibit
needle-like structures, are more prominent, particularly along the edges of the TiO; patterns.
These flower-like structures show some degree of alignment along the edge, although they
do not form a continuous line.

2.1.4. SEM Analysis of Type 3/TiO,-70_ITO-6: TiO; Patterns with Manual Scratches

In this section, the results of the SEM analysis for the template with manual scratches
on the TiO; surface are presented. The SEM images (Figure 5) clearly show the growth
of gold particles on the surface of TiO,, with nucleation occurring predominantly in the
manually created scratches. These scratches, which vary in width, serve as localized
sites for the gold particle formation. The SEM images indicate that the gold particles
were successfully nucleated both in the thinner and wider scratched areas. The density
of the gold particles appears higher in the narrower scratches, suggesting that smaller
features might enhance the nucleation and growth of gold nanoparticles. In contrast, wider
scratches exhibit a more scattered distribution of gold particles, albeit still concentrated in
the scratched regions. This observation highlights the importance of the surface features in
controlling the localization of gold growth. It appears that only very limited gold growth
appears on intact TiO, surface areas while scratches or edges in the ITO-TiO, promote
and concentrate the gold growth. The nucleation sites in the scratches demonstrate a clear
relationship between the surface morphology and gold particle deposition.

3 um

100 pm af

Figure 5. SEM images of the TiO; surface with manual scratches of varying widths, showing
the growth of gold particles on the TiO, surface. The nucleation of gold occurs primarily within
the scratches.

2.1.5. SEM Analysis of Type 4/TiO,-70_ITO-10: TiO, Patterns with 10 nm ITO Layer

The SEM analysis of templates featuring a 10 nm ITO layer beneath the TiO, patterns
revealed two distinct morphologies of gold particles (see Figure 6). First, 2D stacks of gold
particles were observed, characterized by hexagonal and rectangular shapes. However,
these stacks were relatively sparse, indicating limited formation across the substrate.

In addition to the 2D stacks, 3D flower-shaped particles were identified on the surface
of TiO;. These flower-shaped particles exhibited a more prominent presence compared to
the 2D stacks, but their distribution was uneven. The individual flower structures displayed
visible gaps between them, suggesting that they did not aggregate closely. Notably, these 3D
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flower-shaped particles did not form a continuous line along the edge of the TiO, patterns.
Instead, they appeared scattered across the surface, lacking a cohesive arrangement. The
SEM analysis revealed three distinct morphologies of gold particles: spherical particles,
2D stacks, and flower-shaped particles. While both 2D stacks and flower-shaped particles
were present, the flower-shaped particles exhibited more prominent growth, particularly
along the edges of the TiO, patterns. However, the distribution of these flower-shaped
particles was uneven, with noticeable gaps between them, highlighting the variability in
growth behavior across the substrate.

Glass substrate

100 um 2 * I pm

50 pm 40 um

Figure 6. SEM images of Type 4/TiO,-70_ITO-10 template after gold growth: (a) Sample 1 and
(b) Sample 2, showing distinct morphologies of gold particles including sparse 2D stacks and
unevenly distributed 3D flower-shaped particles on the TiO, surface, with visible gaps indicating
limited aggregation.

2.1.6. SEM Analysis of Type 5/TiO,-70_ITO-30: TiO, Patterns with 30 nm ITO Layer

On the templates featuring a 30 nm ITO layer beneath the TiO,, three distinct morpho-
logical shapes of gold particles were observed. The first morphology consisted of spherical
gold particles, which displayed a notable increase in quantity and coverage across the
surface of the TiO,. This enhanced density suggests a more efficient growth process under
the specific conditions provided by the ITO layer.

The second morphology observed was that of 2D stacks, which are presented in both
hexagonal and rectangular shapes. These stacks exhibited a high quantity and substantial
surface coverage; however, it was noted that the spherical particles did not grow in close
proximity to one another, maintaining noticeable separations. Furthermore, while the
2D stacks demonstrated good structural integrity, their sizes appeared to be smaller than
those observed in previous sample types, indicating a potential size reduction in the
growth process.

The third morphology consisted of flower-shaped gold particles. These particles were
prominently observed on the surface of the TiO; in Figure 7, exhibiting intricate branching
structures that seemed to suggest an interaction between clusters. However, despite this
potential for interaction, the flower-shaped particles were still observed to grow separately.
These larger gold structures were unable to form a continuous line along the edge of the
pattern, resulting in only a few short, uniform segments along the edge. This indicates that
while there was some level of organization, the overall alignment and connectivity of the
particles require further optimization.
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20 pm v 10 pm

Figure 7. SEM images of Type 5/TiO,-70_ITO-30 template after gold growth: (a) Sample 1 and
(b) Sample 2, illustrating three distinct morphologies of gold particles, including spherical particles,
2D stacks with varied shapes, and hedgehog-like flower structures on the TiO, surface, with varying
distribution and density.

2.1.7. SEM Analysis of Type 6/TiO,-70_ITO-6-unstr.: TiO, Patterns with 6 nm ITO Layer
Across the Entire Substrate

In this analysis in Figure 8, the templates with a 6 nm ITO layer extending across the
entire substrate exhibit morphological characteristics that are somewhat similar to those
observed in Type 3, differing primarily in the placement of the ITO layer. Unlike Type 3,
where the ITO was localized beneath the TiO, patterns, Type 6 features ITO uniformly
distributed across the substrate.

100 pni 50 pm g I pm

200 nm
C—

Figure 8. SEM images of Type 6/TiO,-70_ITO-6-unstr. template after gold growth: (a) Sample 1 and
(b) Sample 2, illustrating primarily 2D stacks in low quantities, 3D flower-shaped particles on the
TiO, surface, and spherical particles on the ITO layer, with attempts at cluster interaction but no
formation of a continuous line along the edges.

The shapes of the grown particles reveal a lack of spherical particles. Instead, primarily
2D stacks were observed in triangular forms, though these structures appeared in very low
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quantities. Additionally, 3D flower-shaped particles were identified on the surface of the
TiO,; however, these structures seemed to be incompletely formed. Notably, while the 3D
flower shapes exhibited closer proximity to one another than in previous types, they still
failed to form a uniform line along the edge of the TiO, patterns.

Furthermore, SEM analysis of the ITO surface revealed the presence of spherical
particles formed on the 6 nm ITO layer. These spherical particles appeared to be attached
to one another, with an average dimension of approximately 200 nm.

2.2. Conductance Measurement of Gold Lines on TiO; Patterns

As observed in the SEM analysis, uniform gold lines were clearly visible on the edge of
the TiO; patterns in both Type 3 TiO,-70_ITO-6 and Type 6/TiO,-70_ITO-6-unstr. templates.
The gold line on the Type 3 template measured approximately 75 pm in length, while the
line on Type 6 was estimated to be around 20 um. However, further conductance analysis
revealed differences in their electrical properties.

Conductance measurements were performed using a hard-contact probe station, specif-
ically the Everbeing BD-6 modular probe station, equipped with precision micromanipu-
lators, a PSM-1000 microscope, and a Motic Moticam 3+ CCD camera for high-resolution
image capture. The Keithley 2400 Sourcemeter, configured in a two-probe setup, ap-
plied a voltage ramp from —5 V to +5 V, allowing for current measurements between the
two probes.

On the Type 6/TiO,-70_ITO-6-unstr. templates, it was not possible to measure a
uniform conductance along the suspected 30 um line. Although an area resembling a con-
tinuous line was identified, it failed tc demonstrate measurable conductivity. Conversely,
on Type 3/Ti0,-70_ITO-6 templates, the approximately 75 um gold line demonstrated clear
conductive properties. The I-V curve, fitted with a linear regression, showed a conductance
value of 23 mS.

3. Discussion

The electron transfer process plays a fundamental role in the formation of gold wires
during photocatalytic growth on TiO; surfaces. UV light generates electron-hole pairs in
the TiO, material, and the excited electrons migrate to the surface, where they interact with
gold ions (Au®*) from the gold chloride solution. This interaction promotes the reduction
and nucleation of gold nanoparticles. The presence of an ITO-TiO; heterojunction layer
significantly influences this electron transfer process [11,26]. Photogenerated electrons
are collected in the ITO sublayer, facilitating their transport to the pattern edges and
concentrating photocatalytic activity at these edges. A thicker ITO layer increases the
availability of free electrons, improving conductivity and enhancing electron mobility. This,
in turn, facilitates the nucleation of gold particles, particularly along the edges of the TiO;
patterns. The thickness and positioning of the ITO layer—whether beneath the TiO; or
across the entire substrate—are crucial factors in controlling the uniformity and quality of
the gold line. By optimizing the ITO layer, the distribution and morphology of the gold
nanoparticles can be better regulated, ensuring more uniform and controlled growth of
gold lines along the TiO, edges [12].

As observed in the SEM analysis, with 3 nm ITO, the growth of gold particles was
moderately increased compared to templates without ITO, but the growth was not highly
focused. With a 6 nm ITO layer, the growth of gold particles became more localized along
the edges, resulting in a more uniform gold line [22]. However, when the ITO thickness
was increased to 10 nm and 30 nm, although the ITO conductivity was higher, the gold
growth became more dispersed. This suggests that due to the higher conductivity in the
ITO, electrons are more effectively transferred to existing gold nucleation sites instead of
uniform nucleation along the structure edge. Therefore, an intermediate conductivity of the
ITO layer appears optimal for the growth of conductive gold lines with uniform thickness.

In this section, the results of the morphological analysis obtained through scanning
electron microscopy (SEM) are discussed in more detail, comparing and analyzing the
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different template types. When comparing Templates Type 1/TiO,-70_ITO-0 and Type
2/Ti0,-70_ITO-3, it was observed that the presence of ITO significantly enhanced the
growth and coverage of gold particles on the surface of TiO,. While specific quantification
of coverage was not performed, the observed increase in the distribution and density of
gold particles suggests a significant enhancement. In this context, “coverage” refers to the
fraction of the TiO; surface covered by gold particles, rather than the number of particles
per unit area. However, no notable changes in the morphology of the grown particles
were detected; both templates exhibited two-dimensional (2D} stacks alongside smaller
spherical particles. Furthermore, the 3 nm ITO layer did not promote focused growth along
the edges of the patterns. In contrast, Template Type 3/TiO2-70_ITO-6 revealed a new
3D flower-like morphology, indicating more concentrated growth at the edges, resulting
in a more localized and uniform distribution. To better understand the distribution of
different nanoparticle types, a systematic investigation was conducted, categorizing the
observed gold particles into three categories: spherical particles, 2D stacks and flower-
shaped particles. A comparison of the relative occurrence of each category across different
template types is provided in Table 1. The average length of the growth along the edges
measured approximately 75 pum, which is considered acceptable for further research in
neuromorphic engineering [29].

As the thickness of the ITO increased in Template Type 4/TiO,-70_ITO-10, the small
spherical particles were no longer observed, which was initially unexpected. Instead, larger
3D flower-shaped particles with sharper needle-like formations were present. However,
these particles did not cluster as closely together as observed in Template Type 3/TiO;-
70_ITO-6, which hindered the formation of a uniform line along the edges or the surface of
TiO,. Interestingly, while spherical particles were absent in Type 4/TiO,-70_ITO-10, they
were observed again in Template Type 5/TiO,-70_ITO-30, suggesting a different growth
dynamic at the 30 nm ITO thickness. Upon further inspection of the SEM images of Type
5/Ti0,-70_ITO-30, it appears that the small spherical particles were indeed absent in these
samples as well, aligning with the overall trend of larger, more irregular gold structures
dominating the surface. This discrepancy highlights the complexity of the growth process
and suggests that the ITO thickness and its interaction with TiO; significantly affect the
nanoparticle morphology, with less uniform clustering at higher ITO thicknesses.

To further investigate the effects of increased ITO thickness, Template Type 5/TiO,-
70_ITO-30 was examined. In the SEM images, an increased number of smaller spherical
particles were observed on the surface compared to Template Type 2/TiO-70_ITO-3.
However, the size of the 2D stacks decreased. A higher quantity of 3D flower-shaped
particles was noted both on the surface and edges of TiO;. Yet, similar to Template
Type 4/TiO,-70_ITO-10, these particles failed to grow in close proximity, preventing the
formation of a continuous line.

Consequently, it was determined that Template Type 3/TiO,-70_ITO-6 exhibited the
optimal parameters for achieving a uniform gold line along the edges. This raises the
question of whether the ITO layer should be exclusively positioned beneath the TiO
or if a TiOQ, pattern on a 6 nm ITO substrate, such as on soda-lime glass, would yield
better results. Thus, Template Type 6/TiO,-70_ITO-6-unstr. was fabricated for further
analysis. SEM images of this template revealed a similar lack of spherical particles as seen
in Template Type 3/TiO,-70_ITO-6. Additionally, the quantity of 2D stacks was reduced,
further highlighting a focus on the 3D flower-shaped particles. However, the interactions
between gold clusters along the edges were less pronounced, and the maximum length
of the gold line achieved was approximately 20 um, which is notably shorter than that of
Template Type 3/TiO,-70_ITO-6.

In this study, we anticipated that the heterojunction between the ITO and TiO; would
primarily promote growth along the edges, with minimal growth observed on the TiO,
surface. However, to investigate this further, we manually created scratches of varying
widths on the TiO; surface and observed the gold nanoparticle growth. As expected, a
higher concentration of gold particles was observed within the scratches, with nucleation
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occurring more readily in the narrower lines. Interestingly, we also noticed an unexpected
increase in gold growth across the surface of TiO; in Template Type 3, even though the orig-
inal hypothesis suggested that the growth would be confined to the edges. The variation
in gold growth on the TiO; surface with different ITO thicknesses suggests that this phe-
nomenon could be attributed to either defects in the ITO layer or accidental imperfections
in the scratching process. These observations highlight the complex nature of the growth
mechanism, where factors such as the ITO layer’s integrity and surface modifications may
influence the overall nanoparticle distribution.

Across all template types, no growth of particles on the glass substrate was observed.
In Template Type 6/TiO,-70_ITO-6-unstr., despite the presence of ITO covering the entire
substrate, only a few small spherical particles were identified, which is not ideal for
achieving a uniform and continuous gold line along the edges. The low density and small
size of these particles hinder the formation of a more consistent and well-defined structure.
Thus, from the physical morphology characterization, it can be concluded that Template
Type 3/TiO,-70_ITO-6 possesses the most favorable parameters for achieving a uniform
line and localized growth along the edges.

The ITO-TiO; hetercjunction plays a crucial role in controlling the growth of gold
particles by facilitating the collection and transport of photogenerated electrons under UV
illumination. The ITO layer, acting as a conductive substrate, enhances electron transfer
from the TiO; layer to the gold precursor solution, promoting the reduction of gold ions.
This electron transfer is key in enabling uniform and localized growth of gold lines, partic-
ularly at the edges of TiO, patterns. By adjusting the thickness of the ITO layer, we can
control the rate and uniformity of gold deposition, which is essential for achieving the
desired gold line structures for bio-inspired electronics applications.

In our experiments, the ITO-TiO; heterojunction significantly influenced the morphol-
ogy of the gold nanoparticles. The interaction between the ITO layer and TiO; not only
facilitated the photocatalytic reduction of gold ions but also played a critical role in shaping
the size, density, and distribution of the resulting gold structures. The presence of the
ITO layer beneath TiO; enhanced electron mobility, which in turn increased the local gold
nanoparticle growth at the edges of the TiO, patterns. This heterojunction setup enabled
better control over the deposition process, contributing to the formation of more uniform
and localized gold lines, particularly in Template Type 3/TiO,-70_ITO-6, compared to
other configurations.

Looking ahead, the use of ITO-TiO, heterojunctions presents several promising possi-
bilities for future applications in bioelectronics and neuromorphic engineering. By optimiz-
ing the ITO layer thickness and TiO; patterning, we can further enhance the precision of
gold growth, making it possible to create more complex, conductive networks that emulate
the properties of biological neural networks. These networks could be integrated into
neural interfaces, prosthetics, or other bio-inspired systems, where controlled, localized
growth is essential for improving signal transmission and reducing resistance. Furthermore,
the ability to tune the heterojunction for specific applications could lead to more efficient,
flexible, and scalable designs in the development of next-generation bioelectronics.

As highlighted in the introduction, one of the primary objectives of this study is to
replicate the growth patterns of gold lines to emulate the formation of axons in neurons.
This biomimetic approach seeks to harness the conductive properties of gold to facilitate
effective signal transmission, which is a crucial function of axons in neural communication.

In the context of neuronal signaling, axons are specialized structures that conduct
electrical impulses away from the neuron’s cell body. For the gold structures to effectively
mimic this function, they must demonstrate sufficient electrical conductivity. The conduc-
tance measurement obtained from the current-voltage (I-V) diagram revealed a value of
23 mS.

This level of conductance indicates that the gold lines possess adequate conductivity
to potentially facilitate the transfer of electrical signals, similar to how axons transmit
impulses between neurons. High conductance values are essential for minimizing resistance
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losses in signal propagation, which can lead to more efficient communication within
neural networks. The conductivity of the gold lines opens opportunities for bic-inspired
electronics, potentially advancing the development of neural interfaces, prosthetics, and
other devices that integrate with biological systems.

In this series of experiments, we focused specifically on photocatalytic gold growth
while varying the ITO conditions. It is crucial to acknowledge that other parameters
significantly influence the quality and uniformity of the grown lines on the various substrate
types we prepared. For example, the introduction of additives in gold chloride such as
isopropanol or acetone, as well as the inclusion of surfactants, can notably enhance the
growth rate of gold particles. This adjustment may lead to the formation of longer gold
lines, particularly in Template Types 4 and 5, which feature increased ITO thickness.

Additionally, the intensity and wavelength of the UV LED utilized during the illu-
mination process play a pivotal role in determining the characteristics of the gold lines.
Higher-intensity UV light can promote more effective photocatalytic activity, potentially
resulting in more consistent and uniform gold growth.

This study thoroughly examined ITO-TiO; heterojunctions with varying ITO thick-
nesses for fixed other photocatalytic gold growth parameters. Future research should
explore these additional factors to further understand their impact on the morphology and
conductivity of gold lines, ultimately aiming to refine the fabrication process for improved
performance in bioelectronic applications. By utilizing transparent glass substrates, we
open new opportunities for in-situ monitoring with optical transmission measurements as
well as illumination options from the glass substrate side.

4. Materials and Methods
4.1. Substrate Preparation

The preparation of substrates begins with soda-lime glass, which is diced into
10 mm x 10 mm pieces using a Wafer Dicing model DAD3350 from Aurotech. The diced
substrates are then subjected to a thorough cleaning process in an ultrasonic bath (Martin
Walter Ultraschalltechnik AG, Straubenhardt, Germany) using acetone and isopropanol
(Sigma-Aldrich, St. Louis, MO, USA). Following cleaning, the substrates are completely
dried with pure nitrogen gas to eliminate any residual solvents.

In this study, six types of templates are prepared to explore the effects of varying ITO
layer thicknesses beneath TiO,. The first template, designated as Type 1/TiO»-70_ITO-0,
is designed as a reference and consists solely of a patterned layer of TiO; without any
underlying ITO. The subsequent types—Type 2/TiO,-70_ITO-3 through Type 5/TiO»-
70_ITO-30—feature TiO; patterns with varying ITO thicknesses: 3 nm, 6 nm, 10 nm, and
30 nm, respectively. Type 6/TiO,-70_ITO-6-unstr. differs by having a uniform ITO layer
of 6 nm sputtered across the entire surface of the substrate, onto which the TiO, pattern
is applied.

The lithography process, utilized for all types, commences with the application of
hexamethyldisiloxane (HMDS) to enhance photoresist adhesion, followed by the spin-
coating of 600 uL of AZ5214E photoresist (Microchemicals GmbH, Ulm, Germany) at
3000 rpm for 30 s. The substrates are prebaked on a hot plate at 110 °C for 50 s before
being exposed to UV light through a 5-inch mask featuring reflective chromium structures
with line patterns as small as 50 um (provided by Rose Fotomasken, Bergisch Gladbach,
Germany). The exposure is carried out using a SUSS MicroTec mask aligner, delivering
an energy dose of 32 mJ/cm?. A reversal bake is performed at 120 °C for 2 min, followed
by flood UV exposure with an energy dose of 320 m]/ cm?. The unexposed areas are
subsequently developed using AZ726 developer (Microchemicals GmbH, Ulm, Germany)
for one minute, rinsed with deionized water, and dried using nitrogen gas. In Figure 9a the
schematic of the lithography steps is illustrated.

For Type 1/TiO,-70_ITO-0, after lithography, a 70 nm-thick layer of TiO; is deposited
through sputtering using a 3-inch TiO; target (purity 99.99%, Kurt J. Lesker Company
GmbH, Dresden, Germany). The lift-off process involves immersing the substrates in
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acetone for 10 min while being subjected to ultrasonic agitation, followed by a 5-min
immersion in isopropanol. Finally, the substrates are rinsed with deionized water and dried
with nitrogen gas.

(a) UV exposure through a mask Flood UV exposure

ergy 32 mJ/cm? Energy 320 mJjcm?
Substrate Photoresist spin-coated Energy 32 mJ/cry Energy 320 mjcon

 —

HDMS Prebake Reversal bake Developer
100°C 110°C, 50" 120°C, 2 min B

(b)

Templates Type 1:
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Figure 9. Schematic illustration of the substrate preparation process. (a) Lithography process steps
utilizing AZ5214E photoresist on soda-lime glass substrates. (b) Schematic representation of the
deposition processes for I[TO and TiO; across different template types (Type 1/TiO-70_1TO-0: TiO,
only, Type 2: TiOp with 3 nm ITO, Type 3: TiO; with 6 nm ITO, Type 4: TiO; with 10 nm ITO,
Type 5: TiO; with 30 nm ITO, and Type 6: uniform 6 nm ITO layer with TiOs.

For Types 2 through 5, the fabrication process is similar to that of Type 1/TiO,-70_ITO-
0, beginning with lithography as described above. Afterward, ITO is deposited using
physical vapor deposition (PVD) with a 3-inch InpO3/5nO; (90/10 wt %) target (99.99%
purity, Kurt J. Lesker Company GmbH, Dresden, Germany). The thicknesses of ITO are
varied according to the template type: 3 nm for Type 2/TiO,-70_ITO-3, 6 nm for Type
3/Ti0,-70_ITO-6, 10 nm for Type 4/TiO;-70_ITO-10, and 30 nm for Type 5/TiO,-70_ITO-30.
Following ITO deposition, a 70 nm-thick layer of TiO; is sputtered onto each substrate,
mirroring the process used for Type 1/TiO,-70_ITO-0. The lift-off procedure is executed
in the same manner, ensuring the removal of excess resist and leaving behind the desired
TiO; patterns on the ITO layers.

Type 6/Ti0,-70_ITO-6-unstr. begins with ITO deposition over the entire substrate,
applying a uniform layer of 6 nm thickness. The subsequent lithography process follows
the previously detailed method, leading to the sputtering of a 70 nm-thick TiO, layer. The
lift-off process for Type 6/TiOy-70_ITO-6-unstr. also adheres to the methods established for
the earlier types. The schematic in Figure 9b shows the steps and shapes of the templates
after deposition.

To convert the TiO; thin films to the anatase phase, a heat treatment is uniformly
applied to all six template types. The substrates are heated in a muffle furnace at 400 °C for
90 min and then cooled promptly using a metal plate. This step is critical for achieving the
desired crystalline structure in the TiO;.

4.2. Photocatalytic Gold Growth Experiment

The photocatalytic gold growth process was conducted on all six types of substrates
using a consistent approach. The photocatalytic reduction of precursor ions from a HAuCly
solution was facilitated by UV-illuminated TiO; and ITO patterns.
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To prepare the precursor solution, 99.99 % pure gold (III) chloride (HAuCly) powder,
sourced from Sigma-Aldrich, was mixed with deicnized water in a concentration of 15 mg in
60 mL of water. This mixture was thoroughly blended to achieve a homogeneous solution.

Each substrate was positioned at the bottom of a 5 cm diameter glass beaker, and
15 mL of the prepared gold precursor solution was added. A UV LED (Nichia) emitting
light at a wavelength of 365 nm was then positioned approximately 7 cm above the beaker,
providing an intensity of approximately 3.7 mJ/em?, as measured using a Newport optical
power meter.

The illumination process for all six types of substrates was carried out in two distinct
steps. The first step involved an initial illumination period of 150 min, after which each
substrate was carefully washed and dried. Following this, the precursor solution was
refreshed, and a second illumination step of 60 min was conducted. After each illumination
period, the substrates were consistently washed and dried to ensure optimal conditions
for gold particle growth. This cyclic illumination process allowed for the effective pho-
tocatalytic reduction of the gold ions, leading to the deposition of gold particles on the
substrate surfaces.

4.3. Template Type 3/TiO2-70_ITO-6: TiO; Pattern Fabrication with Manual Scratching

In this work, a template similar to Template Type 3 (TiO2-70_ITO-6) was created to
investigate the localized growth of gold on TiO; surfaces. The fabrication process followed
the same steps as previously cutlined for Type 3, with a 6 nm ITO layer deposited beneath
the TiO; patterns. To further investigate the growth of gold particles, manual scratching
was employed using tweezers. Various micro-scale scratches of different widths were
created on the TiO; surface, allowing us to observe the effects of such modifications on gold
nanoparticle growth. These manually introduced surface features provided an additional
level of control over the gold deposition, enabling a deeper understanding of how localized
electron transfer and surface morphology influence the growth behavior of gold particles.

5. Conclusions

This study explored the effects of varying ITO thickness beneath TiO, on the morpho-
logical characteristics and growth dynamics of gold particles via photocatalytic growth.
Through systematic analysis using scanning electron microscopy (SEM), it was determined
that Template Type 3/TiO;-70_ITO-6, featuring a 6 nm ITO layer, provided the most
favorable conditions for achieving uniform gold lines along the edges of the TiO; patterns.

The introduction of the ITO-TiO; heterojunction significantly enhanced the growth
and coverage of gold particles, while specific morphological features such as the emergence
of 3D flower-shaped structures were noted in the appropriate contexts. Conductance
measurements further indicated that the gold lines exhibited a conductance of 23 mS,
suggesting their potential applicability in bio-inspired electronics aimed at mimicking the
electrical signaling of neurons.

One of the key characteristics of biological neural networks is the reorganization of
axons and synapses during the learning process. Training of an artificial intelligence system
is typically conducted by programming an existing network during the learning process.
This is very different from nature, where networks reorganize in the learning process. In
an infant’s brain, dendrites grow and dendrite density increases from birth to the age of
two years old, while connection density subsequently decreases to the age of four [30]. Our
ultimate aim is to realize a physical platform that mimics this biological network connection
growth and destruction. In this paper, we focus on the network growth under stimulus
as the first important step in mimicking biology. Different gold wire thicknesses lead to
changing conductivity. Thus, we propose that parts of the network with the highest UV
stimulus will have the highest conductivity. The strength of the signal at each connection in
an artificial neural network is determined by a weight, which adjusts during the leaming
process. In our neuromorphic approach, this weight is represented by the conductivity. It
is not programmed, but “grown” during metal line formation. In future research, we will
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also consider the destruction of unused connections to mimic network pruning in biology
on a physical platform.

The findings of this research contribute valuable insights into the optimization of gold
line growth technique for applications in neuromorphic engineering and bioelectronics,
highlighting the importance of substrate configuration and material properties in facilitating
effective electrical communication in synthetic neural networks. Further research may focus
on refining these techniques including other factors that influence the gold growth such
as illumination wavelength and power, substrate type, and modification of the solution
with additives such as isopropanol or surfactants. Additionally, the long-term stability and
functionality of the gold patterns in dynamic environments shall be investigated.
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3.3.2. Abstract

This paper aimed to advance neuromorphic engineering by demonstrat-
ing the sequential processes of axon-like growth and pruning using material-
based techniques. Specifically, it sought to emulate the biological mechanisms
of axonal growth and pruning through the photocatalytic deposition and chem-
ical dissolution of gold structures on titanium dioxide (TiO-) patterns. By inte-
grating these processes, the study established a framework for dynamic, recon-

figurable networks that closely mimic the adaptability and plasticity of
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biological neural systems, a key step toward developing advanced neuromor-
phic architectures.

The overarching goal of the project is to explore adaptive and reconfigu-
rable neuromorphic systems through innovative material-based methodologies.
This paper aligns with this objective by presenting an approach that integrates
growth and pruning, fundamental processes underpinning plasticity in biologi-
cal neural networks. The study demonstrates how these processes can be effec-
tively emulated using photocatalytic and chemical techniques, establishing a
connection between biological principles and material science advancements.

This paper directly contributes to the thesis by presenting a well-defined
experimental framework for the sequential growth and pruning of gold struc-
tures. It emphasizes how controlled material processes can replicate the adapt-
ability of neural networks, offering valuable insights for the design of advanced
neuromorphic devices. This work builds upon the findings of the previous stud-
ies by incorporating the dynamic interaction between growth and pruning, a
crucial step in mimicking the functional plasticity of biological neural systems.

To achieve the objectives, this study utilized patterned TiO: templates
combined with an underlying indium tin oxide (ITO) layer to enhance photo-
catalytic activity. UV illumination initiated gold deposition along the TiO: pat-
terns, effectively mimicking axonal growth. The pruning process was simulated
through the selective dissolution of gold structures using a potassium iodide
(K1) solution. Real-time monitoring of the processes was conducted with opti-
cal microscopy, while scanning electron microscopy (SEM) provided detailed
morphological analyses. This integrated approach ensured precise control and
thorough examination of both growth and dissolution, establishing a foundation

for practical applications in neuromorphic systems.

3.3.3. Published Paper
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Abstract: Biological neural circuits are based on the interplay of excitatory and inhibitory
events to achieve functionality. Axons form long-range information highways in neural
circuits. Axon pruning, i.e., the removal of exuberant axonal connections, is essential in
network remodeling. We propose the photocatalytic growth and chemical dissolution of
gold lines as a building block for neuromorphic computing mimicking axon growth and
pruning. We predefine photocatalytic growth areas on a surface by structuring titanium
dioxide (TiOa) patterns. Placing the samples in a gold chloride (HAuCly) precursor solution,
we achieve the controlled growth of gold microstructures along the edges of the indium
tin oxide (ITO)/TiO; patterns under ultraviolet (UV) illumination. A potassium iodide
(KI) solution is employed to dissolve the gold microstructures. We introduce a real-time
monitoring setup based on an optical transmission microscope. We successfully observe
both the growth and dissolution processes. Additionally, scanning electron microscopy
(SEM) analysis confirms the morphological changes before and after dissolution, with
dissolution rates closely aligned to the growth rates. These findings demonstrate the
potential of this approach to emulate dynamic biological processes, paving the way for
future applications in adaptive neuromorphic systems.

Keywords: photocatalytic deposition; chemical dissolution; gold; titanium dioxide;
potassium iodide solution; indium tin oxide; neuromorphic engineering; transmission
optical microscopy

1. Introduction

Neuromorphic engineering focuses on developing advanced computational systems
by drawing inspiration from the structure and processes of biological neural networks, with
the goal of achieving improved efficiency [1]. In neural networks, neuronal connections
are dynamically and continuously reorganized. These connections evolve over different
time scales: rapid synaptic plasticity results in localized adjustments at synapses between
neurons, while slower processes, such as axon growth and pruning, occur throughout
the broader network. Building on the dynamic reorganization of neuronal connections,
axon growth represents a critical phase of neural network development, where intrinsic
genetic programs and extracellular signals work in concert to extend axons toward their
target regions, forming the foundational pathways for neural circuitry [2,3]. Many studies
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have focused on replicating rapid synaptic plasticity using memristive devices, given
their unique ability to enable in-memory computing [4,5]. Ongoing research continues
to investigate neuronal connections at a global scale within biological neural networks,
while simultaneously developing innovative methods to integrate these mechanisms into
next-generation bio-inspired systems [6].

Recent advances in neuromorphic engineering have increasingly focused on nanowire
networks that exhibit memristive properties, which are being explored for their ability to
emulate the dynamic and adaptable behavior of synapses in biological neural networks.
These networks are gaining attention for their potential to enhance computational efficiency
by replicating both short-term synaptic plasticity and long-term memory storage, paving
the way for the integration of such systems into bio-inspired computing architecture [7-9].
These networks are naturally self-organizing, with nanowires forming conductive, one-
dimensional (1D) pathways. The intricate topology of these networks results in collective
switching behaviors, making them highly compatible with memristive architecture. In
biological neural networks, the ability to dynamically regulate stimuli and control the
formation and dissolution of connections is a key feature for adaptive functionality [10-12].

Axonal pruning is a critical process in the development and remodeling of neural
networks, wherein excess or improperly connected axons are selectively eliminated to refine
the neural circuitry, ensuring the optimal function of the nervous system [13]. This process
occurs primarily during developmental stages, but also plays a role in adult neuroplasticity,
where axonal pruning helps to fine-tune neural pathways based on learning, experience,
and environmental stimuli [13]. Mechanistically, axonal pruning is regulated by molecular
signals that induce synaptic weakening and the targeted retraction of axons, a process that
parallels cellular processes, like apoptosis, ultimately contributing to the structural and
functional optimization of neural circuits [14]. In the early stages, attempts to replicate the
global interactions within neuronal assemblies were made by exploring global connectivity
through electrolyte gating in liquid media [15].

We focus on the gradual formation of one-dimensional, long-range connections, which
have the potential to enable adaptive modifications in network topology. This aspect of
the research aims to mimic axonal growth through the photocatalytic deposition of con-
ductive gold lines onto ultraviolet (UV) light-activated titanium dioxide (TiO,) substrates.
Additionally, we explore the pruning of these axonal-like structures by the chemical dis-
solution of the grown gold lines using a potassium iodide (KI) solution, simulating the
axonal pruning process. Chemical dissolution was chosen as it allows for a gradual loss of
conductivity in continuous gold lines due to the reduction in the gold line diameter. Once
the gold coverage falls below the percolation threshold, conductivity is lost completely.
With gold growth, the percolation threshold may be reached again, regaining conductivity.
Therefore, this approach promises a reversible, stimulus-dependent growth and pruning
of network connections during the learning process mimicking the situation in biological
neural networks. Here, it is recognized that the density of the human dendrite network
increases from birth to the age of 2 years old [16]. Subsequently, the density decreases
again, which is associated with network consolidation during learning.

TiO; is widely utilized as a semiconductor photocatalyst due to its high photocatalytic
efficiency, ease of fabrication, cost-effectiveness, non-toxic nature, and robust chemical
stability [17-19]. Considering the critical role of TiO» as a semiconductor photocatalyst
with excellent optical properties, recent studies have demonstrated its ability to facilitate
photocatalytic processes under UV light, particularly for structural modifications and
degradation mechanisms [20]. It was recently shown that the co-precipitation of TiO, with
terbium and manganese effectively improves its photocatalytic performance by lowering
the band gap energy and enhancing electron-hole separation, which facilitates the efficient
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degradation of tetracycline antibiotics under both UV- and visible-light conditions [21].
The deposition of gold onto TiO; thin films has been successfully achieved through the
photoreduction of gold chloride (HAuCly) under UV illumination [22-24]. It has been
reported that the addition of isopropanol to the HAuCly solution can significantly accelerate
the photoreduction process by acting as a hole scavenger, thereby enhancing the speed of
gold nanoparticle growth under UV light [25]. In addition to the use of isopropanol, other
parameters have been shown to significantly influence the morphology and coverage of the
deposited gold structures. These include factors such as the crystal structure and surface
morphology of the underlying TiO; thin film, the composition and pH of the precursor
solution, as well as the intensity and duration of UV illumination [26,27].

Through UV illumination, TiO; facilitates the generation of electron-hole pairs, with
electrons migrating to the conduction band. These electrons reduce Au®" ions from the
HAuCl, solution, leading to the formation of neutral gold atoms The gold atoms form
solid nuclei on the TiO; surface, which then grow through the consecutive addition of
gold atoms into gold nano- and microparticles. Simultaneously, the holes oxidize nearby
molecules, completing the photocatalytic reaction [28]. The efficiency of photocatalytic
processes, such as gold growth on TiO; surfaces, is strongly influenced by light intensity, as
higher UV intensities enhance the generation of electron-hole pairs, accelerating reaction
rates and structural formation [29]. These findings provide valuable insights into how UV
illumination affects both the growth and morphological evolution of gold particles [30].

In this study, photocatalysis is utilized to grow gold lines on TiO; thin films patterned
using lithography. A thin indium tin oxide (ITO) sublayer is incorporated beneath the TiO5.
Given that ITO has a higher work function compared to TiO,, a Schottky barrier forms at the
TiO,-ITO interface, which affects the overall photocatalytic performance [31,32]. In a recent
study, we demonstrated that a 6 nm ITO layer beneath TiO; effectively promotes localized
gold growth along the edges of the TiO; patterns resulting in electrically conductive gold
lines [33]. This study builds on these previous findings by using a consistent template with
a 6 nm ITO layer beneath the TiO; for all experiments. Here, we investigate the sequential
processes of photocatalytic gold growth followed by chemical dissolution mimicking axon
growth and pruning. The schematic in Figure 1 demonstrates the abstraction process for
mimicking neuronal network dynamics through a material-based approach. Figure 1a on
the left presents a simplified schematic representation of a neural network, illustrating the
interconnectivity between neurons in a network. This is not a true 3D neuronal network,
but rather a simplified projection to communicate the idea of neuronal connectivity. Moving
to the right, the neural network is translated into a 2D schematic geometry on a surface.
This 2D representation simplifies the complex volumetric arrangement while retaining the
essential connectivity, making it accessible for technical implementation.

Figure 1b introduces the technical methodology used to mimic axon-like connections
in a proposed material system. First, a patterned template is designed to define specific
regions for selective gold growth. This template mimics synapse-like nodes connected
by axon-like linear pathways. Under UV illumination, the photocatalytic growth of gold
structures is induced along these defined pathways, simulating the formation of axon-
like connections. The resulting gold pathways provide a physical basis for mimicking
neuronal connectivity in a controllable manner. Finally, the grown gold structures undergo
a targeted chemical dissolution process, emulating the natural phenomenon of axonal
pruning. This selective removal of gold pathways enables dynamic modifications of
the network, reflecting the adaptive and self-organizing properties of biological neural
circuits. This approach represents a proposed material system to mimic the formation
and dissolution of axon-like connections in a simplified, reproducible framework. By
combining photocatalytic growth and chemical dissolution processes, this study introduces
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a methodology for investigating adaptive, neuromorphic systems, laying the groundwork
for further exploration in network remodeling.

a)

Simplified schematic Simplified 2D schematic
representation of a neural network of neurons geometry on surface
b) v‘ UV light
/ i / ,,/ / /" \V'e— Gold line 4 //// ‘F
Pa:sgﬁi(: rtsni\grlse Gold growth under Pruning by
& UV illumination stimulus chemical dissolution

for selective gold growth

Figure 1. (a) Simplified schematic representation of a neural network (left) and its abstraction into
2D schematic geometry on a surface (right), retaining the essential connectivity of the network.
(b) Process for mimicking axon-like connections: (left) a patterned template defines regions for
selective gold growth, (center) UV illumination induces photocatalytic gold growth along predefined
pathways, forming axon-like structures, and (right) chemical dissolution selectively prunes the gold
connections, mimicking axonal pruning,.

To further clarify this, the abstraction process depicted in Figure 1 bridges the gap
between biological complexity and material implementation. The transition from a neural
network to a patterned material system involves translating the functional principles of
connectivity and adaptability into a simplified, physical framework. This includes using
the patterned template to mimic axonal pathways, where gold deposition represents axonal
growth and its selective removal represents pruning. By replicating these key features,
the proposed system provides a versatile platform to study the dynamic remodeling of
networks, offering insights into neuromorphic engineering and adaptive material systems.

The chemical dissolution of gold using the KI solution has proven to be an effective
method for removing gold from various substrates. KI acts as a complexing agent, forming
soluble gold-iodine complexes, which enable the controlled removal of gold lines grown
during photocatalytic processes [34]. This dissolution process mimics the axonal pruning in
neural networks, allowing for repeated cycles of growth and removal, essential for dynamic
neuromorphic systems. In this paper, we aim to investigate the UV-stimulated photocat-
alytic growth of gold on titanium dioxide patterns, followed by chemical dissolution using
Kl solutions. By analyzing both real-time optical monitoring data and post-experiment
scanning electron microscopy (SEM) imaging, we provide insights into the mechanisms
governing these processes and their potential for precise microstructure manipulation.

2. Results
2.1. Analysis of Gold Growth Dynamics on the Edge and Surface of TiO;

In this section, the photocatalytic growth of gold lines on TiO; edges is analyzed in
real-time using optical transmission microscope data. As described in Section 4, a beaker
was filled with 20 mL of a gold chloride precursor solution, mixed with isopropanol in a
10:1 ratio to enhance the deposition rate. The substrate was submerged in this solution and
exposed to UV illumination (A = 365 nm} for 30 min. The growth process was monitored
through a transmission microscope by capturing images every 4 s over a total duration
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of 30 min. A certain region around the TiO; edge was selected where the gold structures
predominantly grew. The selected region included the TiO; surface on the left side and the
glass substrate on the right side of the TiO; edge located in the center. Figure 2a presents
optical microscope images of the selected region taken at different times during the growth
process: t =0, t =10, t =20, and f = 30 min. A supplementary video (Video S1) is provided
to offer a clearer visualization of the growth dynamics.

0 min

10 min 20 min 30 min
(b) (©)
i1 =
21 21
2 2 3
-
oo Eoo
£ g —Edge of TiO,
508 g 08 —Surface of TiO,
8 g
'-‘Ev 07 —t=10min 'Té 07 Gl
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40 30 2 0 0 0 20 30 40 0 5 10 15 20 2% 30
X Position (um) Time (min)

Figure 2. Real-time monitoring of gold growth (a) Sequential optical microscope images of a selected
region around the TiO, edge, including the TiO, surface on the left side and the glass substrate
on the right side, taken at various time points, f = 0, t = 10, ¢t = 20, and { = 30 min, illustrating the
gradual growth of gold structures over 30 min. (b) Transmission profiles across the TiO, edge at
t=0,t=10,t =20, and t = 30 min, normalized to the reference transmission on the glass substrate.
(c) Time-dependent transmission curves showing dissolution progress at the TiO, edge and surface
compared to the glass substrate.

For every pixel of the selected region, we measured a distinct transmitted light intensity.
At each x-coordinate, we averaged the measured intensity values over all pixels with
different y-coordinates to generate transmission profiles across the x-span of the selected
region. These transmission curves, showing the variation in intensity as a function of
x-span, are plotted in Figure 2b for four different time points: t = 0, t = 10, t = 20, and
t = 30 min. All transmission values are normalized relative to the reference transmission
on the bare glass substrate, located far from the TiO, edge at x = 40 pm.

At the beginning of the growth process (t = 0), the transmission at the TiO, edge
(x = 0) was lower than those of the TiO; surface (x < 0) and the glass substrate (x > 0).
This difference is attributed to light scattering at the TiO, edge, which creates a narrow
dark line in the middle of the selected area, as displayed in the optical microscopy images
(Figure 2a). Furthermore, the transmission on the TiO, surface (x < 0) was slightly lower
than that of the glass substrate (x > 0). During the growth process, a decrease in the
transmitted light intensity is observed for x = 0 and x < 0, corresponding to the growth of
gold particles along the edge and on the surface of TiO, over time. At the end of the growth
experiment (f = 30 min), the normalized transmission at the edge (x = 0) was significantly
reduced compared to the beginning time (t = 0), with a total change of ATggge ~ 0.19 over
30 min. On the surface of the TiO; (x < 0), the transmission was slightly reduced, with
ATsurface = 0.03 after 30 min of growth. While a significant growth rate is achieved along



Molecules 2025, 30, 99

60f 16

the edge of TiOy, little changes in transmission are observed on the left and right sides of
the edge, confirming the selective formation of gold lines along the edge.

The dissolution process of gold structures on the TiO, edge and surface was analyzed
by monitoring transmission changes over time. The glass substrate served as a reference,
as it remained unaffected throughout the experiment. The transmission at the TiO, edge
and surface increased during dissolution, indicating the gradual removal of gold structures.
Figure 2 part (c) of the figure presents the time-dependent transmission curves for these
regions, highlighting the sharper rise in transmission at the TiO, edge compared to the
surface, reflecting the higher density of gold structures at the edge.

2.2. Analysis of Gold Dissolution Dynamics on the Edge and Surface and TiO,

Following the growth process, a KI solution diluted in DI water at a ratio of 1:300
was utilized to initiate chemical dissolution of the gold structures. The dissolution process
was monitored using the same method as described for the growth process. Figure 3a
displays the optical microscope images of a certain area around the TiO, edge taken at
different times during the dissolution process: t =0, t =5, t =10, and ¢ = 30 min. For a better
visualization of the dissolution dynamics, a supplementary video (Video S2) is provided.
Similar to the growth analysis, the TiO, edge is located in the center, with the TiO, surface
and the glass substrate on the left and right sides, respectively. Figure 3b presents the
transmission curves across the x-span of the selected region at four different time points:
t=0,t=10, f =20, and t = 30 min. All transmission values were normalized relative to
the reference transmission on the bare glass substrate, located far from the TiO; edge at
x =40 pm.

0 min 5 min 10 min 30 min
(b) (o)

§ 51
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N —+t=0min S g
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40 30 20 10 0 10 20 30 40 0 5 10 15 20 25 30
X Position (um) Time (min)

Figure 3. Real-time monitoring of gold dissolution (a) Sequential optical microscope images of
a selected region around the TiO, edge, including the TiO, surface on the left side and the glass
substrate on the right side, taken at various time points, t =0, t = 5, t = 10, and t = 30 min, illustrating
the gradual dissolution of gold structures over 30 min. (b) Transmission profiles across the TiO; edge
att=0,{=10,t=20,and f = 30 min, normalized to the reference transmission on the glass substrate.
(c) Time-dependent transmission curves showing dissolution progress at the TiO;, edge and surface
compared to the glass substrate.

At the start of the dissolution experiment (f = 0), the transmission at the TiO, edge
(x = 0) was nearly 0.25 lower than that of the adjacent glass substrate (x > 0). This difference
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indicates that gold was substantially deposited along the edge of the TiO;. On the surface of
the TiO; (x < 0), the normalized transmission value was approximately 0.08 lower compared
to the glass substrate, suggesting partial gold growth on the TiO; surface. As dissolution
proceeded, the gold structures dissolved at varying rates on the edge and surface of
TiO,. While the transmission over the glass substrate remained constant throughout the
experiment, a significant increase in transmission was observed on the TiO; edge and
surface as the gold structures dissolved.

The dissolution process was tracked on Figure 3¢ by monitoring transmission changes
over time, with the glass substrate as a constant reference. Figure 3¢ shows time-dependent
transmission curves, with a sharper increase at the TiO; edge, indicating higher initial gold
density, similar to the previous analysis.

2.3. Morphological Examination Using Scanning Electron Microscopy

In this section, the morphology of gold particles on a single sample was examined
at different stages using SEM. The SEM imaging was performed using a Carl Zeiss Supra
55VP instrument (ZEISS AG, Oberkochen, Germany), operated at an acceleration voltage
of 3 kV and a working distance of 3 mm. This technique provides high-resolution images
that allow for a detailed visualization of the particles, revealing their size, shape, and
distribution along the TiO; patterns. By applying SEM, the structural characteristics of the
gold particles could be analyzed, both after growth and after dissolution.

SEM analysis was first conducted to observe the morphology of the gold particles
formed along the edges of the titanium dioxide patterns after 30 min of UV illumination.
The photocatalytic growth experiment used a precursor solution of gold chloride mixed
with isopropanol in a 10:1 ratio to enhance growth. After the growth phase, SEM was also
performed following the chemical dissolution of the gold particles, where the KI solution
was diluted with 300 mL of deionized water to assess the effects of dissolution.

2.3.1. SEM Analysis of Grown Gold Particles on TiO, Edges

The SEM images in Figure 4 provide detailed insights into the selective growth of gold
microstructures on the edge of TiO; patterns. Notably, no visible particle growth is observed
on the glass substrate, confirming that the photocatalytic deposition occurred exclusively on
the TiO;. This result is significant, as the addition of isopropanol to the precursor solution,
combined with the controlled intensity of the UV LEDs, prevented any unwanted nucleation
or deposition on the glass, ensuring that growth was confined to the TiO, regions, which is
consistent with the in-situ microscopy measurements where the transmission intensity on
the glass substrate remained unchanged during the growth process.

Figure 4. SEM images of the template post-growth, illustrating the formation of gold particles along
the edges of the TiO; patterns.

The gold microstructures display a distinct 3D flower-like morphology, primarily
concentrated along the edges of the TiO; patterns. These structures are composed of sharp,
crossed plates, forming intricate flower-shaped formations. While the growth is focused
along the edges, the microstructures do not form a continuous line; instead, they appear as
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separate clusters. This is due to the limited illumination time of 30 min in this experiment,
as the focus was on studying the spontaneous growth and dissolution processes rather than
forming a continuous line. With extended illumination times, a uniform and continuous
gold line along the edges can be achieved [33]. In certain areas, however, the flower-
shaped particles grow close together, nearly forming a connected structure along the edge.
This unique morphology and spatial distribution suggest that the edges of the ITO-TiO,
patterns serve as preferential nucleation sites, promoting the formation of well-defined,
three-dimensional gold structures.

2.3.2. SEM Analysis After the Chemical Dissolution of Gold Structures

The SEM images in Figure 5, illustrate the morphological changes in the gold structures
after the chemical dissolution process for 30 min. In some regions on the TiO; surface,
clusters of flower-shaped gold particles were observed to have grown, though these areas
were limited both in number and in size. Figure 5a shows one of these small regions on
the surface where the characteristic flower-shaped gold particles had formed prior to the
dissolution experiment.

Figure 5. SEM images of gold particles on TiO;,: (a) Before dissolution, with flower-shaped particles
on the surface; (b) After dissolution, showing reduced and irregularly shaped particles, though not
fully removed.

Following chemical dissolution using the KI solution, SEM imaging of the same
area in Figure 5b reveals noticeable changes. The previously well-formed, flower-like gold
particles appear etched and reduced in size, suggesting the dissolution process was partially
successful. The gold structures seem to have been broken down into smaller fragments,
though complete dissolution was not achieved, as some remnants of gold particles are
still visible. The decrease in particle size and the etched morphology indicate that the KI
solution effectively initiated the dissolution, but did not fully dissolve the gold structures.

This partial etching highlights the ability of the KI solution to interact with and reduce
the size of gold particles, although further refinement of the dissolution conditions may
be required to achieve full removal. Additionally, the size of the gold particles noticeably
decreased, and their morphology transformed from the original flower-like shapes into
more irregular, amorphous spots, indicating significant structural alteration during the
dissolution process.

3. Discussion

Reconfigurable long-range connections with stimulus-induced formation and stimulus-
free, spontaneous dissolution over time are in high demand to implement axon-like dy-
namic connection schemes. Possible technical implementations range from guided wiring
upon metal filament formation in liquid media upon an electrochemical redox reaction [11]
toward the electrophoretic reorganization of metallic nanoparticles into anisotropic long-
range nanoparticle agglomerates along electrical field gradients in nanofluids [35]. In
contrast to these earlier studies, which reported on material systems for the electrically
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stimulated growth of long-range connections, in this study, UV illumination is applied as a
stimulus. To mimic a biological neural network, growth and dissolution rates should be
compatible with each other. Photocatalytic gold growth allows for UV-stimulus activated
connection formation. The rate may be tailored by adjusting the chemical composition of
the precursor solution or by changing the UV wavelength or intensity. We enhanced the
growth rate in this experiment by using isopropanol as a hole scavenger in the precursor
solution. Additionally, the implementation of two UV LEDs, positioned at an angle for even
illumination, further accelerated the growth process. We decreased the gold dissolution
rate by diluting the Kl solution. This had the additional benefit that a higher transparency
is achieved, allowing for the real-time monitoring of the dissolution with the optical trans-
mission microscope. Based on the results of a dilution series, the 1:300 dilution was chosen.
The dissolution process in this setup was slightly slower than the gold growth. This is
desired as the gold lines should grow under UV stimulus and dissolve without stimulus.

The incomplete dissolution of gold structures observed in this study is attributed to the
slower dissolution rate relative to the growth rate under the chosen experimental conditions.
While this resulted in residual gold particles, the dissolution process can be fully completed
by increasing the concentration of KI in the DI water mixture. This adjustment would
accelerate the dissolution, ensuring the complete removal of gold when required. However,
in the context of mimicking axon-like behaviors in neuromorphic systems, achieving a
fully resolved state may not be desired. Instead, the most interesting operation point is at
the percolation threshold of the gold lines. By analyzing changes in conductance during
the growth and dissolution processes, the system can effectively replicate the dynamic
behavior of neural connections. This conductance-based approach provides insights into
dynamic behaviors without necessitating complete dissolution, highlighting the versatility
of the proposed system for neuromorphic and adaptive material applications.

The SEM observations confirmed gold growth and incomplete dissolution for 30 min
of each process. Small amounts of gold residue remaining after the dissolution experiment
confirm the lower dissolution rate compared to the growth rate. The time scales on the
minutes to hours range align well with the remodeling times of biological systems. Further
tuning of the rates is possible. Regarding long-range metal connection formation and
dissolution, it has to be considered that a longer gold growth is necessary to achieve
a conductive gold line without gaps. On the other hand, as soon as gaps appear, the
electrical conductivity is lost. In future experiments, instead of pre-grown metal lines, a
photo-forming step could be utilized to initiate long-range gold connections, similar to the
electroforming process in filamentary memristive devices. Once a proto-filament is formed
through the photo-forming step, subsequent cycles of UV illumination and dissolution can
lead to dynamic reconfigurable states, mimicking axon-like connections. This approach
aligns with the foundational role of forming steps in early memristive devices, as discussed
in the reviews [36].

The diameter of the gold lines in our work is comparable to the diameter of biological
axons in the micrometer range [37]. In biology, the plasticity of white matter is of high
importance for learning and memory [38]. The conduction time of axons is not simply regu-
lated by the axon diameter, but myelin formation and remodeling play a key role [39]. The
inhomogeneous conductivity of biological axons may be compared to the inhomogeneous
nature of our grown gold lines. The dissolution mimics the reversible and localized nature
of axon pruning, focusing on the functional principles of dynamic connectivity rather than
the molecular complexity of biological systems. Different to biology, our two-dimensional
implementation has a much lower line density and total length. In a human brain, the
combined length of myelinated axons reaches approximately 160,000 km [38]. Biological
network reconfiguration times are on the time scale of hours to days and longer [38]. In
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our study, we considered growth or pruning sequences of half-hour durations for partial
growth and partial dissolution. This is comparable to biological time frames. In summary,
our proposed two-dimensional approach offers a similar line diameter as well as similar
reconfiguration time scales, but a much shorter overall length. While acknowledging the
significant differences, stimulus-adaptive gold “axon” formation and pruning are much
closer to the biological situation than the fixed conductivity of electrical connections in
standard electronics.

As in biology, this neuromorphic building block only functions in a liquid environment.
This is highly unusual for electronic systems and definitely poses challenges regarding
system stability, leakage, etc. Nevertheless, it is an intriguing thought to mimic axonal
long-range connection growth and pruning, and the system opens the possibility to study
the interaction of local UV stimuli and a homeostatic environment. Different than in
biology, the liquid has to be exchanged between growth and dissolution. This poses
an additional challenge for further development toward applications. We envision a
microfluidic realization, where the liquid is exchanged in short intervals in a flow cell.
Thus, this system is in principle suitable as a building block for neuromorphic engineering,
allowing for sequential growth and dissolution cycles.

The findings of this study demonstrate a controlled approach to the photocatalytic
growth and chemical dissolution of gold structures on a substrate, opening potential
applications in neuromorphic systems. This study represents an effort to mimic axonal
dynamics on a larger scale, providing a foundation for future work aimed at achieving
finer and more biologically comparable structures [7]. The ability to dynamically grow and
dissolve axon-like connections reflects fundamental biological processes, such as axonal
growth and pruning, which are essential for synaptic plasticity and learning [10]. This
capability could eventually lead to adaptive hardware systems that reconfigure in response
to stimuli, offering a pathway toward more flexible and biologically inspired artificial
neural networks.

Beyond neuromorphic systems, this method holds promise for bicelectronics, par-
ticularly for the development of reconfigurable sensor arrays. Dynamically adjustable
conductive pathways could enable sensors to adapt in real time to changing environmental
or physiological conditions [11]. Additionally, this approach offers a platform for study-
ing synaptic behaviors in artificial systems, enabling controlled investigations of neural
processes at a larger, more accessible scale.

While there are limitations in terms of achieving the high density of three-dimensional
biological systems, the versatility of the proposed system lays a foundation for adaptive
and responsive material systems. By bridging biclogical functionality and synthetic imple-
mentation, this work represents an important step toward biologically inspired material
systems that operate on scales compatible with current fabrication technologies.

4. Materials and Methods
4.1. Substrate Prepration

In this study, a single type of substrate template was used for all experiments to
investigate the photocatalytic growth and dissolution processes. Soda-lime glass substrates
were precisely diced into 10 mm x 10 mm squares using a Wafer Dicing System (model
DAD3350, Aurotech, Santa Rosa, Philippines) to ensure uniformity and provide a consistent
surface area for material deposition. The substrates were then cleaned thoroughly to remove
contaminants that could interfere with the photocatalytic reactions. The cleaning process
involved sequential sonication in acetone and isopropanol (both of 99% purity, Sigma-
Aldrich, St. Louis, MO, USA) in an ultrasonic bath (Martin Walter Ultraschalltechnik AG,
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Straubenhardt, Germany), followed by complete drying with high-purity nitrogen gas to
ensure the removal of all solvent residues.

A 6 nm layer of ITO was deposited onto the cleaned glass substrates using physical
vapor deposition (PVD) with an InyOs/5n0> (90/10 wt%) target (99.99% purity, Kurt
J. Lesker Company GmbH, Dresden, Germany). The ITO layer, selected for its higher
work function relative to TiO,, was critical for achieving photocatalytic growth along the
TiO; edges [33]. The deposition of this thin, uniform, ITO layer formed a heterojunction
TiO,-ITO interface, facilitating electron transfer and optimizing the conditions for gold
growth during subsequent experiments.

Following ITO deposition, a 70 nm-thick layer of TiO, was sputtered onto the ITO-
coated substrates. This was achieved using a 3-inch TiO; target (99.99% purity, Kurt J.
Lesker Company GmbH) to ensure high-quality, uniform TiO, coverage across the entire
substrate. The TiO; was deposited in its amorphous form, requiring further processing to
transform it into its active photocatalytic anatase phase.

To pattern the TiO; layer, a standard photolithography technique was employed. The
substrates were first spin-coated with AZ5214E photoresist (Microchemicals GmbH, Ulm,
Germany) at 3000 rpm for 30 s to achieve a uniform resist layer. Hexamethyldisiloxane
(HMDS) was used as an adhesion promoter before applying the photoresist to ensure
reliable patterning. After spin coating, the substrates were prebaked at 110 °C for 50 s to
solidify the resist layer.

UV exposure was performed using a mask aligner (SUSS MicroTec, Garching,
Germany), with a 5-inch photomask containing reflective chromium structures for line
patterns as small as 50 pm (Rose Fotomasken, Bergisch Gladbach, Germany). The exposure
energy was set to 32 mJ/cm?. Following exposure, a reversal bake at 120 °C for 2 min was
performed to create the desired resist pattern, and a flood UV exposure with 320 mJ/cm?
was applied. The unexposed areas were developed using the AZ726 developer (Micro-
chemicals GmbH) for 1 min, after which the substrates were rinsed with deionized water
and dried with nitrogen gas.

The lift-off process, used to remove the unwanted TiO; and ITO, involved immersing
the substrates in acetone with ultrasonic agitation for 10 min, followed by a 5-min rinse in
isopropanol. This process ensured that only the desired patterned regions of TiO; remained
on the ITO layer.

Finally, to convert the sputtered TiO, from its amorphous state to the photocatalyti-
cally active anatase phase, the substrates were annealed in a muffle furnace at 400 °C for
90 min. This heat treatment was critical for achieving the desired crystalline structure and
ensuring optimal photocatalytic properties for the TiO;. After annealing, the substrates
were rapidly cooled on a metal plate to lock in the anatase phase, preparing them for
subsequent photocatalytic growth and dissolution experiments. The preparation process of
the substrates, including lithographic patterning and material deposition, is schematically
illustrated in Figure 6 to provide a clear overview of the procedural steps.

4.2. Photocatalytic Growth Experiment

After completing the heat treatment to convert the TiO; to its anatase phase, the
photocatalytic growth of gold lines along the edges of the TiO, patterns was performed in a
beaker. The precursor solution was prepared by dissolving 99.99% pure gold (IIT) chloride
(HAuCly) powder (Sigma-Aldrich) in deionized water, with a concentration of 15 mg in
60 mL of water. This solution was thoroughly mixed to ensure the complete dissolution of
the gold chloride and to create a homogeneous precursor solution, essential for consistent
photocatalytic growth across the entire surface of the substrates.
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Glass Photoresist [l ITO M TiO:
@ ‘ ) ‘ \)

Patterned TiO, with ITO
after lift-off

Patterned photoresist on

glass substrate 6 nm ITO layer deposited 70 nm TiO; layer deposited

Figure 6. Schematic representation of the substrate preparation process. The glass substrate is
negatively patterned with AZ5214E photoresist after lithography. A 6 nm ITO layer and a 70 nm TiO»
layer are then deposited via sputtering. After the lift-off process, the final patterned TiO; structures
with the underlying ITO layer are revealed.

To enhance the growth rate of the gold particles and improve the efficiency of the pho-
tocatalytic process, the precursor solution was mixed with isopropanol in a 10:1 ratio. The
addition of isopropanol, which acts as a hole scavenger, plays a critical role by accelerating
the reduction of Au®" ions under UV illumination.

Each substrate was positioned at the bottom of a glass beaker with the TiO, facing
upward. A total of 20 mL of the prepared precursor solution was added to the beaker,
completely submerging the substrate. Two UV LEDs (Nichia, Tokushima, Japan), each
emitting light at a wavelength of 365 nm, were positioned at opposite sides of the beaker
with roughly 7 cm distance to the beaker, illuminating the template at an angle. The
intensity of the UV light was measured using a Newport optical power meter and was
found to be approximately 5 m]/cm?.The total illumination time was set to 30 min, ensuring
sufficient energy input for the reduction of Au®* ions and the subsequent formation of gold
lines along the edges of the TiO patterns. The schematic of the illumination experiment
setup is shown in Figure 7. The setup is placed in a transmission microscope (DMi8
inverted microscope, Leica, Wetzlar, Germany) to allow for optical image recording of the
gold growth and dissolution on the transparent substrates.

Bright field illumination '
UV LED

V4 W, 365nm

HAuCl4 solution Sample with
S e

Microscope optics

Camera

Figure 7. Schematic of the photocatalytic illumination setup. The sample with TiO; structures is
submerged in the HAuCly solution and illuminated by two angled UV LEDs (365 nm) under a
transmission microscope connected to a camera.



Molecules 2025, 30, 99

130f 16

4.3. Dissolution Experiment Using a KI Solution Mixed in Different Ratios with DI Water

To investigate the chemical dissolution of gold lines grown on the edge of TiO; patterns,
a KI solution was prepared by mixing KI (Sigma-Aldrich, product number 204102) and
iodine (I) (Sigma-Aldrich) in a ratio of 1:4:40 (DI water), which is a commonly used ratio
for gold dissolution in similar chemical systems [40]. After thoroughly mixing the KI and I,
with deionized water, the prepared solution was further diluted to different concentrations
for the dissolution experiments.

Three distinct dilutions of KI solution were prepared by mixing 1 mL of the stock
solution with 200 mL, 300 mL, and 400 mL of DI water. These varying concentrations were
chosen to explore how different KI solution strengths impact the dissolution rate of the
gold lines. The prepared solutions, exhibiting different shades of color due to varying
concentrations of Kl in DI, are shown in Figure 8. As the Kl solution is diluted with DI water,
the color transitions from dark brown to a lighter reddish hue, becoming progressively
lighter with increasing amounts of DI water.

Pure KI KI solution : DI water KI solution : DI water KI solution : DI water
solution 1:200 1:300 1:400

Figure 8. Visual representation of the KI solution diluted with DI water at different ratios. From left
to right: pure KI solution, 1:200 KI sclution to DI water, 1:300 KI solution to DI water, and 1:400 KI
solution to DI water.

After preparing the KI solutions, two substrates were used for the dissolution ex-
periments. Both substrates first underwent the photocatalytic gold growth process as
described in Section 4.2. For the dissolution experiment, one of the gold-grown substrates
was immersed in the KI solution diluted with 300 mL of DI water, and the other substrate
was immersed in the solution mixed with 400 mL of DI water. Both samples were kept
in the solution for 30 min to allow sufficient dissolution of the gold lines. The dissolution
experiments were conducted under a transmission microscope connected to a camera,
enabling the real-time visualization and recording of the process.

4.4, Photocatalytic Growth and Chemical Dissolution Sequence

The experiment was conducted on the substrate described in Section 4.1, using a
transmission microscope for the continuous real-time observation of both the photocatalytic
growth and subsequent chemical dissolution processes. The substrate was fixed in place
throughcut the experiment, eliminating the need for repositioning during the solution
exchange steps.

In the first step, the beaker was filled with 20 mL of a HAuCly precursor solution,
which had been mixed with isopropanol in a 10:1 ratio to enhance the growth rate of the
gold lines. The substrate, submerged in this solution, was then illuminated using two UV
LEDs (365 nm), placed at an angle, for 30 min. This illumination initiated the photocatalytic
growth of gold lines along the edges of the TiO; patterns on the substrate. After the growth
phase, the beaker and substrate were thoroughly rinsed with deionized water to remove
any residual gold precursor solution, and the substrate was dried using nitrogen gas to
prepare for the next step.
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In the second step, the photocatalytically grown gold Structures were subjected to
chemical dissolution. The beaker was filled with 20 mL of KI solution, diluted in 30 mL
of DI water. During this phase, the UV LEDs were turned off to avoid any photocatalytic
effects that could interfere with the dissolution process. The substrate remained in the KI
solution for 30 min, allowing the KI solution to dissolve the gold lines by forming a soluble
gold-iodide complex [40]. Following the dissolution, the substrate was again rinsed with
deionized water to ensure the complete removal of the KI solution, and the substrate was
dried using nitrogen gas.

5. Conclusions

In this study, we demonstrated the sequential photocatalytic growth and chemical dis-
solution of gold structures on a patterned ITO/TiO; template. By optimizing the precursor
solution, we achieved controlled gold growth along the edges of the ITO/TiO; patterns and
subsequently carried out the dissolution process in an optimized KI solution. The kinetics
of the growth and dissolution processes were explored through real-time monitoring using
optical transmission microscopy and image processing. Although a uniform gold line was
not formed within the 30 min illumination, the focus of this study was on the sequential
growth and dissolution processes rather than achieving continuous lines. While the current
setup did not allow simultaneous growth and dissolution, the findings suggest potential for
future microfluidic systems that enable dynamic solution exchange for UV-driven growth
and dissolution cycles, mimicking biological processes such as axonal growth and pruning
in bio-inspired networks. This work provides a robust methodology for optimized photo-
catalytic growth and dissolution processes, contributing to the development of dynamic,
reconfigurable material systems for neuromorphic engineering and adaptive technologies.
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Chapter 4

4. Conference Contributions

4.1. Photocatalytic Conductive Gold Deposition on Titanium
Dioxide Templates Mimicking Axonal growth

This work was presented as a poster at the MRS Spring Meeting, April
10-14, 2023, San Francisco, California. This research explores the light-stim-
ulated photocatalytic growth of conductive gold lines on titanium dioxide sub-
strates as a means of mimicking long-range axonal connections in neuromor-
phic systems. By leveraging the photocatalytic properties of titanium dioxide,
the study demonstrates how controlled growth processes can emulate the for-
mation of neural pathways. This work contributes to the thesis by addressing a
key aspect of neuromorphic network engineering: the creation of adaptive and
reconfigurable conductive pathways that mimic biological systems, advancing

the integration of growth mechanisms for artificial neuronal architectures.

4.1.1. Abstract

Nanoionic memristive devices that are based on the field driven migration
of metal cations and oxygen vacancies have gathered high interest in the scien-
tific community for their capability to technically mimic synaptic connections.
Less attention has been given to long-range global plasticity in artificial neu-
ronal networks. The aim of our research is to use light-stimulated growth of
gold metal lines to technically mimic the growth of long-range axonal connec-

tions for neuromorphic computing architectures. To mimic the growth of axons
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we investigated the formation of metal lines by UV-light-stimulus-driven pho-
tocatalytic deposition of gold on titanium dioxide layers. The growth process
was conducted in a beaker by reduction from aqueous gold chloride precursor
(HAuUCls) and observed by transmission optical measurements in an inverted-
microscope setup. We analyze the surface properties by 3D laser interference
microscopy and scanning electron microscopy (SEM) and electrical conduction
measurements are taken.

We fabricated the photoactive titanium dioxide layers with the thickness
of 40-100 nm on quartz glass by DC sputtering. The substrates were then heat
treated for 1h at 300°C and subsequently cooled on a metal plate to achieve the
photocatalytically active anatase phase of titanium dioxide. In the growth pro-
cess the substrates are placed in a beaker containing 15 ml of the precursor. The
solution is obtained by dissolving 15 mg of HAuUCI. crystalline powder in 60
ml of deionized water. We utilize a UV LED with the wavelength peak of 365
nm to illuminate the sample in the beaker. The illumination time and UV-in-
tensity are crucial for this dynamic process. Here we illuminated for 3h and
replaced the solution every hour. Furthermore, we repeated this experiment by
adding a surfactant to the solution to achieve faster growth and better surface
coverage as proposed by literature.

In-situ characterization of the growth process is possible by placing the
beaker in an optical microscope with transmission configuration. While the
sputtered titanium dioxide and the quartz glass substrate show high transpar-
ency, the grown gold will absorb and reflect the transmitted light and thus yield
an observable change in transmission. We also analyzed the morphology of the
grown gold layers by 3D laser interference microscopy and scanning electron
microscopy (SEM) after the growth procedure. The measurements show the
formation of gold clusters on the surface of the titanium dioxide layers. Suffi-
cient growth time is needed to reach the percolation threshold and attain a con-
ductive gold layer which is crucial for our aim of mimicking axonal connec-
tions. We recorded electrical current-voltage characteristics to investigate the
electrical conductivity of the grown gold. Our measurements revealed a value

of electrical conductivity 6=0.015 S for areas with high surface coverage. It
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was obvious from 3D laser interference microscopy that the thickness of gold
clusters is not uniform throughout the surface of titanium dioxide. Therefore,
the conductivity across the 2D surface of the TiO/Au composite varies. With
its potential capability to locally control the growth of long-range metallic con-
nections, photodegradation is a promising approach towards mimicking the dy-

namic formation of long-range axonal connections in neural networks.

4.1.2. Presented Poster
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4.2. Optical Probes for Resonance-Enhanced Gold Growth on
Nano optical Substrates

This work was presented at the 245th ECS Meeting, May 26-30, 2024,
in San Francisco, California. In this work, we focused on developing wave-
length- and angle-dependent growth of gold metal lines on photoactive titanium
dioxide layers, drawing inspiration from the neuronal connectivity of biological
systems, such as the Hydra. Utilizing nano optical templates featuring hexago-
nal designs and periodic nanostructures, the research demonstrated how optical
resonance effects could enhance photocatalytic processes. By integrating
nanoimprint lithography, advanced characterization techniques, and resonant
optical enhancement, this study aligns closely with the thesis objectives of cre-
ating adaptive and reconfigurable neuromorphic networks. The innovative ap-
proach highlights the role of precise optical templating in achieving efficient

axonal pathway formation for neuromorphic applications.

4.2.1. Abstract

We investigate light-stimulated growth of gold metal lines to technically
mimic the growth of long-range axonal connections for neuromorphic compu-
ting architectures. Photocatalytic gold growth from an aqueous gold chloride
precursor solution (HAuUCI,) on a photoactive titanium dioxide layer is used. It
is known that local gold growth may be obtained by UV illumination through
a shadow mask [27]. To obtain a wavelength and angle dependent growth of
metal lines — and thus stimulus-dependent resistances — we suggest to employ
a nano-optical template. Inspired by the typical number of 2 to 10 connections
to a node found, e.g., in the neuronal system of the biological species Hydra,
we decided on the implementation of a hexagonal design. The edges are formed
by periodic grating nanostructures with 10 to 20 periods and a grating pitch of
170 nm to 210 nm for excitation in the UV. In order to investigate the resonant
optical enhancement, we employ optical probes. It is well known that colloidal
quantum dots show enhanced fluorescence emission on photonic crystal sur-
faces due to resonant excitation and resonant outcoupling [89]. In our initial

experiments for investigation of the resonant enhancement, we use 4,4'-Bis(2,2-
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diphenylvinyl)-1,1'-biphenyl (DPVBI) as the emitter material. Its absorption
maximum matches the excitation laser at 355 nm and fluorescence in the visible
spectrum around 455 nm may be monitored with our camera and spectrometer
setup.

The nanostructure master was fabricated by electron-beam lithography
(Kelvin Nanotechnology Ltd.) according to our design. We transfer the
nanostructure pattern onto 1.1 mm thick soda-lime glass substrates by UV-
nanoimprint lithography. Subsequently, a 100 nm titanium dioxide layer is de-
posited. The 150 nm emissive DBVBI layer is then added by thermal evapora-
tion. The samples are characterized optically with a camera setup and magni-
fying optics on an in-plane rotatable xy-stage. We use a Cobolt Zouk 355 nm
10 mW laser to excite the emissive layer. The output power of the laser is set
to 2 mW and its output beam is widened with a collimating lens setup to a
diameter of approximately 1.5 mmz2. The widened beam is essential to obtain a
homogeneous excitation. We observe the successful resonant excitation by the
higher emission intensity of DPVBI in specific regions of the nanostructure at
specific excitation angles. Already for 10 periods of the grating structure reso-
nance effects are observed. A stronger enhancement is obtained for 20 periods.
Further, the enhancement depends on the grating pitch as connections with
nanograting pitches below 190 nm are no longer visible. They do not meet the
criteria for resonant excitation.

This method of using optical probes on the nano-optical template works
well for initial characterization of the resonance enhancement at different exci-
tation angles. Now the setup is ready for performing gold growth under differ-
ent excitation conditions. Without the additional emissive layer, the waveguide
thickness change needs to be compensated with an increased titanium dioxide
layer thickness. For online monitoring of the resonant enhancement during
growth optical probes may be employed below the photoactive titanium dioxide
layer. It is expected that the resonance enhancement is reduced with the addi-
tion of gold due to the increased absorption and thus reduced quality factor as

was previously studied in the context of nanostructured OLEDs [90].
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Figure 3. (Left) Fluorescence image of optical probe layer on nano-optical sub-

strate for 355 nm laser excitation. (Middle) Schematic of nano-optical substrate
with grating pitch (in nm) and number of periods given. Same colors represent
identical grating features. (Right) Field emission scanning electron microscopy

(FESEM) image of one node with 6 connections.

4.3. Mimicking Axons by Conductive Metal Lines Formed by
Photocatalytically Grown Gold

4.3.1. Abstract

Nanoionic memristive devices based on the field-driven migration of
metal cations and oxygen vacancies have gathered high interest in the scientific
community for their capability to technically mimic synaptic connections. Less
attention has been given to long-range global plasticity in artificial neuronal
networks. The aim of our research is to use light-stimulated growth of gold
metal lines to technically mimic the growth of long-range axonal connections
for neuromorphic computing architectures. For this purpose, we investigate the
formation of metal lines by UV-light-stimulus-driven photocatalytic deposition
of gold on titanium dioxide layers.

0.8-mm wide photoactive titanium dioxide lines are defined by photoli-
thography on a Sodalime glass substrate. We deposited a 70 nm thick titanium
dioxide line on a 10 nm thick indium tin oxide adhesion layer by DC sputtering.
The substrate was then heat treated for 90 minutes at 400°C and subsequently
cooled on a metal plate to achieve the photocatalytically active anatase phase
of titanium dioxide [27]. The growth process is conducted in a beaker by re-
duction from an aqueous gold chloride precursor solution (HAUCI4). In each

step of the growth process, the substrate is placed in a beaker containing 15 ml
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of the precursor. The solution is obtained by dissolving 15 mg of HAuCl4 pow-
der in 60 ml of deionized water. We utilize a UV LED with the peak wavelength
of 365 nm and an approximate intensity of 1.8 - 2.7 mW/cm? to illuminate the
sample in the beaker. The illumination time and UV intensity are crucial for
this dynamic process. Here, we illuminated the sample for 12 hours and re-
freshed the solution every 2 hours. After each refreshment of the solution, the
substrate is washed thoroughly with deionized (DI) water and is dried under
nitrogen gas. We analyze the surface properties of grown gold utilizing scan-
ning electron microscopy (SEM) and measure the conductance of the grown
lines by applying voltage via the needles of a hard contact probe station.

In the first experiments the growth of gold clusters on the surface is ob-
served instead of the homogeneous gold coverage of the photolithographically
defined titanium dioxide lines, which are needed for long-range electrical con-
nections. Then, we coincidentally observed that the presence of a scratch on the
titanium dioxide line led to the growth of continuous gold lines on the damaged
area. Subsequently, deliberate scratches were introduced manually using twee-
zers, varying in both size and thickness. SEM images depict islands and cov-
ered areas, with notable growth observed on the scratched regions. Remarkably,
wider scratches exhibit a proportionally increased width of the grown lines, and
a uniform line devoid of any gaps is distinctly visible on broader scratches. We
observed particle growth on thinner lines. However, unlike the uniform align-
ment observed in wider scratches, these particles did not coalesce into a con-
tinuous line. Instead, they remained separated from each other, exhibiting small
gaps between individual particles. The morphological analysis of the grown
gold line using SEM reveals a crystalline morphology of particles.

As the primary objective of this research is to mimic axons with gold
lines, ensuring conductivity is crucial for obtaining long-range electrical con-
nections mimicking axons. To achieve this, voltage was applied using the nee-
dles of a hard contact probe station, and the resulting current was measured.
The linear behavior observed in the I-V diagram of the wider line serves as a

confirmation of its conductance (=0.003 S).
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Figure 4. SEM images of the template after growth: Grown lines on scratches

with varying widths.

4.4. Photocatalytic Growth and Chemical Dissolution of Gold
Nanoparticles on TiO: Patterns

The conference presentation titled "Photocatalytic Growth and Chemical
Dissolution of Gold Nanoparticles on TiO. Patterns" was delivered at the
FMNT&NIBS-2024 Conference in Tartu, Estonia. This work focused on the
dynamic processes of gold nanoparticle growth and dissolution, aiming to
mimic the adaptive connectivity of axons in neuromorphic computing architec-
tures. By investigating the rates of UV-stimulated photocatalytic growth and
chemical dissolution on photolithographically patterned TiO: substrates, the
study contributes to the development of techniques for creating and pruning
axon-like structures in artificial neural networks. This research aligns with the
broader goals of the thesis by exploring methods to balance growth and disso-

lution processes, enabling adaptive and reconfigurable neuromorphic systems.

4.4.1. Abstract

Our research targets the stimulus-driven formation of gold connections
and the loss of connections for longer stimulus absence. We aim to extend the
toolbox of neuromorphic computing by a method for growing and pruning of
axon-like connections. We investigate the rates of UV-stimulated photocata-
lytic growth in HAuUCl, solution and chemical dissolution in Kl solution of gold

nanoparticles. Photolithographically patterned 70 nm TiO: lines on glass are
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used as substrates. For irradiation with a 365-nm LED rather slow growth is
observed and attributed to the low absorption. The rate of chemical dissolution
is adapted by changing the KI concentration in order to achieve a balance re-

sembling the biological situation.
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Chapter 5

5. Conclusion and Proposed Future Research

This chapter encapsulates the core findings and contributions of this re-
search, alongside a forward-looking discussion on potential avenues for further
exploration. In the first section, Thesis Summary and Conclusions, the key
achievements and insights derived from the research are detailed, emphasizing
their significance in advancing the understanding of neuromorphic systems.
The second section, Proposed Improvements, delves into possible enhance-
ments to the experimental methodologies and theoretical frameworks presented
in this thesis. These refinements are aimed at overcoming existing challenges
and broadening the applicability of photocatalytic growth and chemical disso-
lution methods in adaptive material systems. Collectively, these discussions un-
derscore the innovative nature of this research, its role in bridging gaps in cur-
rent knowledge, and its potential to guide future advancements in dynamic, bio-

inspired technologies.

5.1. Summary and Conclusions

In summary, this dissertation presents a detailed investigation of photo-
catalytic growth and chemical dissolution processes as foundational steps to-
ward the development of adaptive neuromorphic systems. The study focuses on
titanium dioxide (TiO2) as a photocatalytic substrate to facilitate the growth of
conductive gold structures and their controlled removal. By exploring mecha-
nisms that emulate biological processes such as synaptic connectivity and ax-

onal dynamics, this work contributes to the fundamental understanding of
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material-based approaches for neuromorphic engineering. While the findings
underline the potential of these processes to enable plasticity and adaptability
in engineered systems, they are positioned as exploratory steps toward devel-
oping building blocks for future neuromorphic networks.

The work begins with a systematic investigation of the photocatalytic
gold deposition mechanisms on TiO: substrates. Experimental studies focus on
critical parameters such as UV light intensity, precursor concentration, and re-
action time, providing essential insights into controlling growth patterns and
morphology. By understanding these interactions, the study offers a framework
for directing the growth process to create structured, high-resolution gold for-
mations. These structures serve as fundamental building blocks, advancing the
exploration of adaptive configurations required for neuromorphic applications,
without yet reaching the stage of practical system integration.

Additionally, this dissertation explores the concept of chemical pruning
using Kl as a means to selectively remove redundant or undesired connections
in neuromorphic networks. The findings highlight how balancing growth and
dissolution cycles allows for the dynamic reconfiguration of these networks.
This balance, while foundational in its exploration, provides insights into cre-
ating systems capable of adaptive responses to stimuli and functional optimi-
zation, reflecting the potential for mimicking biological neural plasticity.

The integration of these processes was examined to demonstrate their po-
tential in contributing to the formation of long-range, reconfigurable networks
that emulate aspects of biological axonal pathways. Techniques such as photo-
catalytic lithography and patterned growth were utilized to create structured,
application-specific designs. While these methods underscore the adaptability
of the approaches developed in this research, they are positioned as exploratory
steps toward enhancing the versatility and functionality of neuromorphic sys-
tems.

Through its comprehensive approach, this thesis establishes a founda-
tional framework for exploring the growth and pruning of gold structures on
TiO: substrates, aimed at advancing neuromorphic systems. The findings pro-

vide valuable insights into the feasibility and potential scalability of
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photocatalytic methods for neuromorphic applications. While the results
demonstrate significant progress in understanding and controlling these pro-
cesses, they serve as a stepping stone for further research and development in

this emerging field.

5.2. Proposed Improvements

Building on the findings of this dissertation, several promising directions
for future research are suggested to deepen the understanding and broaden the
applicability of photocatalytic growth and chemical dissolution processes for
neuromorphic systems. These proposals include exploring diverse material
configurations, investigating alternative growth techniques, and developing dy-
namic systems that enable simultaneous growth and pruning. Such advance-
ments could enhance the adaptability and precision of neuromorphic device
fabrication, paving the way for more efficient and responsive network designs
tailored to specific computational needs.

One promising direction involves the investigation of multilayered sub-
strate configurations to study how complex interfaces affect photocatalytic ac-
tivity and gold growth patterns. By incorporating alternating layers of titanium
dioxide (TiO:) and indium tin oxide (ITO) with varied thicknesses and se-
quences, future research could examine the impact of multilayer designs on
electron transfer dynamics, light absorption efficiency, and growth uniformity.
This approach may uncover unique properties and behaviors not achievable
with single-layer configurations, offering opportunities to optimize substrate
designs for enhanced performance in advanced neuromorphic architectures.

Another innovative approach involves employing microfluidic systems
to replace the static beaker method for photocatalytic gold growth. Delivering
the gold chloride precursor solution through microfluidic channels offers pre-
cise control over flow rates, potentially impacting the deposition kinetics and
the morphology of the resulting gold structures. By varying flow rates, re-
searchers could investigate how hydrodynamic parameters influence the distri-
bution, density, and size of gold particles, providing valuable insights into pho-

tocatalytic processes. Additionally, this method enables the creation of highly
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localized and tunable growth conditions, enhancing the resolution and func-
tionality of conductive pathways in neuromorphic systems.

An extension of the microfluidic approach could involve the simultane-
ous introduction of gold chloride and KI solutions into the system. By precisely
controlling the concentrations and flow rates of these solutions, researchers
could explore the concurrent processes of gold nanoparticle growth and disso-
lution under UV illumination. This approach would enable investigation into
whether UV light, in the presence of both solutions, promotes deposition, dis-
solution, or establishes a dynamic equilibrium, providing critical insights into
the mechanisms of adaptive material processes. Such a dual-flow system could
model real-time adaptive networks, wherein the balance between connection
growth and pruning dynamically responds to environmental stimuli, further ad-
vancing the development of neuromorphic systems.

These proposed directions are intended to expand the methodologies
available in neuromorphic engineering by utilizing advanced substrate config-
urations, pioneering growth techniques, and integrated dynamic control sys-
tems. By focusing on these areas, future research has the potential to enable the
development of neuromorphic devices that are not only highly adaptable and
efficient but also scalable, thereby better replicating the intricate and dynamic

functionalities of biological neural networks.
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